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INTRODUCTION TO STROMATOLITES1

Stromatolites, layered sedimentary structures produced by mat-building 
 phototrophic organisms (usually cyanobacteria), are considered the most ancient 
biological record and the earliest evidence of the emergence of life on Earth. 
The early stromatolites are the major constituent of the fossil record for  billions 
of years, beginning around 3.5 bya. In the Precambrian era, the “primitive” 
 environments of Earth were too hostile to support life as we know it, and the 
stromatolites could thrive without competition. They declined in the Phanerozoic 
as victims of grazing animals.

Today, stromatolites continue to form, although they are nearly extinct in 
normal marine environments and live a precarious existence in only a few locali-
ties worldwide. Modern stromatolites exist in areas that most other life forms 
consider less desirable, in extreme environments containing hypersaline water, 
high alkalinity, and high or low temperatures zones. Such places exclude grazing 
snails and other animals which consume the cyanobacteria. Recent formations of 
stromatolites were discovered in Shark Bay (Australia) as well as throughout 
Western Australia, the Bahamas (such as Exuma Cays), the Indian Ocean,  various 
places in the USA (such as in Yellowstone National Park), Laguna Salgada 
(Brazil), the Mexican Desert, Glacier National Park (Montana and Canada), and 
the Solar Lake in Sinai, which is heliothermally heated and contains hypersaline 
water. The study of modern stromatolites assists in the interpretation of ecology 
and environment of ancient stromatolites as well as possible life on extraterres-
trial planets or moons.

Eighty four authors contributed the 34 chapters to this volume. They are 
from 27 countries (Argentina, Australia, Belgium, Brazil, Canada, China, Croatia, 
Germany, France, Israel, India, Italy, Japan, Mexico, New Zealand, Norway, 
Poland, Portugal, Russia, Slovenia, South Korea, Spain, Sweden, Switzerland, 
Taiwan, UK, USA). We divided this book into seven sections, covering Achaean 
and modern stromatolites and Astrobiology. We hope that this book will enrich 
our readers by making a wide range of data on stromatolites accessible.

Joseph Seckbach Hebrew University of Jerusalem
 December 16, 2010

1 I thank Fern Seckbach and Professors David Chapman (UCSB) and Maud Walsh (LSU) for 
proofreading the introduction.
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FOREWORD

Stromatolites: The Present as a Key to the Past

“Everybody will agree that these are very basic points that ‘stromatologists’ should 
know at first: they will provide us with the necessary and fundamental botanical 
background to neatly investigate the algal mats that we find on our tidal flats. 
Moreover if, by understanding and deciphering the dynamics of recent  freshwater 
structures, we can thoroughly account for the mode of growth, of formation, 
for the leading ecological requirements and environmental responses of fossil 
freshwater stromatolites…, then the field is open to sound, natural and realistic 
understanding of Paleozoic and Precambrian stromatolites…; even if  [those] stro-
matolites originated in different chemical environments, they appear to me not 
only as analogous but furthermore as homologous structures, the growth form and 
building up of which was in equilibrium with homologous general environmental 
factors” (Monty, 1972).

These words can be found in an account of the recent algal stromatolitic 
deposits, Andros Island, Bahamas, by the late Claude Monty (1937–1999). The 
modern stromatolites in the Bahamas were extensively studied ever since and 
became a popular model for studies aiming at an understanding of the microbial 
processes that led to the formation of those Paleozoic and Precambrian stroma-
tolites mentioned by Monty, many of which feature in the chapters in this 
volume.

Stromatolites (from Greek strw′ma, strōma, mattress, bed, stratum, and 
liqoV, lithos, rock) can be defined as layered accretionary structures formed in 
shallow water by the trapping, binding and cementation of sedimentary grains by 
biofilms of microorganisms, especially cyanobacteria (http://en.wikipedia.org/
wiki/Stromatolites). Extensive information on the nature of stromatolites can be 
found in the chapters in the current volume and in an earlier volume in this book 
series (Seckbach and Walsh, 2009).

I first learned about the connection between ancient stromatolites and 
 modern microbial mat structures when I first visited Solar Lake (Sinai Peninsula, 
now in Egypt) in the beginning of 1975. The layered structure of the microbial 
mat dominated by cyanobacteria in this small hypersaline heliothermally heated 
lake and the calcification processes of the mat show how a stromatolite-like 
 geological record is generated before our eyes, a record that extends for more than 
two thousand years (Krumbein and Cohen, 1974; Cohen et al., 1977).

xi



FOREWORD

Other modern “living” stromatolites are found in Western Australia while 
the most famous site is of course Hamelin Pool. A visit to Western Australia 
brought me in September 2005 to the no less interesting site of Lake Clifton 
(Yalgorup National Park) with its thrombolites ‘living rocks’, microbialites that 
grow in brackish water. In comparison with the Hamelin Pool stromatolites, the 
Lake Clifton thrombolites have been very little explored (Friedman, 1995).

Sites such as Solar Lake in Sinai, Andros Island in the Bahamas and 
Hamelin Pool and Lake Clifton in Western Australia can be studied as model 
systems towards understanding of the processes that in the past led to the forma-
tion of the extensive stromatolites found in the fossil record. This book contains 
many excellent examples of such studies. However, it should be stressed that 
extrapolation of the phenomena occurring at such sites in the present to obtain 
an understanding of events that happened in the Precambrian is not always 
 simple and straightforward. The problems were formulated very clearly by Claude 
Monty, and therefore the final paragraph from his 1972 paper deserves to be 
quoted here in full:

“All the small scale processes and factors responsible for the given features 
and behaviour of a stromatolitic flat, as well as the complex flow of biological, 
social, chemical…phenomena within a single algal dome or mat have always 
frightened me when I consider the simple (too simple!) resulting laminated struc-
tures that the palaeontologist has to study; I wonder then how much of the  natural 
history of a stromatolite is left in the thin compacted residual laminae found in 
the base of a Recent deposit; how much then in a fossil stromatolite? Well, very 
little most probably. But we shall miss or misunderstand this “very little message” 
if  we do not know the rules of the game, if  we do not know where the message 
might come from, if  we do not analyse it in full detail, if  we do not sharpen our 
concepts. To this purpose, the Present may be a key to the Past provided:

(1) We have a good critical knowledge of the present processes at every single level 
of organization

(2) We dig out from the right present the right key to the right, analogous or 
homologous Past.”

These words are as true today as they were when they were written, nearly 40 years 
ago. I am convinced that the chapters in this book fulfil these two provisions set by 
Monty, so that a proper understanding of the true nature of ancient stromatolites 
can be achieved.

References

Cohen, Y., Krumbein, W.E. and Shilo, M. (1977) Solar Lake (Sinai). 4. Stromatolitic cyanobacterial 
mats. Limnol. Oceanogr. 22: 635–656.

Friedman, G.M. (1995) Microatoll microbialites of Lake Clifton, Western Australia: the morpho-
logical analogues of Crytozoön proliferum Hall, the first formally-named stromatolite. Facies 
32: 255–258.
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PRoTeRozoic STRomaToliTeS oF The iTaiacoca GRouP, 
SouTheaST BRazil
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 Secretariat of São Paulo State, Av. Miguel Stefano 3900,  
04301-903 São Paulo, Brazil
2 Department of Sedimentary and Environmental Geology,  
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Rua do Lago, 562, 05508-080 São Paulo, Brazil

Keywords Proterozoic stromatolites • Itaiacoca Group • Southeast Brazil  
• Paleoenvironmental • Correlations • Morphotypes • Conophyton

1.  introduction

The first stromatolites to be described in Latin America were identified in slightly 
metamorphosed dolostones of the Itaiacoca Group south of Itapeva, state of São 
Paulo (SP), Southeast Brazil (Fig. 1), by Almeida (1944), who named them Collenia 
itapevensis. Although he did not use the word “stromatolite” anywhere in his text, 
Almeida correctly interpreted these structures as microbial in origin and recognized 
both their paleoenvironmental significance and Precambrian age. Few other stroma-
tolites were described in Brazil (see Fairchild and Sallun Filho, 2004) until the decade 
of 1970, when Precambrian geology and life became an important subject of study 
worldwide.

This chapter synthesizes present knowledge of the stromatolites of the Itaiacoca 
Group, especially in the region of Itapeva, previously published in Portuguese, bring-
ing together detailed descriptions, paleoenvironmental interpretations, and suggested 
correlations. The classical criteria of Hofmann (1969) served as the basis for objective 
description of stromatolitic morphotypes (Fairchild, 1993). We chose not to attempt 
taxonomic classification of the stromatolites, given the lack of a biologically signifi-
cant hierarchy of criteria for stromatolite classification, exception for the conically 
laminated stromatolites in the area (Conophyton), whose geometrical laminar form 
provides more objective operational criteria for differentiation.

Most of the fossils illustrated and used in this study are deposited in the collec-
tions of Systematic Paleontology Laboratory from Geosciences Institute, University 
of São Paulo.
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1.1.  GEOLOGICAL SETTInG

The Itaiacoca Group comprises a metavolcanosedimentary association that crops out 
for about 170 km nE–SW in a narrow band in the states of São Paulo and Paraná 
(Southeast Brazil) (Figs. 1 and 2), within the Ribeira fold belt. A detailed regional 
stratigraphic framework relating these two groups is lacking because of structural 
and faciologic complexities and the lack of geochronologic data and regional 
 stratigraphic markers common to both areas. The majority of the  publications rec-
ognize a metavolcanosedimentary overlain by a fine terrigenous-chemical succes-
sion, including  stromatolitic limestones (Trein et al., 1985; Theodorovicz et al., 1986; 
Souza, 1990; Reis neto, 1994; Prazeres Filho et al., 1998). Otherwise, other authors  
(Siga Jr. et al., 2003, 2009) suggest the opposite sequence.

The group is limited to the northwest and southeast by late neoproterozoic 
to Early Paleozoic granitic complexes and covered, in angular unconformity, by 
Paleozoic sedimentary rocks of the Paraná basin at its northeastern and south-
western extremities. It is distinct from the Açungui Group to the southeast and 
also known for its stromatolites (Bigarella and Salamuni, 1958; Marini et al., 
1967; Marini and Bósio, 1971; Fairchild, 1977, 1982).

The age of the Itaiacoca Group was recently obtained using SHRIMP in 
 zircons from metabasic bodies concordant with stromatolitic dolomites indicating  
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Figure 1. Study area with main occurrences of carbonate rocks in Brazil [modified from Bizzi et al. (2001)].
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depositional ages related to Mesoproterozoic (1,030–908 Ma) (Siga Jr. et al., 
2009). On the basis of the similarity of coniform stromatolites in the Itaiacoca 
Group to Conophyton garganicum, a form known from lower neoproterozoic and 
Mesoproterozoic successions in other parts of the world, Fairchild (1977) sug-
gested an age between 1,700 and 850 Ma for the stromatolitic carbonates. The 
volcanic rocks over the dolomites provide the ages related to neoproterozoic 
(645–628 Ma) (Siga Jr. et al., 2003, 2009). Deformation and metamorphism 
(greenschist facies) affected the Itaiacoca Group in neoproterozoic, with 
emplacement of granitic intrusions (630-590 Ma) representative of magmatic arcs  
(Prazeres Filho et al., 2001).

2.  Stromatolites of the itaiacoca Group

At the time Almeida (1944) described the stromatolites in the Itaiacoca Group 
south of Itapeva, very little was known about this category of fossils. In fact, 
nowhere in Almeida’s paper is the word “stromatolite” used, which is undoubtedly 
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Figure 2. Stromatolite occurrences in carbonate rocks of the Ribeira Belt, São Paulo, and Paraná, 
Southeast Brazil. Occurrences based on Almeida (1944, 1957), Bigarella and Salamuni (1956), Marini 
and Bósio (1971), Fairchild (1977, 1982), Theodorovicz et al. (1986), Fairchild and Theodorovicz 
(1989), Souza (1990), Sallun Filho (1999), Guimarães et al. (2002), Santos (2008), and geology based 
on Bistrichi et al. (1981), Mineropar (1989), Campanha et al. (1987).
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why Riding (1999) did not count it among the 11 papers published in the 1940s 
containing this word. In 1957, Almeida described what he judged to be forms dis-
tinct from his C. itapevensis at new stromatolite localities in the Itaiacoca Group 
further to the southwest in the state of Paraná (PR). From this, he concluded that 
these structures could prove useful as stratigraphic markers and in correlation.

Fairchild (1977) reexamined most of these localities and recognized two 
distinctly different forms among the stromatolites Almeida had named from 
south of Itapeva as C. itapevensis more than 30 years earlier, much prior to the 
development of stromatolite studies in the former Soviet Union, Australia, 
Africa, and Canada. One of these he attributed to C. garganicum, the other, a 
branched columnar form characterized by platy columns. He also interpreted 
them as having formed in a quiet, subtidal depositional environment and identi-
fied the presence of Conophyton near Abapã (PR), about 150 km from Itapeva.

At present, at least 20 stromatolite occurrences are known from three regions in 
the nearly 200-km-long band of outcrops of the Itaiacoca Group in São Paulo and 
Paraná (Fig. 2): (1) in the northwest, near Itapeva and nova Campina (SP); (2) south-
east of region 1, near Bom Sucesso de Itararé (SP); (3) in the southeast, near Abapã 
(PR). The northwest sector has been the most studied sector.

2.1.  REGIOn OF ITAPEVA

At least nine localities with stromatolites in dolostones and limestones occur 
south of Itapeva (Fig. 2, points 1–8). Of these, the most important localities are 
the quarries at Lavrinhas (Fig. 2, point 2) and Indumine/Chiquinho de Barros 
(Fig. 2, point 4) and the outcrop at nova Campina (Fig. 2, point 5).

Unbranched columnar coniform stromatolites of the group Conophyton 
predominate. At Indumine, they form a domical or lenticular body of impure 
(silty) limestone.

The Lavrinhas quarry is mostly made up of stratified dolostones, with about 
50 m of stromatolitic dolostones at the base of the section. Due to partial 
 effacement by incipient metamorphism, stromatolitic laminar structure is not 
immediately evident to the observer but may be discerned locally by the alterna-
tion of light to medium gray tones; the carbonate between stromatolites is darker. 
Because of the tight packing and large size (meter scale) of stromatolite aggre-
gates, bedding planes are absent from this part of the section. The majority of the 
stromatolites are decimeter-sized, unbranched cylindrical forms with conical 
lamination (Fig. 3a). The axes of the stromatolites are not perpendicular to the 
inferred bedding plane. During growth, columns tended to expand laterally until 
they abutted against others to form aggregates. Merger of the mat-forming com-
munities of contiguous columns then led to the development of partial envelop-
ment of the aggregate by a continuous laminated mantle with the same laminar 
characteristics as the original columns.
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Figure 3. Region of Itapeva (SP). Conophyton: (a) long column with conical lamination, Lavrinhas; 
(b) columnar deformed stromatolites; (c, d) Photo (d) and interpretative sketch (c) of a group of col-
umns of Conophyton, in oblique section, showing asymmetric lateral growth, Lavrinhas; (e) longitu-
dinal cross-section of column showing conical lamination and axial zone, Lavrinhas; (f) longitudinal 
cross-section through three closely spaced deformed columns, with conical lamination and axial zone 
evident in the column on the right, Indumine. Morphotype 1: (g) columns with parallel, elongate, ellip-
tical to polygonal transverse contours, Lavrinhas; (h) branched columnar stromatolites in longitudinal 
oblique view with columns with fine, convex to parabolic lamination, Lavrinhas; (i) paratype of 
Collenia itapevensis, showing a small projection.
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The active quarry at Indumine and the inactive Chiquinho de Barros quarry 
are parts of the same dark gray to black argillaceous, stromatolitic limestones. 
This limestone lens has undergone tectonic shearing so that, locally, stromatolites 
may exhibit considerable deformation with foliation commonly developed in the 
more argillaceous carbonate between columns (Fig. 3b). The limestone body rep-
resents a large bioherm (lithoherm), at least 20 m thick, intercalated between 
fine-grained terrigenous rocks, now phyllites. Weathering clearly highlights the 
compositional differences between stromatolites and the more argillaceous intera-
rea sediment. The stromatolites are predominantly erect, unbranched columns 
with coniform lamination. The axes of the stromatolites are not perpendicular to 
the inferred bedding plane, although intrastratal rotation related to shearing may 
have occurred.

At Indumine, stromatolites are found in impure limestones, whereas at 
Lavrinhas, they occur in relatively pure dolostones. For example, at Indumine insolu-
ble impurities (quartz, clay minerals) may comprise 10% of the columns of 
Conophyton and between 13% and 54% of intercolumnar sediment, in contrast to the 
2% of impurities in the stromatolites and 5% of intercolumnar sediment at Lavrinhas. 
Regionally, stromatolites occur predominantly in the purer dolostones, like those at 
Lavrinhas. The Indumine–Chiquinho de Barros limestones are the only impure 
carbonates.

Conophyton in this region occurs as smooth cylinders with generally ellipti-
cal to oblong, but also circular to equidimensional polygonal, transverse out-
lines. Columns are parallel, unbranched, erect, and contiguous to closely spaced, 
commonly forming aggregates of  columns partially enveloped by a laminated 
mantle. The outermost columns in these aggregates often exhibit asymmetrical, 
centrifugal development once their proximity to more internal columns impedes 
their centripetal growth (Fig. 3c, d). Spaces between columns are very narrow, 
with values less than 0.1 for the ratio interspace/column diameter. At Lavrinhas, 
stromatolites are large, commonly 30 cm across (longer axis) and varying from 
10 to 70 cm. At Indumine and Chiquinho de Barros, columns are generally 
smaller, between 4 and, exceptionally, 60 cm. Laminar profiles of  Conophyton 
from Lavrinhas, Indumine, and Chiquinho de Barros, are parabolic to pointed, 
with a narrow axial zone exhibiting medium to high degree of  laminar inherit-
ance of  successive, according to criteria proposed by Walter (1972) (Fig. 3e, f). 
Laminae do not present secondary undulations. Lamination is defined by an 
alternating succession of light and dark laminae of  submillimetric to millimetric 
thickness.

Despite the difficulty in discerning lamination in hand samples and outcrops 
of the generally pale dolostones at Lavrinhas, lamination may be well preserved 
(class 1), at least locally, in petrographic thin sections of the best samples, again 
according to criteria developed by Walter (1972). Measurements made in thin 
section of samples from Lavrinhas furnished values for the thickness of the light 
(L1) and dark laminae (L2) between 0.01 and 0.46 mm, with most dark laminae 
within the range of 0.01 and 0.18 mm and light laminae between 0.01 and 
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0.26 mm. In thin section, laminae in the stromatolites from Indumine may be well 
defined and relatively well preserved (preservational class 2 of Walter, 1972), but 
laminar thickness could not be reliably measured because of recrystallization. 
Petrographic study also reveals irregular, commonly tectonized (sheared) column 
margins. Fairchild (1977) classified these unbranched columnar stromatolites 
with coniform lamination as Conophyton cf. C. garganicum, on the basis of the 
ratio of light to dark laminae, the striated aspect of darker laminae, and charac-
teristics of the axial zone (Fig. 6).

A second form called morphotype 1 occurs in this region as transversely elon-
gated, branched columnar stromatolites may be observed in the dolostones at 
Lavrinhas, point 3 abandoned quarry (Fig. 3g–i), and other smaller localities but 
appear to be especially abundant at nova Campina outcrop. Field relationships 
between Conophyton and morphotype 1 are not preserved in available outcrops. They 
are not found in the limestones at Indumine/Chiquinho de Barros. Much of Almeida’s 
(1944) description of C. itapevensis appears to refer to this stromatolitic morphotype, 
which consists of relatively tall (up to 35 cm in height in an incomplete specimen), 
transversely elongate, smooth-walled, very closely spaced (separated by no more than 
a few millimeters), parallel columns oriented normal to inferred bedding. In trans-
verse section, they are generally oblong to elliptical, or less frequently equidimen-
sional, and commonly exhibit polygonal outlines. Branching is infrequent and 
a-parallel (Walter, 1972). Projections in niches and coalescence may be observed. 
Laminae are symmetrical to asymmetrical with a relatively high degree of laminar 
inheritance and slightly convex profiles parallel to the longer transverse axis and very 
convex, or even parabolic profiles with relatively high synoptic relief, parallel to the 
shorter transverse axis. At the column margins, laminae may or may not inflect down-
ward to form a wall over previous laminae. Despite their very close spacing, columns 
are not connected by bridges. Lamination is visible as thin bands of alternating tones 
of light and medium gray, with no evident rhythmicity. Laminae may be darker at 
column margins or in patches within the columns. As also observed in the coniform 
stromatolites in the dolostones, laminae are better preserved in these parts of the 
columns. Light laminae (L1) vary from 0.1 to 0.55 mm in thickness and dark laminae 
(L2) from 0.05 to 0.25 mm.

A third columnar morphotype (morphotype 2), similar to morphotype 1, 
occurs in this region, principally at point 6 (Fig. 2) but also present at Lavrinhas 
and Indumine. Different from morphotype 1, the stromatolites of morphotype 2 
are unbranched and larger with more elliptical transverse cross-sections and more 
convex (parabolic) lamination. Columns are straight, smooth walled, closely 
spaced, parallel to one another, and oriented normal to inferred bedding. They 
may reach a meter in height. In transverse cross-section, they are rounded to 
elliptical with greater axes between 10 and 20 cm in length and lesser axes between 
5 and 15 cm. Laminar profiles are symmetrical to asymmetrical and moderately 
to very convex, and commonly parabolic (but not conical), with a high degree of 
laminar inheritance. At column margins, laminae are inflected downward without 
overlapping. Synoptic relief  varies from 2 to 10 cm.
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2.2.  REGIOn OF BOM SUCESSO DE ITARARé

There are at least four occurrences of stromatolites in dolostones in the region of Bom 
Sucesso de Itararé (SP) (Fig. 2, points 9, 10, 23, 24), of which the most important are 
Cal Sinhá (Fig. 2, point 10) and Geovidro (Fig. 2, point 24) quarries. The stromato-
lites and depositional environment here are very different from those near Itapeva and 
Abapã. Smaller branched and unbranched columnar stromatolites predominate and 
stratiform microbialites and oolitic dolostones are present, but none of the morpho-
types (including Conophyton) evident near Itapeva have been observed.

According to Santos (unpublished research, 2008), the most distinctive stro-
matolites in this area form an extensive bioherm in the Cal Sinhá quarry at 
Taquaruçu da Serra. These stromatolites, here designated morphotype 3, are sim-
ple and branched, straight to sinuous, cylindrical to subcylindrical columnar 
forms with very convex laminar profiles and a high degree of laminar inheritance 
(Fig. 4). The columns occur in clusters parallel to commonly divergent columns, 
and these clusters, closely spaced, make up the bioherm. Stratiform microbialites 
are finely laminated and mildly undulose with or without bird’s eye structures.

2.3.  REGIOn OF ABAPã

At least five localities with stromatolites are known in the region of Abapã (PR) in 
dolostones and limestones (Fig. 2, points 11–14 and 25–27), most notably at Rio 
do Morcego, Ribeirão das Areias (Fig. 2, points 13 and 14), and the Calpar and 
Itatinga (Fig. 2, points 26 and 27) quarries.

Unbranched columnar stromatolites having parabolic to coniform 
 lamination and an axial zone predominate and are so similar to the Conophyton 

Figure 4. Region of Bom Sucesso de Itararé (SP). Morphotype 3: (a, b) simple and branched columnar 
forms forming clusters of divergent columns.
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near Itapeva, although less deformed tectonically and with better preserved 
lamination, as to be considered the same form – Conophyton cf. C. garganicum 
(Fig. 5a, b). Columns are cylindrical, with circular to elliptical transverse cross-
sections, up to 13 and 18 cm along their minor and major axes. Columns are 
closely spaced, separated by no more than 1–4 cm, and with high synoptic relief  
and degree of  laminar inheritance of  the coniform lamination clearly evident in 
longitudinal section. The axial zone is narrow with a medium to highly regular 
axial trace.

In thin-section, laminae are very thin and poorly preserved, with the dark 
laminae particularly degraded. Dark laminae (L2) vary between 0.04 and 0.5 mm, 
and light laminae (L1) between 0.04 and 0.76 mm, with a greater concentration 
of values between 0.04 and 0.3 mm and peaks at 0.14 and 0.26 mm for L2, and 
values between 0.04 and 0.4 mm with a peak at 0.15 mm for L1.

Unbranched, nonconiform columnar stromatolites with convex to parabolic 
lamination also occur in this region but are not associated with the coniform 
stromatolites (Fig. 5c).

Figure 5. Region of Abapã (PR). Conophyton: (a) longitudinal cross-section of column showing 
 conical lamination and axial zone, Rio Morcego; (b) circular transverse cross-section, Ribeirão das 
Areias; (c) unbranched, nonconiform columnar form with convex to parabolic lamination.
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3.  Discussion

Stromatolites have been used for decades as indicators of ancient coastlines and water 
depth, particular depositional environments, stratigraphic facing in deformed rock 
successions, and even as stratigraphic markers for intrabasinal and rough biostrati-
graphic correlation in Proterozoic rocks. Although their utility as guide fossils remains 
controversial, stromatolites have become important tools in basin analysis, especially 
for intrabasinal correlation, characterization of facies, paleocurrents, basin paleogeog-
raphy, and other paleoenvironmental parameters, as well for eustatic sea level changes 
(see Hoffman, 1967; Preiss, 1973; Hoffman 1974; Bertrand-Sarfati and Trompette, 
1976; Trompette and Boudzoumou, 1981; Bertrand-Sarfati and Moussine-Pouchkine, 
1985; Fairchild and Herrington, 1989; Altermann and Herbig, 1991; Bertrand-Sarfati 
et al., 1991). In the opinion of Bertrand-Sarfati and Trompette (1976), the precision of 
intrabasinal stromatolite correlation should be tested against other methods of corre-
lation, whereas its reliability will depend on the care taken in the description and iden-
tification of the stromatolites. Soviet workers established an empirical biostratigraphic 
scheme based on stromatolites of the Mesoproterozoic and neoproterozoic (Riphean 
and Vendian) that allowed correlation among various Precambrian regions of the for-
mer Soviet Union (Semikhatov, 1976), Africa (Bertrand-Sarfati, 1972), and Australia 
(Walter, 1972), but it proved to be difficult to apply and not very precise, which has led 
to skepticism as to its validity. It is well known, for instance, that gross stromatolite 
morphology commonly reflects differential facies controls so that changes in stroma-
tolite forms within a stratigraphic section do not necessarily indicate temporal transi-
tions between different stratigraphic units (Haslett, 1976).

Despite the controversy regarding the validity of stromatolite biostratigraphy, 
the simple, quasi-geometric characteristics of the coniform stromatolites make the 
members of the group Conophyton possibly the easiest to identify of the putatively 
biostratigraphically useful stromatolites and hence one of the most reliable for broad 
correlation. In fact, study of Conophyton worldwide has demonstrated that certain 
forms, including the three forms tentatively identified in the Brazilian Precambrian, 
have restricted temporal distribution (Preiss, 1976). Thus, C. cylindricum and C. metu-
lum (Moeri, 1972; Cloud and Moeri, 1973; Fairchildm, 1977) in the Vazante 
Formation (Minas Gerais) would likely indicate a Mesoproterozoic age (Preiss, 1976). 
In the Itaiacoca Group, the coniform stromatolites at Itapeva (SP) and Abapã (PR) 
are sufficiently similar in their lamination and axial zones to be placed within the 
same stromatolite form and classified as C. garganicum (Fig. 6).

Preiss (1976) identified the stratigraphic range of this form as Lower to lower 
Upper Riphean, which would correspond roughly to the upper Mesoproterozoic 
to lower neoproterozoic, or approximately to the period from 1,700 to 850 Ma. 
If  so, argued Fairchild (1977), then the age of the Conophyton-bearing carbonates 
in the Itaiacoca Group should fall within this interval. Geochronologic studies since 
then have tended to corroborate Fairchild’s suggestion, as evidenced by ages of 
Siga Jr. et al. (2009).

Conophyton is also considered generally as an indicator of relatively deep, 
calm marine environments, probably below normal wave base at depths up to 
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several tens of meters, as based on the delicate, fine conical lamination, high 
 synoptic profile, abundance and regularity of form in Conophyton, and generally 
a complete absence of sediments and sedimentary structures suggestive of shal-
low water deposition associated with Conophyton (Donaldson and Taylor, 1972). 
When Conophyton passes upward into shallower environments, abundant small, 
divergent columns begin to branch off  from its uppermost surface in Christmas-
tree fashion, which is called Jacutophyton in stromatolite taxonomy (Hoffman, 
1976). Moreover, the apical warp at the tip of the conical lamination (which is 
responsible for the axial zone in the lithified stromatolite) is interpreted as result-
ing from concentration of the photosynthetic microbial mat-forming community 
at the highest possible point of the stromatolite in response to minimal levels of 
luminosity (Walter, 1977). Thus, Conophyton is envisaged as representing an 

Figure 6. Axial zone and lamination in Conophyton from Indumine (a), Lavrinhas (Itapeva) (b), and 
Rio Morcego (Abapã) (c); graphs of relative frequency of thickness of dark laminae (L2) and light 
laminae (L1) in Conophyton from Lavrinhas (Itapeva) (d) and Rio Morcego (Abapã) (e), and compara-
tive graphs of both localities (f, g) [modified from Sallun Filho and Fairchild (2005)].
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 ecological adaptation to the deepest possible conditions for abundant stromatolite  
development within the photic zone. The massive accumulations of Conophyton 
at Itapeva and Abapã are thus interpreted as evidence of such deeper water envi-
ronments within the Itaiacoca Group. Conditions may have been slightly shal-
lower and/or more brightly illuminated in the area of Lavrinhas than at Indumine, 
south of Itapeva. This is suggested by the tendency for lateral stromatolite growth 
of Conophyton, association with smaller, branched stromatolites (morphotype 1), 
dominance of light-colored dolostone, and upward passage into a very thick suc-
cession of thin-bedded dolostone evident at Lavrinhas and the narrower, more 
regular columns, dark-colored calcareous composition of Conophyton, significant 
amount of associated terrigenous sediment between columns (murky waters), and 
development of the bioherm between underlying and overlying pelitic sediments 
at Indumine (Fig. 7).

The sedimentological and morphological analysis of the stromatolites near 
Bom Sucesso reveals a much different paleoenvironmental setting. The abun-
dance of oolitic carbonates, the presence of stratiform microbialites with bird’s 
eye structures, and the abundance, small size, and divergent branching of the 
stromatolites here, together with the apparent absence of Conophyton, all point to 
a much shallower peritidal depositional environment. By the same token, some of 
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Figure 7. Model for development of Conophyton in well-lit waters (Lavrinhas) and in poorly illumi-
nated waters (Indumine) [adapted from Donaldson (1976), by Sallun Filho and Fairchild (2004)].
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the nonconiform stromatolites locally evident near Itapeva and Abapã may 
 represent shallower environments at the top of, marginal to, or not contempora-
neous with the Conophyton bioherms.
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1.  introduction

The Meso-Neoproterozoic period is very significant for the diversification of the 
stromatolite taxa on Earth. Stromatolites have been used for the regional and global 
biostratigraphic correlations of  the Proterozoic successions. In India, Proterozoic 
stromatolites are well preserved in the sedimentary basins of  the Peninsular and 
Himalayan sedimentary basins (Valdiya, 1989; Tewari, 1989, 2004; Raha and 
Das, 1989). This chapter mainly deals with the Meso-Neoproterozoic stromato-
lites from the Indravati and Chhattisgarh basins of  Central India (Figs. 1 and 2). 
We have briefly described the stromatolite taxa from these two very significant 
basins with special reference to their occurrence, stratigraphic distribution, age, 
and correlation with other equivalent basins in Peninsular and Lesser Himalayan 
basins. The Meso-Neoproterozoic stromatolites are mainly confined to the 
younger Raipur Formation of Chhattisgarh Basin and Jagdalpur Formation of 
Indravati Basin. These two sedimentary basins situated between two other major 
Paleoproterozoic to Mesoproterozoic basins, namely the Vindhyans to its north 
and the Cuddapah to its south. Chhattisgarh Basin is spread over an area of 
about 35,000 km2 while Indravati Basin covers approximately 9,000 km2 area. 
Both the basins are 300 km apart. The identification and description of stroma-
tolites of  these basins are based on their morphology and branching pattern of 
columns following mainly Raaben (1969) and Cloud and Semikhatov (1969).
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figure 1. Locality map of the stromatolite occurrences in Indravati Basin [after Ramakrishnan (1987)].

figure 2. Locality map of  the Chhattisgarh Basin, Central India, dots around Raipur indicate 
stromatolite localities.
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figure 3. Lithostratigraphy of the Indravati Basin [modified after Ramakrishnan (1987)]. Asterisk 
Stromatolite sample, Bullet Sample, (R) Reference sample.
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2.  Stromatolites from the indravati and Chhattisgarh Basins

2.1.  PREVIOUS WORK

The stromatolites were reported earlier as concretions by King (1881). Sen (1966) 
briefly described their morphology. Vishwanathaiya and Sastri (1973) have 
reported stromatolites while studying the occurrence of phosphorites. Chandra 
and Bhattacharya (1973) studied the stromatolites from Raipur Limestone at 
Mandir Hasaud. Ghosh and Shah (1965), Schnitzer (1971), Shrivastava (1977), 
Murti (1978), Jairaman and Banerjee (1980), Moitra and Pal (1985), Moitra 
(1984, 1996, 1999), Chatterjee et al. (1990), and Guhey and Wadhwa (1993) 
described their occurrence in the Raipur Group. Kreuzer et al. (1977) carried out 
geochronological studies of Chandarpur Sandstone. Das et al. (1990) described 
gypsum band in Tarenga Shale and suggested a Sabkha type environment dur-
ing that time. A tentative correlation of the Chhattisgarh stromatolites has been 
attempted by previous workers (Raaben and Tewari, 1987; Valdiya, 1989; Tewari, 
1989; Raha and Das, 1989).

2.2.  PRESENT STUDy AND SySTEMATIC DESCRIPTION  
OF STROMATOLITES FROM THE INDRAVATI BASIN

Columnar and branching stromatolites have been recognized on the basis of ver-
tical and horizontal biostromes and buildups in the outcrop; systematic samples 
were collected for serial sectioning. Morphological features such as shape of col-
umns, type of branching, lamina shape, nature of lateral surface wall, and so on, 
are described following Raaben (1969), Semikhatove and Raaben (1969), and 
Grey (1989). Microstructures of the stromatolites have been studied to confirm 
their identifications.

2.2.1.  Group Colonnella Komar, 1964
Type form: Colonnella cormosa Komar

Diagnosis:

Columns are straight, narrow, cylindrical, mostly linked with less or narrow 
intercolumnar space commonly uniform in width. Laminae are gently convex. 
The microstructure is smooth.

Colonnella laminata Komar:
(Fig. 4).

Materials:

Seven specimens. This variety is known from three outcrops. The material 
described has been collected from NW of Koliapara, Kerlakonta, Machkot, and 
Mundapal localities.

26



MESO-NEOPROTEROzOIC STROMATOLITES

figure 4. Three-dimensional reconstruction of Colonnella laminata.

Description:

Regular subcylindrical parallel columns with rounded ovate cross profile. The 
diameter ranges from 5 to 15 cm and height up to a meter. The stromatolites out-
crop from deeply convex bell-shaped and lensoid morphology. Columns are semi-
spherical and when approaching the margins they are sometime sharply conical.

Outcrop:

This stromatolite form is well developed in the middle part of the Jagdalpur 
Shale Formation. The stromatolitic bioherms are well exposed near the Bastar 
Village NW of Koliapara, Kerlakonta, in the Ganeshbahar Greek, of Machkot 
Area and in the East of Mundapal Village. All the stromatolitic outcrops are red-
colored dolomitic limestone. The carbonate units are surrounded by shales. In the 
Mundapal exposure, several calcite veins and stylolites are present.

Mode of Occurrence:

Stromatolitic bioherms occur as isolated outcrop in between the shales. In some 
of the outcrops, stromatolites are large, complete, and compact, while in others 
the stromatolites are broken on the margin.

Fascicle Morphology:

Fascicles are made up of columns without any branching. Fine laminae alternate 
with mud and limestone. Laminae profile is hemispherical and convex overlapping 
of laminae forms a clear wall structure.

Branching Habit:

Branching is absent.

Column Shape and Margin Structure:

Columns are cylindrical in shape and ovate to semicircular in transverse section. 
Mostly formed by flexuous, dome-shaped, or hemispherical laminae which are 
convex stacked one above the other, margin is compact and thin.
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Microstructure and Texture:

Laminae of  stromatolites occur in pair of  light and dark colors. The light and 
dark laminae are thicker toward the margins of  the column and in central por-
tion the light and dark laminae are equally thick. Dark laminae produce streaky 
to uniform texture. Light laminae range in thickness from 400 to 250 mm and 
dark laminae range in size from 80 to 120 mm and are made up of  equigranular 
dolomites. Both the dark and light laminae have well-defined boundary. This 
boundary can be marked on the stromatolitic columns owing to very thin admix-
ture of  dark argillaceous material accumulated or trapped on the microcrystal-
line surface.

Interspace Filling:

Interspaces between the columns are very narrow and contain a mixture of clay 
and dolomite. The grain size is almost identical to those clay particles within the 
laminae of the stromatolite column.

Secondary Alteration:

Stromatolites are present in the red-colored dolomites which are part of  red-
colored Jagdalpur Shale Formation. Presence of  ghost rhombs and equigranu-
lar dolomite in the laminae suggests the primary trapping and binding of  the  
carbonate grains. Stylolites are noted in few places.

Comparison:

The present stromatolite form differs from other forms of Colonnella group by a  
very simple microstructure of the microbial strata and their deeply convex laminae.

Distribution:

These stromatolites have been identified in Jagdalpur Shale Formation. They are 
noticed at the middle level of this formation.

Age:

Mesoproterozoic to Neoproterozoic.

2.2.2.  Group Gymnosolen Steinmann, 1911
Type form: Gymnosolen ramsayi Steinmann, 1911

Diagnosis:

Smooth, straight, subcylindrical, actively branching columns which expended or 
swollen before branching subparallel to slightly divergent. Sometimes bridging 
and coalescing of columns at few places. Laminae are convex. Transverse section 
of the column is subcircular oval to polygonal.

Gymnosolen furcatus Komar:

(Figs. 5 and 6).
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figure 5. Three-dimensional reconstruction of Gymnosolen furcatus.

Description:

The structure of stromatolite consists of vertical subcylindrical columns of 
10–15 cm long cross profile rounded or ovate of 2–5 cm diameter. Repeated 
branching observed. Columns swollen before branching. Intervals between the 
section of branching at 6–9 cm and up.

Materials:

Five specimens were collected from Machkot, Koliapara, Mundapal, Bharni, 
Ghatlohanga, and Raykera Nala areas.

Outcrop:

The dolomitic hummocks containing this stromatolite are present in Machkot 
Reserve Forest. The specimens are collected from Ganeshbahar Creek and from 
the roadside cuttings of Machkot-Tiria forest. Nearly all the hummocks have sim-
ilar type of stromatolites. In between two hummocks are red colors shales, which 
terminate by the side of the hummocks.

Mode of Occurrence:

Columnar branching stromatolites make the fascicle. Columns are made up of 
hemispherical convex lamina stocked one over the other. Fascicle broadens before 
branching.

figure 6. Three-dimensional reconstruction of Gymnosolen furcatus.
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Fascicle Morphology:

Fascicles are made up of columns with frequent branching. Fine lamina alternates 
with shale and limestone. Lamina profile is hemispherical and where branching 
is present, concavity and convexity of the laminae can be seen to continue. Wall 
structure is clear and rarely some part of the stromatolites does not form clear 
wall structure.

Branching Habit:

Branching frequent and divergent, columns are bulbous before the branching.

Column Shape and Margin Structure:

Columns are subcylindrical in shape and ovoidal in transverse section. They 
are formed by flexuous, dome-shaped/hemispherical laminae which are con-
vex, stocked one above the other. Overlapping of  the laminae forms a wall 
structure.

Lamina:

Lamina profile varies from gentle to flexuous, convex, dome-shaped/hemispheri-
cal set of dark and light laminae. Laminae at the junction of branching are con-
tinuous and convex and concave at thin at the margin. Sometimes the laminae are 
found disrupted because of the secondary alteration.

Microstructure and Texture:

Laminae of  the stromatolites occur in light and dark pairs. The lighter laminae 
are thicker in middle and dark laminae are equally thick and produce streaky 
texture. Light laminae usually range in thickness from 200 to 300 mm and dark 
and light laminae range in size from 50 to 100 mm. Both the dark and light 
laminae have well-defined boundary. Dark laminae are composed of  brownish-
gray non-oriented rounded lumps of  kerogen. Lighter laminae are made up of 
finely granular dolomite. Sometimes streak of  shale is noticed in the lighter 
laminae.

Interspace Fillings:

Interspaces between columns vary and are filled with shale and carbonate that are 
very fine grained almost equal to those adjust shales.

Secondary Alteration:

Stromatolites are present in light red-colored dolomite, suggesting their secondary 
alterations.

Comparison:

A markedly subcylindrical column with divergent branching and typical laminae 
profile permits its assignment to Gymnosolen furcatus Komar which is different 
from other known Gymnosolen varieties.
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figure 7. Three-dimensional reconstruction of Kussiella enigmatica.

Distribution:

These stromatolites have been identified in Jagdalpur Shale Formation in Machkot, 
Koliapara, Mundapal, Bharni, Ghatlohanga, and Raykera Nala areas.

Age:

Neoproterozoic.

2.2.3.  Group Kussiella Krylov, 1963
Type form: Kussiella kussiensis Maslov

Diagnosis:

Straight cross-ribbed columnar stromatolites, passive branching of columns with 
rounded cross-section, laminae in the columns drop freely on the margin; rarely 
do the successive laminae drop over the underlying laminae.

Kussiella enigmatica Raaben:

(Fig. 7).

Materials:

Four specimens from Mongrapal, Mundapal, Junaguda, Machkot, and Gupteshwar 
areas.

Description:

Straight cross-ribbed subcylindrical columnar stromatolite parallel branches, width 
of the column ranges from 20 cm in the lower portion of the structure to 1–3 cm in the 
upper portion. Columns form edges and fringes. Connecting bridges occur rarely.

Outcrop:

Kussiella enigmatica occurs in Machkot Area and NW of Mundapal locality 
where Jagdalpur Shale Formation is exposed. The stromatolites are present in 
the red-colored dolomite. The outcrop is lensoid 10 × 2.5 m bioherms. The strata 
containing stromatolites are 2–3 m thick and may be traced over 2 km.
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Mode of Occurrence:

Kussiella enigmatica occurs in the mode of bioherm in the Machkot and NW of 
Mundapal areas.

Fascicle Morphology:

Fascicles are made up of columns with frequent branching. Fine laminae alternate 
with shale and limestone. Laminae freely hang and do not form clear wall structure.

Branching Habit:

Branching is frequently passive and parallel.

Column Shape and Margin Structure:

Columns are rounded in cross-section and are cylindrical in shape at margin. 
Formed by laminae which have peaks and cornices falling freely with almost 
straight, subparallel columns; constrictions at the base are infrequent. Bridging is 
noticed between the columns.

Lamina Profile:

Lamina profile varies from gentle to flexuous, convex, dome-shaped/hemispherical 
set of dark and white carbonate laminae. Toward the top, laminae are sometimes 
straight and thickened at the center and thin at the margin.

Microstructure and Texture:

Laminae of  the stromatolite occur in dark and light pairs. Lighter laminae 
are 100–1,000 mm thick and the dark carbonate laminae are 40–200 mm. The 
carbonate is of  3–5 mm grain size, xenotopic to hypidiotopic equidimensional, 
and polygonal. Lighter pale laminae vary from 90% carbonate to 90% clay. The 
carbonate has the same texture as in the dark laminae except the grain size is 
large.

Interspace Filling:

Interspaces between the columns are narrow and contain a mixture of clay and carbon-
ate with same microstructure and texture. Nature of most of the filling is dust form.

Secondary Alteration:

Carbonate at NW of Mundapal is cleaved and stromatolites are deformed; those 
reconstructed are from Machkot Area. Mundapal stromatolites are well exposed 
due to Joints making possible the observations in the field. This Joint pattern may 
be due to crystallization of silicic component present in the interspaces.

Comparison:

Markedly cylindrical columns with rounded to ovate cross-section and convex hemi-
spherical laminae profile with cornices and peaks along with bridging phenomenon 
permits that stromatolite is properly classified as Kussiella enigmatica. It differs from 
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Kussiella kussiensis described from the Shali, Deoban, and Buxa dolomites of the 
Lesser Himalaya in overhanging laminae and bridging pattern (Tewari, 1989, 1994).

Distribution:

Jagdalpur Formation, in the Machkot Area and NW of Mundapal, Mongrapal, 
Junaguda, Gupteshwar areas of Indravati Group in Jagdalpur District, Chhattisgarh.

Age:

Neoproterozoic.

2.2.4.  Group Boxonia Korolyuk, 1960
Type form: Boxonia gracilis Korolyuk

Diagnosis:

Stromatolites with subparallel, subcylindrical columns which are walled with few 
bumps and bridges. Branching a-b parallel and frequent.

Age:

Neoproterozoic–Terminal Proterozoic.

2.2.5.  Boxonia pertaknurra Walter
(Fig. 8).

Material:

One specimen from Mundapal, Koliapara.

Description:

Columns are erect, branching predominantly and parallel continuous wall except 
in the lower region. Laminae are rhombic or rectangular with streaky and clotty 
microstructure.

Outcrop:

The B. pertaknurra are exposed in Mundapal immediately below the K. enigmatica 
bioherms, mound size range between 2.3 × 10 m. The two adjacent mounds are 
filled with shale.

Mode of Occurrence:

B. pertaknurra occurs in the mode of bioherms extending for 1 km in the Mundapal 
locality.

Fascicle Morphology:

Fascicle is made up of elongated columns and infrequent branches. Fine laminae 
show admixture of clay and limestone. Branches are mostly parallel and divide at 
angle which is less than 5° seldom 1 cm apart.
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Branching Habit:

Branching frequent, dichotomous, predominantly a-parallel with moderate 
b-parallel. Bridging between narrow column occurs infrequently.

Column Shape and Margin Structure:

The columns are 2–4 cm wide and 14–30 cm long with irregular transverse section, 
bridging and coalescing noticed. Small columns are straight and subcylindrical. 
In transverse section, these are rounded or oblong. The columns are smooth with 
short thin transverse ribs. Walls are formed (Fig. 8).

figure 8. Three-dimensional reconstruction of Boxonia pertaknurra.
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Lamina Shape:

Laminae are hemispherical to rectangular, margins forming a multilaminate wall 
on the columns margin. Toward the top of the column, there are some laminae 
which are flattened or concave. A wall is always present.

Microstructure and Texture:

Dark and light laminae alternate in the column. Dark laminae are made up of 
xenotopic equigranular carbonate grains of 10–25 mm size. Colorless light laminae 
are made up of xenotopic to idiotopic carbonate grains and the thickness of the 
laminae varies between 50 and 350 mm. The grain size is similar to dark laminae.

Interspace Fillings:

Interspaces between the columns are filled with homogeneous dolomite and clay. 
Sometimes the remnants of clast have been noticed floating in the clay material.

Secondary Alteration:

Stylolite Formation has demarcated and differentiated the columns from interspace 
filling.

Comparison:

In gross morphology, the B. pertaknurra resembles Acaciella, Kussiella, Boxonia 
but the presence of clear wall structure (Fig. 8) differentiates it from other forms 
and justifies its consideration as Boxonia. Microstructure and texture make it a 
clear identification in pertaknurra. It is different from Boxonia gracilis described 
from the Lower Tal Formation of the Lesser Himalaya by Tewari (1989) in having 
narrow large columns and thick wall.

Distribution:

Jagdalpur Limestone Formation at Mundapal bears the bioherms.

Age:

Terminal Proterozoic.

3.  Paleobathymetry and Paleoenvironment

The present identified stromatolitic assemblages of Indravati Basin, Chhattisgarh, 
mainly belong to Colonnella laminate Komar, Gymnosolen furcatus Komar, 
Kussiella enigmatica Raaben, and Boxonia Pertaknurra Walter. These stromatolitic 
assemblages indicate marine subtidal to intertidal flat environment. The shallow 
intertidal environment is also supported by the occurrence of intraformational 
conglomerate in Jagdalpur shale and limestone. Based on these stromatolites, a 
schematic depositional model showing different stromatolite varieties from inter-
tidal to supratidal condition is shown in Fig. 9.
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4.  Stromatolites from the Chhattisgarh Basin

In Meso to Neoproterozoic Chhattisgarh Basin (Fig. 2), stromatolites are mainly 
confined to Chandi Formation of Raipur Group. The columnar stromatolites 
of Chandi Limestone (Raipur Limestone) identified belonged to Colonnella 
and Baicalia Groups. The domal nonbranching stromatolites are identified as 
Nucleella (Komar, 1966; Guhey and Wadhava, 1993). Moitra (1999) studied 
the stromatolites in detail and identified 24 forms classified under 12 groups. 
The stromatolite groups mainly identified belonging to Baicalia, Gymnosolen, 
Jacutophyton, Colonnella, Tungussia, Conophyton, Kussiella, Inzeria, Linella, 
Anabaria. Omechtenia, and Acaciella are rare forms.

5.  Correlation of Meso-Neoproterozoic Stromatolitic formations

The correlation of the Chhattisgarh Basin with other Meso-Neoproterozoic 
basins of the Peninsular India (Vindhyan Basin, Cuddapah Basin, Pakhal Basin), 
Lesser Himalaya (Jammu, Shali, Simla), and that of the type area in Southern 
Urals (former Soviet Union) has been shown in the Fig. 10 (Tewari, 1989).

6.  Discussions and Conclusions

Stromatolites have been studied from the Indravati and Chhattisgarh basins by 
various workers (Schnitzer, 1971; Jairaman and Banerjee, 1980; Jha et al., 1990; 
Guhey and Wadhawa, 1993; Moitra, 1999). We have reviewed the available data and  

figure 9. Relationship between stromatolite morphology and the depositional environment.
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figure 10. Field occurrence of Kussiella enigmatica showing nature of columns, margins, variation in 
size, and pinkish color (a–e).

found that there is tremendous scope for the systematic study of these microbial 
structures. We have given systematic description of some characteristic stromatolite 
taxa and their global comparison and correlation. The stromatolite assemblages of 
the Chhattisgarh Basin (Raipur Group) have an Upper Riphean (Neoproterozoic) 
affinity. The Raipur Group has been isotopically dated at 750–700 Ma (Schnitzer, 
1971; Kreuzer et al., 1977) and can be correlated with the Upper Vindhyans 
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(Fig. 10). The stromatolite assemblage of the Raipur Group is comparable with 
Tungussia nodosa, Inzeria tjomusi, and Gymnosolen cf. furcatus of the assemblage 
of Sinian System, China (Tewari, 1989 and the references therein).

Sikdar (1989) recorded the stromatolite taxa Baicalia sp., Colonnella sp., 
Gymnosolen sp., and Anabaria sp. between the areas Nandini and Jamul. A tidal 

figure 11. Microstructures of the stromatolite forms. (a) Gymnosolen furcatus showing bulbous nature, 
(b) Gymnosolen furcatus with light and dark laminae, (c) Gymnosolen furcatus showing margin of col-
umn, (d–f) showing the enlarged columns, dolomite grains, and intercolumnar spaces.
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figure 12. Polished slabs of Gymnosolen furcatus, locality Koliapara.
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figure 13. Correlation of Chhattisgarh Basin with other equivalent basins in the Peninsular shield and 
Lesser Himalaya, India, and the type area of Riphean (Upper Proterozoic) in Russia (former USSR; 
Tewari, 1989).

flat, Raipur (subtidal to intertidal) depositional environment was suggested for the 
Raipur Formation. This is in agreement with the present authors’ observation from 
both the basins, Indravati and Chhattisgarh. High-energy conditions during the for-
mation of stromatolite are indicated by the action of waves and crenulation of laminae. 
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It has been observed in the recent Shark Bay stromatolites from Australia that the 
height of the stromatolite columns is controlled by the tidal range and the posi-
tion of the structure in the intertidal zone.

Moitra (1999) has reported filamentous cyanobacteria Siphonophycus, 
Oscillatoriopsis, Taeniatum, and Caudiculophycus from the Raipur Formation. 
These prokaryotic microfossils are abundantly found in the Meso-Neoproterozoic 
Deoban and Buxa dolomite formations of the Lesser Himalaya (Tewari, 1989, 
2004, 2009; Schopf et al., 2008 and the references therein). The carbon isotope 
chemostratigraphy and the laser Raman spectroscopic studies of the stromatolitic 
carbonates of Indravati and Chhattisgarh basins will generate additional data for 
its global correlation, biotic diversification, and paleoclimatic events during 
Meso-Neoproterozoic period.
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Abstract The “Schisto-Calcaire Subgroup” is a muddy predominantly subtidal 
shelf  succession that crops in the West Congolian Belt. The approximately 300-m-
thick CI (Bas-Congo) and approximately 20-m-thick SCIII (Gabon) series were 
deposited in a very shallow marine evaporitic environment. The evidence for this 
interpretation includes sedimentology of dolomite and sulfate minerals and oxy-
gen isotopes. Cyanobacteria (probable Oscillatorians) formed mats on the inland 
marshes fringing ponds of channeled belts. In Gabon, they are associated with 
abundant domal stromatolites deposited in shallow to lower intertidal settings. 
While diagenetic overprints (dolomicrosparitization, sulfate growth, silica re-
placement) may be significant, several microbial laminar mudstones retained their 
original fabric. SEM analysis revealed well-preserved three-dimensional (3D) cy-
anobacterial communities associated with the stromatolites. During progressive 
lithification in the upper part of shallowing-upward evaporitic sequences, the stro-
matolites constituted a favorable substrate which has been invaded and colonized 
by probable fungal hyphae. These produced characteristic features that have been 
reproduced in vitro in experiments.

Keywords Stable isotopes (C, O) • Bacterial mats • Precambrian • Paleoenviron-
ments • Microfacies • Diagenesis
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1.  introduction

Detailed sedimentary facies analyses of African Precambrian carbonate series 
have been problematic because of regional deformation and high metamorphic 
grade. Emphasis has generally been placed on identifying sedimentary successions 
and their geodynamic settings, rather than on depositional processes and facies 
organization. The stratigraphy of the Schisto-Calcaire Subgroup (part of the West 
Congolian Group belonging to the West Congolian Belt) of Democratic Republic 
of Congo and Gabon has been relatively well documented (Cahen, 1978; Alvarez, 
1995; Chevallier et al., 2002; Frimmel et al., 2006), but no detailed interpretation 
of the carbonate depositional environments of the series has been established. 
This lack of study is amazing since the carbonate shelves (platforms and ramps) 
recognized in Precambrian basins closely match those defined for Phanerozoic 
and modern successions. The fundamental controls on platform evolution appear 
to have been established since the Paleoproterozoic (Grotzinger, 1989). Studies on 
modern and fossil bioconstructions have shown that their growth is affected by a 
multitude of environmental factors, such as temperature, illumination, turbidity, 
substrate, and nutrient levels, most of these factors varying systematically with 
depths (Narbonne et al., 2000).

Well-preserved laminated limestones in the upper part of the Schisto-
Calcaire Subgroup are observed in drill cores from the Bas-Congo and in outcrop 
in South Gabon. The stromatolites are easily recognized in Gabon on the basis of 
their macromorphology and microtextural properties despite alteration by diage-
netic recrystallization (mainly dolomitization). Microbial mats are present in the 
laminated limestones of the drill cores of Bas-Congo and have been affected by 
diagenetic processes. Nevertheless, perfectly preserved remains of microorgan-
isms are recognizable in Bas-Congo and help to analyze the stromatolitic lime-
stones in Gabon. In this case, a fungal invasion has followed the mat development 
and is related to stressful conditions during early lithification. In the current con-
tribution, we present two cases where Neoproterozoic microbial growth has 
escaped partly diagenesis and induced well-preserved laminated sedimentary 
structures. This chapter focuses on the depositional setting of the stromatolitic 
levels of the upper part of the Schisto-Calcaire Subgroup.

2.  Regional Setting and Stratigraphic Framework

2.1.  THE WEST CONGO SUPERGROUP IN BAS-CONGO  
(MAyUMBIAN BASIN)

The Bas-Congo is located in the western part of the Democratic Republic of 
Congo (DRC). It belongs to the West Congolian Belt (WCB) between 1°S and 
12°S and extends for more than 1,400 km in length and 150–300 km in width. 
The belt extends from southwestern of  Gabon and crosses the western part 
of  the Republic of Congo and of the DRC to northwestern of Angola (Fig. 1). 
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The Kimezian basement (2.5–1.6 Ga) is overlain by folded and unmetamorphosed 
Neoproterozoic rocks of the West Congo Supergroup, this latter being subdivided 
into the Zadinian (around 999? Ma, Mayumbian (around 910? Ma), and West 
Congolian groups (from 910 to 566 Ma; Tack et al., 2001). The West Congolian 
Group is constituted of more than 6,000 m of siliciclastics and carbonates, 
consisting from base to top, of the Sansiskwa Subgroup, the Lower Diamictite 
Formation, the Haut-Shiloango Subgroup, the Upper Diamictite Formation, the 
Schisto-Calcaire Subgroup, and the Mpioka Subgroup. The Upper Diamictite 
Formation (150–200 m thick) consisting of poorly sorted conglomerates with 
striated clasts corresponds probably to the Marinoan glaciation (635 ± 1.2 Ma in 
Namibia; Hoffmann et al., 2004) and is overlain by a cap carbonate belonging to 
the Schisto-Calcaire Subgroup. This subgroup (1,100 m thick) is divided into five 
subunits (C1–C5; Delhaye and Sluys, 1923) and regrouped into four units (CI, 
CII, CIII, CIV; Lepersonne, 1951; Cahen and Lepersonne, 1967; Fig. 1). The CIV 
unit does not appear in the studied area. The subunits are, from base to top, C1 
zoned pink dolomites (cap carbonate), C2 laminated argillaceous limestones, C3 
laminated and oolitic limestones, C4 stromatolitic limestones and dolostones, and 
C5 dolomitic limestones with coarse oolites (“Oolite of Kisantu”). In our study, 
we collected samples from drillcores (preserved since 1949 in Belgium at the Royal 
Museum of the Central Africa, Tervuren) crossing the C2 and C3 subunits (or CI 
unit) in the Kwilu and Lukala areas (Fig. 1).

2.2.  THE NEOPROTEROZOIC OF GABON (NyANGA BASIN)

The Nyanga synclinal is an important geotectonic unit of the southern Gabon 
consisting of a vast deformed basinal structure over 250 km long belonging to 
the WCB. The Gabonese part of the belt, averaging some 100 km in width, runs 
parallel to the Atlantic coast and the main part terminates in the north of Gabon 
(Fig. 1). Among the five major lithostratigraphical units of the Gabonese part of 
the WCB, the West Congolian Group outcrops in the Nyanga synclinal (Gérard, 
1958) and consists of the succession of several informal units. The Schisto-Calcaire 
Subgroup overlies directly the “Niari Tillite” (Fig. 1), which has been correlated 
with the Cryogenian glacial event (about 635 Ma, Hoffmann et al., 2004; Condon 
et al., 2005). Saylor et al. (1998) on the basis of chronostratigraphic and sedi-
mentological studies in Namibia have proposed a maximum age of 564 Ma for 
the Cryogenian glaciation. Consequently the precise age of the formations of the 
West Congo Supergroup is still debatable.

The “Schisto-Calcaire Subgroup” (or “Carbonate Subgroup,” Prian, 2008) is 
predominantly a carbonate sequence composed of four formations (“Nsc1 to Nsc4” 
or “SCI to SCIII,” see Prian, 2008), consisting of calcareous to dolomitic shales 
with an uppermost sandy shale-siltstone unit with interbedded limestone. The for-
mations are well mapped and the series of the studied Mouila quarry, belonging to 
the “Nsc3” or “SCIII” Formation of the eastern Nyanga flank, consist of gray or 
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cream-colored cherty stromatolitic limestones or dolostones characterizing the 
lower part or “Lower Member” of the Formation. Its upper part or “Upper 
Member” consisting of oolitic dolostones does not outcrop in the studied area.

The Nsc3 “Lower Member” exposed in the old Mouila quarry represents an 
exceptional outcrop which escaped the heavy lateritization of the area and has 
not suffered important burial or metamorphism. It consists of a conformable sec-
tion (~20 m) of Neoproterozoic rocks providing a continuous record of carbonate 
(dolomite) sedimentation with several metric stromatolitic layers affording a lim-
ited view of a probable extensive carbonate depositional system. The strata are 
unmetamorphosed, flat lying, and well exposed along extensive cliff  faces.

3.  Results

3.1.  THE CyANOBACTERIAL MATS IN BAS-CONGO

3.1.1.  Depositional Setting (C2 and C3 Subunits)
One-hundred-ninety-nine samples have been collected for petrography (thin sec-
tions) and SEM observations (JEOL JSM-6400) in the C2 and C3 subunits of 
the Schisto-Calcaire Subgroup. The C2 subunit (200 m thick) consists of calcite-
cemented, homogeneous gray dolomites alternating with millimeter- to centimeter-
thick green bindstones, including detrital materials, microbial mats, evaporitic 
nodules, and lenses. The overlying C3 subunit (thickness of 100 m), subdivided 
into C3a and C3b, contains flat- to wavy-laminated dolomites with millimeter- 
and centimeter-thick green bindstones and gray dolomudstones. The C3b consists 
mainly of massive gray dolomites with intraformational conglomerates, oolites, 
pisolites, and stratiform black chert nodules.

Our petrographical analysis revealed nine microfacies (MF1-9, predomi-
nantly flat-laminated carbonates, Delpomdor, 2007) forming a standard sequence 
from semi-restricted to restricted peritidal environments associated with shallow 
subtidal zones submitted to detrital fluxes and containing benthic cyanobacterial 
mats. This sedimentation evolved to saline supratidal environments with inter- 
and supratidal channels in a sabkha. Flat-laminated carbonates examined on the 
SEM revealed abundant microbial filaments (Fig. 2a) forming colonies still in 
their growth position as suggested by their common orientation in various bun-
dles (Fig. 2a). The filaments are thin (0.7–2 mm in diameter, length 1–50 mm) in 
the microbial mats and thicker (diameter 5–10 mm, length 50–100 mm) in the 
microsparitized matrix. They are well preserved both in the laminae and in the 
altered matrix. They are segmented, unbranched, and slightly lobed suggesting 
spheroidal to ellipsoidal vesicles of 1–2 mm in diameter (Fig. 2a–c). The colonies 
rest on a carbonate sole representing probably relics of “EPS” (extracellular poly-
meric substances; Fig. 2b). Free small solitary spheroidal unicells or vesicles are 
randomly distributed in the mats. Their external mucilaginous wall is not visible 
and coated by calcite cement.
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The carbonates are predominantly constituted by pervasive hypidiotopic 
and idiotopic dolomites associated with anhydrite in nodules and lenses in the 
mats. Other evaporitic minerals are idiomorphic polyhalite or pseudomorphs of 
sulfates (laths, rosette-like aggregates, castellated crystals, see Clark, 1980) and 
“swallow tail” crystals (see Amieux, 1980). Microquartz and megaquartz consti-
tute the last diagenetic phase.

Figure 2. Bas-Congo. Microfossils from the subtidal–intertidal carbonate facies (SEM images). (a) View 
of probable Siphonophycus septatum mat; (b) preserved S. septatum filaments on EPS in a jelly calcite 
cement; (c) detail of segmented and unbranched filament; (d) altered S. septatum filament in a dolomi-
crosparitized matrix; (e, f) Siphonophycus (larger diameter) in a dolomicrosparitized mudstone.
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The sedimentological evolution of C2 and C3 subunits records plurimetric 
shallowing-upward sequences in an evaporitic lagoon (Delpomdor, 2007). The 
lower part of the sequences consists of flat-laminated cyanobacterial mats (MF1 
to MF4) and evolves into intertidal–supratidal or subaerial evaporitic facies in 
the upper part (MF5 and MF6). Channels with oolites and pisolites (MF7) are 
present in the middle part of the sequences and are typical of a back-margin set-
ting (Hardie, 1977). Micrite is strongly replaced by early dolospar and late silica 
in the sabkha environment (MF8 and MF9). The cyanobacterial mats are embed-
ded within extensively dolomitized sediments. The mats are formed primarily by 
calcification of the cyanobacteria in upper subtidal and lower intertidal environ-
ments on a semi-arid to arid tidal flat. The calcitization would have resulted from 
the precipitation of CO2 uptake during photosynthesis (Pentecost and Riding, 
1986; Freytet and Verrecchia, 1999; Riding, 2000) or from the increasing alkalin-
ity during sulfate reduction and Ca2+ release from the EPS by heterotrophic bac-
teria (Visscher et al., 1998; Reid et al., 2000). Pervasive early dolomites replaced 
calcite in the cyanobacterial mats (Fig. 2d–f) near sediment–water interfaces 
affected by periodic emergence and/or hypersaline conditions. A few dolomud-
stones escaped this strong diagenetic alteration and retained original microbial 
mats with abundant well-preserved tubules or filaments and spheroidal unicells 
enveloped in gelatinous-like calcite cements (Fig. 2a–c).

3.1.2.  Microbial Description and Discussion
The filamentous microfossils observed in Bas-Congo (Fig. 2) are probably ancient 
photosynthetic bacteria resembling the present-day cyanobacteria. Although 
morphology alone is of little use to identify bacteria, the present-day cyanobac-
teria are usually classified into broad groups using morphological characteristics 
(van den Hoek et al., 1995). Five morphological subgroups are usually recognized 
(1) unicellular cyanobacteria dividing by binary fission, (2) unicellular cyanobac-
teria dividing by multiple fission, (3) filamentous cyanobacteria containing differ-
entiated cells called heterocysts that are used for nitrogen fixation (Nostocalean 
cyanobacteria), (4) filamentous cyanobacteria with no heterocysts (Oscillatorian 
cyanobacteria), and finally (5) branching filamentous cyanobacteria.

As the filaments observed in the present study are unbranched and that no 
heterocysts were observed, the microfossils might represent ancient Oscillatorians. 
An important point to consider is the observation that the filamentous microfos-
sils are enveloped by jelly calcite cements that may constitute ancient “EPS” or 
mucilaginous sheaths. The Oscillatorians feature genera such as Oscillatoria, 
Arthrospira (Spirulina), Lyngbya, Phormidium, and Microcoleus (van den Hoek 
et al., 1995). In Oscillatoria, individual cells are disk shaped and filaments do not 
produce mucilaginous sheaths. Arthrospira filaments are usually large, screw-like 
coils and do not produce mucous sheaths either. Consequently, the microfossils 
are probably not related to Oscillatoria and Arthrospira. In Microcoleus, individ-
ual filaments resemble Oscillatoria but bundles of filaments are held together by 
a stiff  mucilaginous sheath, a situation that is not observed in the microfossils. 
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The trichomes of Lyngbya are enclosed in a robust mucilaginous sheath. Lyngbya 
is thus a good modern analog of the filamentous microfossils. In Lyngbya, the 
filaments are cylindrical, usually wider than 6 mm, and cells are shorter than they 
are wide.

These cyanobacteria usually form large layered mats of various thicknesses. 
Another possibility is the genus Phormidium. This organism usually forms flat, 
slimy mats of filaments and is similar in morphology to Lyngbya and Oscillatoria. 
Phormidium is also producing EPS (Hoiczyk, 1998). However, the sheaths on 
Phormidium are looser than the rigid sheaths of Lyngbya. The mats are usually 
attached to benthic substrates and can detach and float to the surface. In 
Phormidium, trichomes range from 2 to 12 mm in diameter, a width which is com-
parable with that of the microfossils. In addition, cells are not always distinctly 
separated, a situation also observed in the microfossils. Although microfossils 
resemble Phormidium, it should be remembered that morphological criteria are 
not always reliable because they may change, for example, due to environmental 
factors (Teneva et al., 2005).

Finally, the filaments found in Bas-Congo seem comparable (in terms of 
morphology and size) with the mat builders of the fossil species Siphonophycus 
septatum (Schopf, 1968) and therefore could indicate a quiet-water lower subtidal 
to intertidal environment in subtropical to tropical zones (Noffke et al., 2003). 
Recent marine cyanobacteria (Plectonema) associated with near-surface environ-
ments in the carbonates of Cabo Rojo, Puerto Rico (Chacon et al., 2006), display 
a similar morphology of that of our microbes.

3.1.3.  Geochemistry
Carbon and oxygen isotope compositions were analyzed in the most homogeneous 
facies (Fig. 6). Between 1 and 2 mg of powdered sample (whole rock) were reacted 
with 100% H3PO4 at 75°C to extract the CO2 from the dolomites. The amount of 
extracted CO2 at −196°C and its ¶13CV-PDB and ¶18OV-PDB were measured using a 
Thermo-Finnigan 252 mass spectrometer at Erlangen University (Germany). The 
reproducibility of the ¶13CV-PDB and the ¶18OV-PDB measurements is 0.06‰.

The ¶13C values vary between −2‰ and −5‰ in the microbial dolomud-
stones (MF1 to MF3) and between −2‰ and −3‰ in the microsparitized 
dolomudstones (MF8). Weak negative values (−2‰ to 0‰) are measured in the 
oolitic/pisolitic carbonates. The ¶18O values lie between −8‰ and −12‰ in the 
same samples. The C2 and C3 cyanobacterial carbonates present lower ¶13C values 
with regard to oolitic and dolosparitized rocks. There is no agreement on the 
original carbon isotope seawater composition during Neoproterozoic times. Here, 
we retained the two most widely used models for isotope seawater composition of 
Veizer and Hoefs (1976) and Jacobsen and Kaufman (1999). In this context, the 
Bas-Congo carbonates have a normal marine ¶13C value (Fig. 6). The microbial 
carbonates having more negative ¶13C value (up to 2‰) than the associated oolites 
(representing a normal marine environment) imply a strong biological activity in 
the shallow subtidal environment. The ¶18O values are homogeneous and suggest 
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a temperature increase during the burial (Frimmel et al., 2006; Delpomdor, 2007). 
The burial temperature has been estimated at 70°C by Dewaele (personal com-
munication, RMCA) from the highest negative values (−11.5‰ ¶18O).

3.2.  THE STROMATOLITIC LEVELS IN THE NyANGA BASIN

3.2.1.  Mouila Section
In the Mouila old quarry, 20 m of thin- to medium-bedded homogeneous dolo-
mudstones interstratified with massive laminated peloidal and stromatolitic gray-
ish dolomites are exposed along two extensive cliff  faces (Fig. 3a). The rocks are 
partly silicified with stratiform black chert nodules, a few centimeters thick, and 
thin siliceous impregnations molding the laminae of the stromatolites (Fig. 3b–d). 
Small-sized (less than 5 cm in length) elliptic whitish nodules are observed in undu-
lous and discontinuous beds which pinch out laterally on a plurimetric scale. These 
beds are slightly yellowish. Rare slumped beds are observed and associated with 
tepee-like structures in the upper part of the section. Clays are not abundant and 
consist of subcentimetric levels capping thin decimetric beds. The stromatolites 

Figure 3. Gabon. (a) Mouila old quarry. Lower level of the SCIII series (10 m). (b) Close lateral linkage 
stromatolitic hemispheroids with undulating blackish chert laminae. (c) and (d) Domal stromatolite and 
thin-bedded-laminated cyanobacterial grayish dolomudstones with undulating blackish chert laminae.
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are hemispherical (height of 10–20 cm, length up to 50 cm). They are typically 
laterally linked hemispheroids, smooth domal laminated hemispheroids, and wavy 
stromatolites (LLH-C type of Logan et al., 1964, Fig. 3b–d). The facies are fine 
grained, mud supported, grayish to slightly whitish, and particularly homogeneous 
(Fig. 3a).

3.2.2.  Facies Assemblages and Stromatolitic Paleoenvironment
Sixty samples have been systematically collected in the profile (Fig. 3a) for petrog-
raphy to constrain the paleoenvironment. They enable to recognition of five major 
“diagenetic” dolomitic microfacies (MF1-5) whose succession from 1 to 5 consti-
tutes a standard sequence recording evolution from shallow subtidal quiet envi-
ronments colonized by cyanobacteria to supratidal settings with a pronounced 
evaporitic (sulfate and dolomite) diagenesis (study in progress).

Microfacies 1 is a fine-grained laminated clayey detrital dolomudstone with 
a large amount (up to 30%) of framboidal pyrite (5–30 mm). It consists of flat-
laminated microbial mats or “cryptomicrobialites” (Fig. 3d) and low domal stro-
matolites without intercolumn space (Fig. 3b). The stromatolite laminae are 
curved and form overlapping domes, with younger laminae truncating against 
older ones (Fig. 3c, d). Parallel laminite consists of millimeter-scale planar, wavy, 
and very low-angle cross-stratified laminae composed of well-sorted carbonate 
mud to very fine clay and silt. Laminae are primarily produced by alternation of 
organic-rich and organic-poor horizons. The brighter layers are micropeloidal 
micrite or clotted mudstone draping over dense mat layer (Fig. 4a). Mat construc-
tors in thin section are poorly preserved (filamentous ghosts are occasionally 
present) but are still visible on the SEM despite the dolomitization process 
(Fig. 4c) and are similar to those observed in Bas-Congo (Fig. 2). Smooth flat 
laminated dolostone associated with disrupted fenestral and crinkled fabrics are 
common. These latter exhibit typical near horizontal sheet cracks associated with 
vertical and step-like thin mud cracks isolating micritic lumpy patches.

Other microfacies (microfacies 2–5, study in progress) are not described here 
and exhibit different dolomicrosparites and dolosparites with saddle dolomite 
and anhydrite replacing the stromatolitic levels (Fig. 4b).

3.2.3.  Sedimentary and Diagenetic History
The Mouila series are composed of dolomitized cyanobacterial mudstones and 
stromatolitic bindstones. The major diagenetic alteration consists of a thin perva-
sive hypidiotopic dolomitization probably related to episodes of anhydritization. 
Consequently, the former grayish microlaminated micritic sediment of microfa-
cies 1 (Figs. 3a and 4a) is progressively replaced by a relatively fine-grained homo-
geneous whitish dolomicrosparite, which may still contain thin discontinuous 
microbial mat relicts (Fig. 4b, c). At the beginning of the replacement process, the 
dolomite is a mimetic fabric-preserving dolomite with crystal size varying between 
micrite and microsparite (<50 mm). Evaporite minerals are common in the matrix 
and consist of lath-shaped, rosette-like aggregates, enterolithic small nodules, and 
castellated crystals (sensu Clark, 1980), which often grow inside the mat levels 
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(intrasedimentary growth) in the phreatic or capillary zones. Small-sized fenestrae 
(“microloferite”) are similar to those illustrated by Nédélec et al. (2007) and sug-
gest the temporal development of microbial mats limiting gas outflow from the 
sediment. Larger fenestrae related to crinkled microbial mats indicate that the 
substrate was temporarily exposed to quiet water conditions. Hypersaline condi-
tions developed and microenterolithes replaced progressively the muddy matrix. 
“Elephant skin texture” with micropinnacles and net-like structures (Gerdes et al., 
2000) are common in the facies associated with the stromatolitic layers. Coarse 
saddle dolomite replaced partly or totally the evaporite minerals and silica is the 
last diagenetic phase observed. The ultimate phase consisted of irregular pressure 
solution seams or stylolites which have concentrated the insolubles (clays, pyrite).

Micritic, millimeter-scale laminae interlaminated with organic-rich thin lev-
els (benthic microbial mats, Fig. 4a) associated with small autobrecciated layers 
and numerous mud cracks point to a tidal-flat environment (Purser, 1973; Hardie, 
1977; Sellwood, 1986; Clough and Goldhammer, 2000). LLH stromatolites point 
to a shallow to lower intertidal setting. Their strong diagenetic imprint could be 

Figure 4. Gabon. (a) Smooth flat laminated dolostone showing the alternation of well-sorted pelo-
idal dolopackstone and thinner homogenous dolomudstone (thin section). (b) Irregularly dolomi-
crosparitized mudstone with remnants of thin layers of blackish cyanobacterial mats (thin section). 
(c) Filamentous dichotomous bacteria 2–5 mm in diameter (probable cyanobacteria, partly destroyed 
by a fine-grained dolomicrospar) (SEM). Compare with Fig. 2 of Bas-Congo. Sample from a domal 
stromatolite (Fig. 3). (d) Probable hyphae (diameter of 0.1–0.2 mm) associated with EPS and filling a 
pit in a stromatolitic hemispheroid (SEM) (see Fig. 5).
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related to shallowing of water depth due to relative sea-level fall and/or upward 
stromatolite construction (Hoffman, 1974). The soft peloidal mud is layered into 
wavy and discontinuous lenticular laminae. Crinkled fenestral laminae being 
either flat or domal, even or pinching are probably related to the form of cyano-
bacterial mats that could have developed in inland marshes similar to those 
present on the Andros Island in the low “algal” marshes fringing the ponds of 
channeled belts (Hardie and Ginsburg, 1977). The depositional paleoenviron-
ment is interpreted as peritidal possibly representing small intertidal and suprati-
dal ponds. Fenestrae and mud cracks indicate episodic drying conditions in upper 
intertidal and supratidal settings. Laterally linked domal stromatolites were 
deposited in shallow to lower intertidal settings in quiet environments as they do 
not exhibit particular elongation (Logan et al., 1964). Evaporitic conditions were 
also present as indicated by various tepee structures or nodules (on the field) and 
dolomitic pseudomorphs after sulfate crystals with anhydrite relicts. The “ele-
phant skin texture” characterizes salina playas, “anchialine” pools, or hypersaline 
pertitidal lagons and is typical of calm environments below sheets of shallow 
surface brine (Gerdes et al., 2000).

Dolomitization of the former laminar microbial sediments is the main diage-
netic alteration in the series erasing progressively the mats (Fig. 4b) and forming a 
homogeneous dolomicrosparite. The origin of dolomite is still a controversial sub-
ject in sedimentary geology since its discovery over 200 years ago, because it 
involves a large number of interacting factors, such as thermodynamics, chemical 
kinetics, hydrology, host-rock mineralogy, and texture (Hardie, 1987). In addition, 
other parameters such as microbial activity could also be considered. For example, 
Vasconcelos and McKenzie (1997) and Sanz-Montero et al. (2006) have shown that 
the formation of dolomite is associated with microbial mats under anoxic hypersa-
line conditions in the Lagoa Vermelha, Brazil (for the first) or has taken place in 
relatively diluted lake water in the Miocene of the Madrid Basin in Spain (for the 
second). In this last case, further evaporative concentration resulted in precipita-
tion of sulfates sealing the mats and creating endoevaporitic microenvironments.

An early diagenesis, possibly mediated by microbial activity, is suggested for 
the Mouila Neoproterozoic series; dolomicrite follows at an inframillimeter scale 
the microbial laminae and developed progressively from the cyanobacteria which 
are partly or totally engulfed and still recognizable; they form a 3D-network, 
some are dichotomic, their average diameter is comprised between 1 and 2 mm, 
and their minimal length is 20 mm (Fig. 4c). The association of fine-grained dolo-
mite with mud cracks and sheet cracks (disrupted flat lamination) together with 
their very fine grain size and the presence of former sulfates suggests that dolo-
mite is most likely precipitated from hypersaline waters during the dry season 
(Préat et al., 2010).

3.2.4.  Fungal Diagenesis
Numerous hyphae and spores in the upper part of metric shallowing-upward 
evaporitic peritidal sequences have been observed in the stromatolitic layers 
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under SEM analysis (Kolo, 2009; Préat et al., 2010). The SEM examination 
revealed abundant micrometer-sized oval-circular pits, relatively deep and densely 
colonized with 0.1–3.0 mm-thick microbial filamentous structures, which are 
frequently embedded in or engulfed by EPS-like material (Fig. 4d), on which a 
number of small (0.5 mm) spherical grains of dolomite were observed. Quadratic-
shaped crystals and rhombohedra were also observed in the pits either attaching 
to the filaments or forming part of the pits’ walls. These minerals (now dolo-
mitic) may originally have been oxalates. Fig. 5a–h shows several structural fea-
tures which were produced in vitro by fungi (Fig. 5b, d, f, h) (Kolo et al., 2007; 
Préat et al., 2010) and their analogs observed in the stromatolitic level of  Mouila 
(Fig. 5a, c, e, g). The first Neoproterozoic feature consists of  tiny dolomite crys-
tals, mixed with permineralized filaments, filling small pits with the formation of 
a collar (Fig. 5a). A similar structure has been obtained using a fungal culture on 
a dolomitic substrate; the recent pits show a mixture of neominerals (here Ca- 
and Mg-oxalates) and fungal hyphae (Fig. 5b, d). The surface of the filaments 
(Neoproterozoic) is rough and shows many blebs and attachments (Fig. 5c) repre-
senting crystal aggregates (<1 mm) adhering to their surface. This is a typical fun-
gal phenomenon (Fig. 5d). In Fig. 5d, the colonizing fungi have already produced 
a large quantity of crystals (<1 mm) inside and outside the pit. These micron-
sized dolomitic crystals and the filaments litter the bottom, as well as the walls of 
the Neoproterozoic pits (Fig. 5e), while in Fig. 5f  a typical recent pit is filled by 
fungally biomineralized prismatic and bi-pyramidal crystals of  weddellite. The 
last common feature is the development of an honeycomb-alveolar structure pro-
duced by fungi on the Neoproterozoic stromatolitic substrate (Fig. 5g) or on the 
experimental carbonate substrate (Fig. 5h). Quadratic-rhombic pore space, after 
the dissolution of dolomite crystals, and formation of a filamentous-EPS mat, 
cover on old crystal boundaries associated with new crystal formation, suggest a 
similar colonization pattern and diagenetic pattern. These results allow for a defi-
nition of an eogenetic sequence driven by fungal invasion of the Neoproterozoic 
stromatolitic substrate. It also provides a detailed evaluation of the fungal role in 
an attempt to understand the mechanisms involved in the paleoweathering of a 
Neoproterozoic carbonate substrate.

3.2.5.  Geochemistry
The stable isotope analyses (Fig. 6) support the hypothesis of a dolomitization 
most likely precipitated from hypersaline waters during the dry season, the oxygen 
isotopic values varying by a few permil (on average 2‰) to values as much as 3‰ 
more positive than those of the co-occurring non (or less) evaporitic sediment 
(dolomudstone) of the lower part of the shallowing-upward cycles (study in prog-
ress). This lower part displays carbon and oxygen isotope compositions typical 
to those of normal Neoproterozoic seawater (Fig. 6) (Jacobsen and Kaufman, 
1999). Given the oxygen isotope fractionation factor for co-occurring dolomite 
and calcite (Land, 1980), this suggests that the former microbial carbonates and the 
dolomite in these dolomudstones, dolomicrosparites, and stromatolitic dolostones 
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Figure 5. Gabon a, c, e, g and in vitro experiments b, d, f, g. SEM images. Comparison of “equivalent” 
fungal features associated with the filling of pits in the Mouila stromatolite and pits formed through 
in vitro fungal culture on a dolomitic substrate (sample from the Lower Carboniferous of northern 
France, Kolo et al., 2007). (a–d) Elevated mineral “collar” surrounding a pit. (e, f) Tiny crystals and 
filaments littering the bottom and the walls of the pits. (g, h) Honeycomb alveolar structure produced 
by fungal activity.
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formed in a fluid of similar oxygen isotope composition and that dolomitization 
was early diagenetic. It formed soon after deposition as suggested by the delicate 
interlayering with microbial mats and its very fine grain size.

The model emphasizes relatively shallow water formation under hypersaline 
conditions with CaCO3 (limestone and/or primary dolomite) precipitation 
accompanied by evaporite formation and early dolomitization. The observed 
sedimentary features point to a general peritidal environment (temporarily 
emerged subtidal, intertidal, and also subaerially exposed supratidal zones), 
analogous to present littoral lagoons or sabkhas formed under warm semi-arid 
conditions, such as can be seen along the Persian Gulf.

The variations in ¶13C isotope signature are not significant at any one level 
of the Mouila series and indicate that the bulk of the values could be representa-
tive of original marine waters (Fig. 6). Most of the values are around +2‰ and 
+3‰ and do not appear to have been altered by postdepositional diagenetic proc-
esses. As for the Bas-Congo facies, the microbial mats have more negative ¶13C 
value than the oolites which are associated with the series (study in progress, data 
not presented here).

4.  Conclusion

While diagenetic overprints may be significant, petrography, SEM analysis, and 
isotope relationships show that the general Neoproterozoic depositional environ-
ment can still be discerned. This is particularly the case with the microbial con-
tent which has been preserved in the shallow subtidal and supratidal zones of the 
carbonate shelf. Preservation of benthic microbial communities in growth posi-
tion, in a context rich in autochtonous carbonate precipitates, is highly favorable 

Figure 6. Binary plots of stable isotope compositions (¶ 18O/¶13C) of the Schisto-Calcaire Subgroup 
C2–C3 subunits of Bas-Congo and SCIII unit of Gabon.
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to study the relations between biological and mineral components of stratiform, 
laminated organo-sedimentary structures. This will help in the understanding of 
the diagenetic processes.

The Bas-Congo and Mouila series point to a shallow marine water subjected 
to hypersaline conditions with CaCO3 (limestone and/or primary dolomite) pre-
cipitation accompanied by evaporite formation and early dolomitization. The 
environments were constituted by subtidal and intertidal lagoons colonized by 
stromatolitic domes (Gabon) and cyanobacterial mats (Gabon and Bas-Congo). 
During exposure periods, fungi invaded and colonized the semi-lithified sediment 
which underwent dolomitization in the supratidal zones of the carbonate plat-
form in the Mouila series. Although the exact mechanisms of dolomitization are 
difficult to determine, evaporitive pumping of seawater is consistent with the sedi-
mentology, fabric preservation, and isotopic signatures within the upper parts of 
the shallowing sequences. The important development of the upper part of the 
shallowing-upward cycles highlighted in our study reveals the incompleteness of 
the sedimentation. Numerous hiatuses and condensations will occur as a result of 
sedimentation constantly near emersion. In this context, maximum microbial 
development can take place concurrently with the lowest sedimentation rates and 
during brief  sedimentary pauses as suggested by Seong-Joo and Golubic (2000) 
in the Mesoproterozoic of China.

An equivalent shelf  domain has already been reported for Neoproterozoic 
carbonates of the Central African craton. Alvarez and Maurin (1991) and 
Alvarez (1995) described microbial mats with stromatolites on an extensive shelf  
from the “Schisto-Calcaire Supergroup” in the Comba Basin (Bas-Congo 
Province) and suggested they developed on beach and tidal flat environments.
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abstract Abundant stromatolites have been found from the Neoproterozoic 
Jiudingshan and Niyuan formations in northern Jiangsu Province and northern 
Anhui Province, South China. The stromatolites are mostly stratiform, rarely 
small domed and conical (Conophyton-like), with more or less clearly laminat-
ed structures. Well-preserved, silicified microbial mats containing mat-building 
microfossils have been found in small domed, conical, and stratiform stroma-
tolites of  the Neoproterozoic Jiudingshan Formation and Niyuan Formation. 
Main mat-producing species are Gloeodiniopsis suxianensis among the coccoids, 
and Siphonophycus inornatum and Siphonophycus sp. among the filamentous cy-
anophytes, although Myxococcoides sp., Leiosphaeridia sp., and Eoentophysalis 
 robusta are often included in the community. Present study indicates that the 
morphology of  a microbial mat, particularly first microbial mat, plays an impor-
tant role in the morphogenesis of  stromatolites, and the community dominated 
by Gloeodiniopsis suxianensis, which is largely confined to stratiform stromato-
lites, may represent an intertide setting.

Keywords Microbiota • Microbial mats • Neoproterozoic • Stromatolites • South 
China • Metabolic activity • Blue-green algae • Benthic microbial deposits

1.  introduction

Stromatolites are usually interpreted as organosedimentary structures produced 
by sediment trapping and binding and/or precipitation resulting from metabolic 
activity and the growth of organisms such as blue-green algae (Awramik et al., 
1976). Recently, stromatolites have been defined as laminated benthic microbial 
deposits (Riding, 2000). Stromatolites are laminated sedimentary rocks with 
predominantly upward convex laminations. Zhang and Hofmann (1992) consid-
ered stromatolites to be lithified or fossilized microbial mats and mat layers that 
are equivalent to stromatolitic laminae. Microbial mats are accretionary cohe-
sive microbial communities that are often laminated and found growing at the 
sediment–water interface and occasionally at the sediment–air interface (Pierson 
et al., 1992).
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Fossil stromatolites were widespread in the Precambrian and reached a high 
abundance and diversity by the Proterozoic. Stromatolites have been used for envi-
ronmental and paleoecologic analysis and for biostratigraphic correlation of the 
Precambrian. Many microfossils have been discovered within Proterozoic stromato-
lites, although there have also been a few Archean and Phanerozoic occurrences.

Since 1965, many studies concerning microfossils from silicified stromatolites 
found worldwide have been conducted; however, little is known about the structure 
and taxonomic composition of microbial mats in ancient stromatolites due to their 
scarcity and poor preservation. Abundant stromatolites have been found in the 
Neoproterozoic Jiudingshan and Niyuan formations in northern Jiangsu Province 
and northern Anhui Province, South China. These stromatolites are mostly strati-
form, rarely small domed and conical (Conophyton-like), and have more or less 
clearly laminated structures. Some of these stromatolites were partially silicified 
under the conditions of extremely early lithification; thus, the primary composi-
tion and molds of microbial mats in these stromatolites are well preserved. This 
study was conducted to evaluate the microbiotas and benthic microbial mats that 
occur in these ancient stromatolitic black cherts. The data presented here provide 
significant information regarding the microbiotas, mat builders, mat dwellers, and 
allochthonous microorganisms in Precambrian stromatolites.

2.  geological setting

The Neoproterozoic strata exposed in northern Jiangsu Province and north-
ern Anhui Province are composed of unmetamorphosed or slightly metamor-
phosed carbonates that contain abundant stromatolites and detrital rocks and 
have an average thickness of 3,000 m. The strata are unconformably overlain by 
the Lower Cambrian Houjianshan Formation and lie unconformably above the 
metamorphic rocks of the Fengyang Group. The Neoproterozoic strata may be 
divided, in descending order, into the Huinan, Xuhuai, and Suxian groups. The 
Xuhuai Group includes the Zhaowei, Niyuan, Jiudingshan, Zhangqu, Shijia, and 
Wangshan formations (Fig. 1).

Although there is a lack of reliable isotopic dating for the Neoproterozoic 
strata, carbonates of the Xuhuai and Suxian groups yield numerous stromatolite 
forms, including Jurusania cylindrica, Inzeria intia, Gymnosolen cf. furcatus, 
Boxonia jinshanzhaiensis, and Acaciella sp., which are correlated with the upper 
part of the Cryoginian (Cao et al., 1985). In the Huainan area of Anhui Province, 
abundant macroscopic fossils have been found in the Huinan Group. The princi-
pal taxa are Chuaria circularis Walcott, Chuaria annularis Zheng, Chuaria multi-
rugosa Du et Tian, Shouhsienia shouhsienensis Xing, S. longa Xing, Ovidiscina 
bagongshania Zheng, O. longa Du et Tian, Bipatinella cervicalis Zheng, Lingulites 
folirormis Duan et Du, Pumilibaxa huaiheiana Zheng, P. symmetrica Fu, 
Nephroformia liulaobeiensis Zheng, Tawuia dalensis Hofman, T. sinensis Duan, 
T. striatia Zheng, T. afflata Fu, Pumilibaxa longa Yan, Mesonactus imparilis Fu, 
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M. luoyingensis Fu, Eurycyphus lycotropus Fu, Eurycyphus altilis Fu, Stenocyphus 
subtilis Fu, Huainanella cylinddrica Wang, Sabllidites sp., Tyrasotaenia sp., and 
Morania sp. Some of them were previously interpreted as worm-like animals, but 
recent work indicated that they are remains of coenocytic algae (Dong et al., 
2008). The Huainan macroscopic fossil assemblage, dominated by aquicolous 
algae, occurred prior to the well-known Ediacara fauna and should have been 
flourishing before the latest Precambrian glacial epoch, with an age ranging from 
about 850 to 700 Ma (Fu, 1989).

The fossiliferous stromatolitic cherts examined in this study were collected 
from the Jiudingshan Formation at Liulou Village, which is approximately 25 km 
northwest of Suining County in N. Jiangsu, and from the Niyuan Formation at 
Qingtongshan of Suxian, Anhui Province. The Jiudingshan and Niyuan forma-
tions are represented by a series of dark gray limestones or dolostones with cherty 
bands and stromatolitic bioherms. The sedimentary rocks are relatively unmeta-
morphic and have a maximum thickness of greater than 700 m. Two formations 

Figure 1. Map of the schematic stratigraphic column of the Neoproterozoic Jiudingshan and Niyuan 
formations in N. Jiangsu Province and N. Anhui Province, China. (a) Dolostone, (b) limestone, (c) chert, 
(d) stromatolite, (e) marlite, (f) breccia limestone, (g) fossiliferous horizon, (h) locality of section.
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are characterized by the development of  ripple marks, birds eye pores, wave 
laminae, and scouring structures. The breccia limestones, which developed in the 
base of the Jiudingshan Formation, have a thickness of approximately 30 m and 
a very wide geographical distribution. These sedimentary features are indicative 
of high-energy conditions in a shallow water environment.

3.  Materials and Preservation

The strata evaluated in this study generally consist of thin- to medium-bedded 
gray dolostones and thin-bedded gray siliceous limestones with partially silicified 
stratiform, as well as small domed, conical, and undulating forms of stromatolites. 
Abundant organic matter makes the chert dark or black in stromatolitic hand-size 
specimens. These stromatolites were silicified in the early diagenetic stage. Well-
preserved microbial mats, which are described in this paper, were found in black 
cherts that occur as stromatolitic layers, bands, and lenses in limestones. These 
original limestones have often been replaced by dolomite and obscured by sec-
ondary recrystallization. It is likely that an early diagenetic replacement by chert 
occurred prior to recrystallization of the carbonates. In the stromatolites under 
consideration here, chertification seems to always start in the laminae with a high 
organic content. In general, chertification follows the dark, organism-rich layer of 
the stromatolite. Primary stromatolitic fabrics have been replaced by chert prior 
to neomorphic recrystallization. The chert is aphanitic and composed of chal-
cedony and microcrystalline quartz. In the thin section, the black chert contains 
brown or amorphous organic matter disseminated throughout the silica matrix. 
The microbial mats were primarily embedded in the silica, and crystallization of 
the chert did not alter the form of the microbial mats. The fossil mat forms were 
usually more or less cohesive fabrics of intertwined filaments or gelatinous matter 
produced by both filamentous and coccoid microorganisms. Cellular and filamen-
tous structures within the mat are well preserved and fossilized. Most microfossils 
in microbial mats are preserved in their original growth position.

4.  Microbial Mats of ancient stromatolites

4.1.  DOMED STROMATOLITE-BUILDING MICROBIAL MATS

Sample No. Su-01 is a small domed stromatolite. The laminae simply arch upward, 
without any overlapping margins. The column is approximately 5–8 mm wide and 
9 mm high. It is generally gray-black in color and contains reduced siliceous com-
pounds and organic matter. This specimen was studied in vertical thin sections. 
The stromatolite is composed of laminated domed microbial mats that consist of 
only one species, Siphonophycus inornatum. The microbial mats were constructed 
by a series of domed laminae. Each lamina consists of alternating light, thick, 
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algae-poor layers that are generally 0.4–1 mm thick, and dark, thinner, algal-rich 
layers that are generally 0.1–0.4 mm thick. The light layers are composed of anas-
tomosing bundles of filaments that are erect or inclined at varies angles and form 
a three-dimensional reticulated framework. The dark layers consist of filamentous 
bundles that are prostrate or inclined at various angles. The bundles are closely 
crowded into a generally thin opaque partition and form a planar reticulated 
framework (Fig. 2a, c). The growth pattern of the filaments and the superposition 

Figure 2. Thin section photos showing the domed microbial mats composed of the unique filamen-
tous microfossils Siphonophycus inornatum in a domed stromatolite. (a) Filamentous layers in a domed 
stromatolite; (b) bridge-like lamella; (c) enlargement of a.
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of the convex laminae in the stromatolite display characteristics of organisms in 
search of light. The filaments are especially abundant and densely packed in the 
dark layers; however, they are much rarer in the light layers. Openings of irregu-
lar fenestra caused by internal solution occur commonly in the light microcrys-
talline layer. These microbial mats are almost entirely composed of filamentous 
microorganisms, although a few microbial trappings and binding of gravel-sized 
micrograins have been observed around the filaments (Fig. 2d). However, the trap 
sediment mechanism was not the primary mode of formation of the stromatolite, 
which likely formed through in situ precipitation of carbonate. Some bridge-like 
laminae occur occasionally at the wall rock on the right side (Fig. 2b). The bio-
logical imprint on the lamina texture is created through the orientation of fila-
ments and unicells, the motility of major filamentous forms, and the adhesion and 
abundance of microbial sheath material (Semikhatov et al., 1979). The laminated 
domed S. inornatum microbial mats are characterized by a single composition, 
cyclic growth pattern, and rhythm change of filamentous abundance.

To date, there are two different interpretations of the cycle of filamentic 
growth orientation: (1) a modern non-lithified stromatolite, such as one from 
Andros Island, Bahamas (Monty, 1967, 1976), also exhibits this type of growth 
pattern. A laminated pattern can result from the alternation of phases showing 
horizontally growing filaments with phases characterized by vertical bundles of 
filaments. Golubic and Focke (1978) concluded that these filaments belonged to 
the same microbial species, now classified as Phormidium hendersonii Howe. This 
species is motile and characterized by daily movements in accordance with diur-
nal light variation. Such phototactic movement and subsequent production of a 
common hard gel can induce an alternating arrangement of vertical and horizon-
tal filaments, which together with entrapped sedimentary particles, produces a 
primary noctidiurnal lamination. (2) Recently, Lee et al. (1999, 2000) evaluated 
microfossil populations from the Mesoproterozoic Gaoyuzhuang Formation, 
China. They suggested that the sedimentary processes and microbial growth fol-
lowed reciprocal rhythms. Specifically, they believed that low sedimentation rates 
permitted copious microbial growth with biological diversification, whereas high 
sedimentation rates suppressed microbial growth and challenged survivorship 
strategies. Accordingly, high sedimentation rates correlate with scattered colonies 
of coccoids and loose webs of predominantly upright filaments, whereas low sedi-
mentation rates correlate with dense, laterally connected colonies of coccoids and 
changes in the filament orientation from vertical to horizontal.

The mats discussed in the present study retain a filamentous growth pattern, 
as well as changes in abundance. Furthermore, biolamination doublets in the mats 
are usually well developed. Since the biolamination originated from the combined 
effects of filamentous abundance and growth patterns, its development depended 
partially on the alternation of relatively favorable and unfavorable climates. In the 
dark layers, the filaments often have prodigious numbers, which may indicate that 
microorganisms flourished under a warm climate and low sedimentation rates. In 
the light layers, the filaments are comparatively rare. The growth of filamentous 
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microorganisms probably occurred in cold or cool climates under high sedimentation 
rates. Each biolamination in the stromatolite is approximately 0.5–1.4 mm in 
thickness. The maximum growth rate observed from the living stromatolites in 
Shark Bay, Western Australia, amounted to approximately 1 mm per year (Playford 
and Cockbain, 1976). Thus, it appears that the biolamination in the present stro-
matolite is due to seasonal influence and not the daily circadian rhythm.

4.2.  CONICAL STROMATOLITE-BUILDING MICROBIAL MATS

Specimen No. su-10 is a small Conophyton-like stromatolite. The stromatolite is com-
monly composed of dark cherts (silica) with occasional dolomite. The cone in this 
specimen is approximately 3–10 mm wide and 12 mm high, with prominent macro-
laminae and frequent lenticular thickening in the laminae. The laminae are mostly 
conical and have a considerably higher synoptic relief than those associated with 
modern mats. The axial zone recognized in Precambrian Conophyton stromatolites 
(Komar et al., 1965) is present in the cone. Two morphological types of microbial 
mats have been identified in the longitudinal thin section of cone (Fig. 3b).

1. A pinnacle-like Siphonophycus sp. microbial mat occurs in the base of stroma-
tolite. Based on the description by Cao et al. (2001), this pinnacle-like mat is 
the first microbial mat. This mat was constructed by a distinctive net-like com-
plex of growing filaments dominated by Siphonophycus sp. and also contained 
some trapped detrital grain. A few Myxococcoides sp. were also occasionally 
observed within the mat (Fig. 3a, c). These coccoids are probably planktonic 
algae that descended into the microbial mat community and were preserved. 
Based on the observations of this stromatolite, the authors can speculate on 
how the pinnacle-like mat (first microbial mat) of the developing stromatolite 
was constructed. Initially, filaments gliding on the substrate surface encoun-
tered bedrock irregularities and were then deflected upward above them, toward 
the light source (the sun). The erect tufts of filaments are the initial accretions 
of these mats, and the processes and mechanisms involved in the erect growth 
of the filamentous tufts were likely similar to those described by Walter et al. 
(1976). Next, a regular conical reticulated framework consisting of tangled fila-
ments with entrapped sediments was formed on the tufts of the erect filaments. 
However, in the flanks of the conical framework, the filaments are oblique at 
high angles to the horizontal line and usually arranged parallel to the rim. This 
may be due to the upward movement of the filaments along the inclined slope 
of the mat flanks and toward light. Studies of modern and fossil stromato-
lites have shown that the orientation of cyanophyte filaments within stroma-
tolites can be controlled by light (Monty, 1967; Gebelein, 1969; Zhang, 1986). 
Indeed, the modern, non-lithified, conical stromatolite data from Yellow-
stone National Park suggest that many species of Phormidium are present in 
Yellowstone waters, but apparently only P. tenue var. granuliferum constructs 
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conical stromatolites (Conophyton weedii). This indicates that the morphology 
of the present mat results from the phototaxis and entangled behavior of the 
principal constructing microorganisms, Siphonophycus sp.

2. The bamboo shoot coat-like Siphonophycus sp. microbial mat grew around the 
pinnacle-like microbial mat described above. These mats are similar to succe-
dent mats described by Cao et al. (2001). These mats and sediment layers con-
tain a series of laminae, each of which consists of a light layer (sediment layer) 
and a dark layer (mat) and a few detrital particles that were trapped and bound 
by the microbial community. The mechanically deposited particles in the light 
layer of each lamina were likely washed over the algal mats by tides and storms. 
The dark layer likely represents favorable conditions for algal growth and a 
low, more or less constant rate of sedimentation. The central part of each dark 
layer (mat) is primarily composed of vertical filaments, but the filaments are 
usually arranged prostrate along both sides of the dark layer (mat). Most dark 
layers (mats) are thickened more than 1–3 times at the central part. The con-
vex dark layer (mat) was composed of organisms that were in search of light. 

Figure 3. Pinnacle-like microbial mat in the longitudinal section of a small conophyton-like stroma-
tolite. (a) Enlargement of b, showing lamella composited by Siphonophycus-like filaments; (b) longitu-
dinal section of a small conophyton-like stromatolite; (c) tubular filaments mixed with some coccoid 
microfossils; (d) Siphonophycus inornatum Zhang, 1981.
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In addition, a well axial zone is present due to superposition of  the convex 
 layers (mats) and an oval knot of coiled filaments occurs between the two lami-
nae. This zone was originally a mat that broke and slid upward in response 
to strong currents before the covering laminae were formed. The broken frag-
ments and slidden traces can be clearly seen in the thin section.

Conophyton are non-ramified, relatively regular conical stromatolites. 
Conophyton are formed by a series of conic microstrata and a well-pronounced 
axial zone where the thickness increases by 2–10 times. However, there is currently 
little information available describing the morphogenesis of Conophyton, with the 
exception of a study conducted by Walter (1976). The results of the present study 
indicate that the first microbial mat appears to be the “embryo” of conical stro-
matolites. The succedent microbial mats were then controlled by the morphology 
of the first microbial mat. Two types of microbial mats may have played different 
roles in the formation of the conical stromatolite. The first microbial mat may be 
regarded as the growth bud of the stromatolite and morphological mold for con-
struction of the conical stromatolitic laminae. The succedent microbial mats 
merely increased the height and volume of the stromatolites.

4.3.  STRATIFORM STROMATOLITE: BUILDING MICROBIAL MATS

Samples No. Su-6, Su-11, and Su-13 are three stratiform stromatolites collected 
at different horizons in the upper part of the Jiudingshan Formation. The fol-
lowing types of fossilized microbial mats occur in some laminae of stratiform 
stromatolites.

Ripple or flat microbial mats mixed with the spheroid microorganisms, 
Gloeodiniopsis suxianensi and Eoentophysalis cumulus, and the filamentous 
microorganism, Siphonophycus inornatum,extend parallel to the lamination of 
the stromatolite and can be traced laterally over a considerable distance (tens of 
centimeters).

1. Gloeodiniopsis suxianensis is a dominant coccoid microfossil that is often dis-
tributed in the lower portion of a single mat (Fig. 4a) or grouped as lump 
within a given space (Fig. 4b), whereas Siphonophycus inornatum is primar-
ily distributed in the middle and upper portions of a single mat. Despite a 
single mat being less than 0.5 mm thick, the growth of filaments and spheroid 
microorganisms within a mat appears to follow a regular pattern. This may be 
related to the microenvironmental differences within the mat, such as the fac-
tors of illumination and oxygen supplementation. These two microorganisms 
may have persisted because conditions were favorable for their growth.

2. Single flat Gloeodiniopsis suxianensis Yin microbial mats usually occur only 
in the base of stratiform stromatolites. These organisms lie on the underlying 
surface of mechanically deposited and scoured sediments and reach a thickness 
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Figure 4. Microbial mats in the stratifera stromatolite. (a) Spheroidal microorganisms often distrib-
uted in the lower portion of a single mat; (b) grouped as lump of coccoid microfossils; (c) a single flat 
mat of Gloeodiniopsis suxianensis in the stratifera stromatolite.
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of almost 0.16–0.25 mm (Fig. 4c). Occasionally, some weak sediment laminae 
are visible on the top of the mat. The mats are dominated by abundant Gloeo-
diniopsis suxianensis Yin among the coccoid Cyanophyte. The G. suxianensis 
community in the mat evaluated here was embedded in a fossilized gelatinous 
matrix that was likely excreted by the organisms themselves. The sediments 
are trapped around the colonies and on the surface of the mats. Monospecific 
microfossils of G. suxianensis account for an overwhelming majority of the 
total community preserved in this mat, which may indicate that they are mat 
builders. These microbial mats have often been covered by laminated tabular 
Siphonophycus inornatum microbial mats.

3. Laminated wavy Siphonophycus inornatum Zhang Y. microbial mats primarily 
built the present stratiform stromatolites. Different types of structures that have 
been contracted by the arranged pattern of filaments were observed in the mats 
evaluated here (Fig. 5). The mats are dominated by S. inornatum, but occa-
sionally contain a few thin filaments belonging to Eomycetopsis robusta within 
(Fig. 6a, b). The fossil record of stromatolitic microbiotas consists of mat-
building cyanobacteria and mat-dwelling taxa that occupied selected microen-
vironments in the surface or near-surface mat layers but did not contribute 
structurally to the mat construction (Knoll, 1982). If  anoxic microenviron-
ments form within the photic zone, a distinct layer of photosynthetic bacteria 
may develop beneath the cyanobacterial surface community (Grotzinger and 
Knoll, 1999). As a result, there may be dwelling organisms that occur in anoxic 
microenvironments within the mats. These mats retain the particle-trapping 
behavior of the filaments within their microfabric. The filaments of S. inorna-
tum were densely packed in bundles and primarily arranged in prostate orien-
tation or inclined at various angles to the laminae of the stromatolite, which 
may indicate that they are mat builders. The mats also contain some coccoids, 
including Eoentophysalis cumulus and Gloeodiniopsis suxianensis. These organ-
isms occur as local populations on a bedding plane (Fig. 6c), which suggests 
that they may have been mat dwellers.

4. Unlaminated loosely lumped Siphonophycus inornatum Zhang Y. microbial mats 
occur as thick layers or lenses (approximately 10 mm) in stratiform stromatolites. 
These mats are characterized by high porosity, no clearly laminated structure, 
and prostrate or inclined arrangement of filaments with entrapped sediments. 
The mats of S. inornatum also contain some other microfossils, such as Leiospha-
eridia sp. and Myxococcoides sp. These organisms were preserved in the mats by 
chance and may have been planktic organisms or dwellers. Occasionally, a tran-
sitive state from an unlaminated microbial mat to a laminated microbial mat is 
present and important in the same stromatolite. Generation of a laminated struc-
ture in the rock required iterative changes in environmental variables, includ-
ing physical and chemical conditions during the sedimentation process. Periods 
of low sedimentation rates and sedimentary pauses (sedimentary stasis) enable 
uninhibited growth and differentiation of microbial mats, which is recognized in 
the fossil as organic-rich layers of stromatolites. In contrast, only highly motile 
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Figure 5. Photos showing four structure types in laminated wavy Siphonophycus inornatum microbial 
mats.
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Figure 6. (a, b) Laminated wavy Siphonophycus inornatum microbial mats contained a few thin fila-
ments belonging to Eomycetopsis robusta; (c) the mats were dominated by Siphonophycus inornatum, 
but occasionally contained coccoids.
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pioneer species can overcome periods of high sedimentation rates (sedimentary 
kinetics) and respond behaviorally to changes in the sedimentary conditions (Lee 
and Golubic, 1999). The aforementioned transition from an unlaminated to a 
laminated mat likely reflects a change in the balance between algal growth and 
the sedimentation rate. The development of unlaminated loose mats relied on a 
harmonious balance between algal growth and sedimentation rate.

5.  Conclusions

1. Silicified microbial mats containing mat-building microfossils have been found in 
small domed, conical, and stratiform stromatolites of the Neoproterozoic Jiud-
ingshan Formation and stratiform stromatolites of the Niyuan Formation. Evalu-
ation of the abundance and distribution of microfossils within microbial mats 
clearly demonstrated that the primary mat-producing species were Gloeodiniopsis 
suxianensis among the coccoids and Siphonophycus inornatum and Siphonophycus 
sp. among the filamentous cyanophytes, although Myxococcoides sp., Leiospha-
eridia sp., and E. robusta were also often observed in the community.

The microfossils that could be assigned to the tubular Oscillatoriaceae Sipho-
nophycus genus account for an overwhelming majority of the total community 
preserved in the microbial mats. The filaments of the Siphonophycus genus were 
densely packed in the laminae of the stromatolites, particularly small domed 
and conical stromatolites. These organisms may represent chemically altered 
remnants of the external polysaccharide sheath of Lynybya- or Phromidium-
type blue-green algae. The diameter and thickness of the tubes and the variety 
of growth habits exhibited by different species suggest that Siphonophycus rep-
resents a number of different filamentous algae that may or may not be closely 
related. Nevertheless, in the absence of identifiable trichomes, these forms can 
only be treated as morphological species.

2. The morphology of a microbial mat, particularly the first microbial mat, plays 
an important role in the morphogenesis of stromatolites.

3. The community dominated by Gloeodiniopsis suxianensis, which is largely 
confined to stratiform stromatolites, may represent an intertide setting. This is 
because the stratiform (planar laminated) stromatolites from the pre-Phaner-
ozoic and Phanerozoic are commonly formed in periodically exposed settings 
(Awramik, 1984).

6.  systematics of Microbiota of ancient stromatolites

Stromatolites from both the Jiudingshan Formation and the Niyuan Formation 
are characterized by the occurrence of cyanobacterial mat-forming filaments and 
several types of colonial unicells.
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Systematic description of microfossils

Division: Cyanophyta
Class: Cocogoneae

Order: Chroococcales
Family: Chroococcaceae

Genus Gloeodiniopsis (Schopf)em. Knoll and Golubic, 1979
Type species: Gloeodiniopsis lamellosa (Schopf)em. Knoll and Golubic, 1979

Gloeodiniopsis suxianensis Yin, 1990
(Fig. 7a–e, h, k)

1990 Gloeodiniopsis suxianensis Yin, p. 282, pl. 2, figs. 1–6, 8–13; pl. 3, 
figs. 2–6;

pl. 4, figs. 1–3, 5.

Description: Spheroids and ellipsoids with single, double, or multiple out-
lines, solitary or in groups of 2, 3, 4 up to 8 individuals within a common 
envelope. Surface of the envelope punctate. Groups within particular micro-
environments showing less variability in size, shape, and state of preservation. 
Average diameters of spheroids and ellipsoids, expressed as means ± standard 
deviation, 13 ± 2 mm for the internal outlines (n = 125), 17 ± 2.5 mm for the 
external outlines (n = 125), and 18 ± 3.5 mm for the single outline (n = 40). 
Single inclusion spherical, elongated, or star shaped to reticulate, 6.8–17.4 mm 
(average = 10.5 mm, n = 15).

Remarks: This species is similar to G. lamellosa (Schopf)em. Knoll and Golubic, 
but the latter is generally smaller and has fewer tetrads, and is distinguished 
from G. magna Nyberg and Schopf (1984) in that it contains smaller individu-
als. The species differs from both G. pangjiapuensis Zhang, 1981 and G. hebeien-
sis Zhang, 1981 in that it exhibits a larger size and thicker envelopes.

Occurrence: The Niyuan Formation, at Qingtongshan of Suxian, Anhui 
Province, and Suining County, N. Jiangsu Province; the Jiudingshan 
Formation, at Suining County, N. Jiangsu Province, China.

Family: Entophysalidaceae
Genus: Eoentophysalis Hofmann, 1976
Type species: Eoentophysalis belcherensis Hofmann, 1976

Eoentophysalis cumulus Knoll and Golubic, 1979
(Fig. 7g, i, l, m)

1979 Eoentophysalis cumulus Knoll and Golubic, pp. 148–149, figs. 2e.
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Figure 7. Microfossils found in stromatolites from both the Jiudingshan Formation and the Niyuan 
Formation. (a–e, h, k) Gloeodiniopsis suxianensis Yin, 1990, (a–c, h) from the Niyuan Formation at 
Qingtongshan of Suxian, Anhui Province, (d, e, k) from the Jiudingshan Formation at Suining County, 
N. Jiangsu Province; (f) Myxococcoides sp., from the Niyuan Formation at Qingtongshan of Suxian, 
Anhui Province; (g, i, l, m) Eoentophysalis cumulus Knoll and Golubic, 1979, from the Jiudingshan 
Formation at Suining County, N. Jiangsu Province; (j) Leiosphaeridia sp., from the Jiudingshan For-
mation at Suining County, N. Jiangsu Province; (n) Siphonophycus inornatum Zhang, 1981, from the 
Jiudingshan Formation at Suining County, N. Jiangsu Province, China.
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Description: Irregular colonial form; the clusters consists of three-dimen-
sional cellular packages with varying arrangements, often surrounded or held 
together by a common pigmented substance. Individual cell-like units are 
marked with single or double outlines and often contain single or double 
granular inclusions. Dimensions of individual cell-like units are 3.5–5 mm. 
8–16 cell-like units are packaged to form larger irregular clusters, which are 
often enveloped by a pigmented substance.

Remarks: Present specimens are well preserved, and individual cell-like 
units are little larger than those described by Knoll and Golubic (1979).

Occurrence: The Niyuan Formation and the Jiudingshan Formation, at 
Suining County, N. Jiangsu Province, China.

Family: Chroococcaceae
Genus: Myxococcoides Schopf, 1968
Type species: Myxococcoides minor Schopf, 1968

Myxococcoides sp.
(Figs. 3c and 7f)

Description: Cells spheroidal or ellipsoidal; surface texture varies from psi-
late to granular-like degradation. A few cells are composed of clusters that 
have not been enveloped by the visible pigmented substance. Their size 
ranges from 25 to 35 mm.

Remarks: Only a few specimens have been found in stratiform stromatolites 
at both the Niyuan Formation and the Jiudingshan Formation. These speci-
mens differ from known species in that they are much larger in size and 
form simple clusters.

Class: Hormogoneae
Order: Oscillatoriales

Family: Oscillatoriaceae

Genus: Siphonophycus Schopf, 1968
Type species: Siphonophycus kestron Schopf, 1968

Siphonophycus inornatum Zhang, 1981
(Figs. 2d, 5d, and 7n)

1981 Siphonophycus inornatum Zhang, p. 492, pl. 1, figs.1, 3, 4, 5.

Description: Unbranched tubular structures, non-septate, commonly circu-
lar in cross-section; straight, bent, or folded, sometimes twisted; surface 
texture psilate or shown granular by degradation, up to 190 mm long 
(incomplete specimen). Filaments commonly gathered in bundles or twisted 
around each other; 3.5–7 mm wide, wall 0.5 mm thick.
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Remarks: The specimens described here are quite similar to those described 
from the Gaoyuzhuang Formation of North China (Zhang, 1981). This 
species differs from S. kestron (Schopf, 1968) in that it is smaller and has a 
psilate surface. This species differs from S. capitaneum Nyberg and Schopf, 
1984 in that it has a smaller size and thinner wall.

Occurrence: The Niyuan Formation, at Qingtongshan of Suxian, Anhui 
Province, and Suining County, N. Jiangsu Province; the Jiudingshan 
Formation, at Suining County, N. Jiangsu Province, China.

Siphonophycus sp.
(Fig. 3a, c)

Description: Unbranched tubular structures, non-septate, commonly circu-
lar in cross-section; straight, bent, or folded; irregularly degraded organic 
materials are present within the tubular structure. Filaments, with 4–4.5 mm 
wide, are commonly twisted around each other; single tubular filaments up 
to 250 mm long (incomplete specimen).

Remarks: Since the present specimens commonly have organic residues and 
are quite long, it is difficult to determine if  they are a known species or a 
novel species.

Occurrence: The Jiudingshan Formation, at Suining County, N. Jiangsu 
Province, China.

Genus: Eomycetopsis (Schopf)em. Knoll and Golubic, 1979
Type species: Eomycetopsis robusta (Schopf) em. Knoll and Golubic, 1979

Eomycetopsis robusta (Schopf) em. Knoll and Golubic, 1979
(Fig. 6a, b)

1968 Eomycetopsis robusta Schopf, p. 685, pl. 82, figs. 2, 3; pl. 83, figs. 1–4.
1979 Eomycetopsis robusta Schopf, emend. Knoll and Golubic, p. 149, 
fig. 4a, b.

Description: Unbranched tubular structures, occasionally solitary, com-
monly sinuously intertwined, circular to elliptical in cross-section, partially 
flattened. Surface, coarsely to irregularly granular in texture; filaments 
tubular with diameter of 1.5–2.5 mm.

Remarks: Specimens described here are consistent with Eomycetopsis 
robusta (Schopf)em. Knoll and Golubic, 1979. Most species show granular 
texture, which could be caused by degradation.

Occurrence: The Niyuan Formation and the Jiudingshan Formation at 
Suining County, N. Jiangsu Province, China.
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Incertae sedis
Group: Acritarcha Evitt, 1963
Subgroup: Sphaeromorphitae Downie et al., 1963
Genus: Leiosphaeridia (Eisenack) em. Turner, 1984
Type species: Leiosphaeridia baltica Eisenack, 1958

Leiosphaeridia sp.
(Fig. 7j)

Description: Individual cell-like vesicle, surface texture psilate or granular-like 
degradation; thicker wall and no folds caused by compression. Its diameter 
is 45 mm.

Occurrence: The Niyuan Formation and the Jiudingshan Formation at 
Suining County, N. Jiangsu Province, China.
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abstract The Palaeoproterozoic to Neoproterozoic era (1,700–542 Ma) is a 
significant time of transition, reflecting major biotic events in the evolution of life 
at global level. This time has been marked by the domination of cyanobacterial 
prokaryotic community, emergence of eukaryotes and their subsequent radiation, 
transition from microscopic to megascopic life, emergence of metazoan and 
metaphytes (evolution from plant to animal clades) and evolution from unicellular 
to multicellular organization. recent palaeobiological studies in the Vindhyan 
Supergroup, India, provide substantial data to establish evolutionary history 
of the Proterozoic life. The available fossil record throws light on biological/
morphological changes at microscopic to megascopic level in different time frames 
in the Vindhyan Supergroup. Palaeoproterozoic to Mesoproterozoic fossil record 
of the Lower Vindhyans is marked by the diversity and domination of benthic 
cyanobacterial communities such as Eoentophysalis and Siphonophycus (this is also 
valid to some extent for rarely well-preserved Neoarchean microfossil assemblages; 
Kazmierczak and Altermann, Science 298:2351, 2002). In Semri Group, Lower 
Vindhyans, Glenobotrydion, Glaeodiniopsis, Eosynechococcus and Sphaerophycus 
are the other commonly occurring benthic coccoid forms. On the contrary, the 
Neoproterozoic life in the Bhander Group, Upper Vindhyans, is dominated 
by the planktic communities, like Myxococcoides and acritarchs of variable 
morphologies and dimensions. Presence of akinites/Archaeoellipsoides is very 
common in Palaeoproterozoic–Mesoproterozoic Vindhyan microfossil assemblages, 
which are totally absent in Neoproterozoic assemblages. Diverse cellular filaments 
of cyanobacterial affinity and domination of planktic coccoidal form genera 
are the common features of Lower Vindhyans. rapid precipitation instantly 
entombed fragile trichomes and preserving them as organic-walled fossils, which 
were silicified prior to the neomorphic alteration of host carbonates. Intermediate 
carbonaceous fossil forms, exhibiting super-imposed size range of microscopic 
and megascopic fossils and inferred as the missing link between the evolution from 
microscopic to megascopic life, have already been recorded (Srivastava, Curr. Sci. 
86:644–646, 2004) from the rewa Group, Upper Vindhyans (Mesoproterozoic age).  
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Neoproterozoic (Upper Vindhyan) microfossil assemblages are marked by the 
presence of highly diversified eukaryotes, presence of very small-sized, helically 
coiled filamentous cyanobacteria Obruchevella, a possible Volvox colony, emergence 
of large-sized acanthomorphs and exceptionally large-sized dividing cell-like unit 
and many other unidentified complex morphologies. The most important is the 
recently reported, process-bearing age-marker acanthomorph (of Cryogenian 
850–630 Ma), Trachyhystrichosphaera from the Sirbu Shale Formation, Bhander 
Group, of the Vindhyan Supergroup, rajasthan (Srivastava, J. Earth Syst. Sci. 
118:575–582, 2009).

Among carbonaceous megafossils, branched filaments at meso- to megascopic 
level, ensheathed Chuaria, Chuaria with a cluster of small spheroids in centre, 
with excystment structures, association of  Chuaria and Tawuia (Kumar, 
Precambarian res. 106:187–211, 2001), dichotomously branched megascopic 
alga and possibly a pre-metazoan organism are the morphologies of Neoproterozoic 
Vindhyan assemblages. Presence of Ediacaran fossils, algal mat textures and 
Arumberia (an organosedimentary structure) are the forms already reported 
from the Bhander Group, suggesting an Ediacaran (630–542 Ma) age for it. 
Stromatolites are also extensively developed and well preserved in the Vindhyan 
Supergroup (Valdiya, J. Geol. Soc. India 10:1–25, 1969; Valdiya, Himalayan 
Geol. 13:181–214, 1989; Kumar, J. Palaeontol. Soc. India 19:24–27, 1976a; 
Kumar, J. Palaeontol. Soc. India 18:13–21, 1976b; Kumar, J. Palaeontol. Soc. 
India 23–24:166–184, 1980; Kumar, 1984; Tewari, Himalayan Geol. 13:143–180, 
1989; Tewari, J. Palaeontol. Soc. India 48:155–165, 2003a; Tewari, Gondwana 
Geol. Mag. 7:383–394, 2003b; raaben and Tewari, Izvestia Acad. Nauk. CCCP 
Ser. Geol. 7:17–25, 1987). They have been used successfully in the intra- and 
interbasinal correlation. The Semri Group is characterized by the dominance of 
Cyathotes coniform stromatolites and Conophyton, while the Upper Vindhyan 
shows actively branched stromatolites Baicalia sp. and complete absence of 
coniform stromatolite (Misra and Kumar, 2005; Misra, Stromatolite biostratigraphy 
of the Vindhyan Basin, Unpublished Ph.D. Thesis, 2004; Tewari, Gondwana 
Geol. Mag. 7:383–394, 2003b). Microscopic as well as megascopic fossils, inferred 
as eukaryotes (acanthomorphs, multicellular algae and Ediacaran fossils), exhibit 
maximum diversity in the Bhander Group, the Uppermost Vindhyans. Thus, 
Vindhyan fossil record indicates gradual evolution and morphological complexity 
from Palaeoproterozoic to Neoproterozoic time. There is no doubt that 
palaeobiological, sedimentological and palaeoenvironmental changes collectively 
prepared the ground for the next major shift in the biosphere near the end of the 
Proterozoic Eon, i.e. “the Cambrian Explosion” (Knoll and Sergeev, Neues Jahrb. 
Geol. Palaontol. 195:289–302, 1995).

Keywords Stromatolites • Palaeoproterozoic • Neoproterozoic • Vindhyan Super-
group • Cyanobacteria • Prokaryotic • Metazoan • Metaphyte • Multicellular  
• Organic-walled microfossils • Acritarchs • riphean • Ediacaran • Palaeobiology 
• Chuaria • Tawuia • Grypania • Obruchevella • Semri Group • Bhander Group

90



MOrPHOLOGICAL CHANGES IN MICrOSCOPIC–MEGASCOPIC LIFE

1.  introduction

The Palaeoproterozoic–Neoproterozoic time (1,700–542 Ma) is a significant era 
from the evolutionary palaeobiological point of view. It reflects the major biological 
changes in microscopic as well as megascopic life. On the basis of palaeobiological 
evidences, it is now well established that the evolution acts continuously and 
the ecosystems are also changing in time and space. In the investigation of life’s 
history, analysis of changing patterns of diversity has provided insight into macro-
evolutionary dynamics of evolving clades and ecosystems and into the physical 
processes on earth that govern the evolutionary change (Schopf and Klein, 1992). 
Detailed study in the field of evolutionary palaeobiology, mainly during the last two 
decades, has led to better understanding of the Palaeo-Neoproterozoic biosphere. 
Globally, morphological/biological diversity among prokaryotic microfossils 
increases, which may be a result of cumulative increase in the number of sampled 
formations and a preservational bias. In India, due to scarcity of authentic fossil 
findings, these biological changes are still inadequately defined. According to 
Schopf and Klein (1992), true diversity may have been essentially stable over this 
interval. It has been assured that along with evolution of life, there has been a 
simultaneous evolution of the atmosphere and the earth’s crust also. Detailed 
studies and comparatively much reliable fossil record have now made us capable 
to better understand the Proterozoic biotic events and bio-geochemical changes in 
time and space. The Archaean and the Proterozoic time is often called the age of the 
cyanobacteria/cyanophyta (Altermann and Kazmierczak, 2003; Altermann et al., 
2006). These organisms are held responsible for changing the composition of the 
atmosphere as well as the color of the earth’s sediments. They were the dominating 
microbial community on earth, until the eukaryotes replaced them tentatively (?) 
during Mesoproterozoic time. Thus, cyanobacteria can be credited of making the 
earth prepared for further diversification and stabilization of life. On the basis 
of data available in India and in other parts of the world, it has been interpreted 
that near the Mesoproterozoic–Neoproterozoic transition, planktonic eukaryotes 
exhibited patterns of increasing diversity, which appears to be independent of the 
number of sampled fossiliferous formations and a preservational bias (Schopf 
and Klein, 1992). The morphological diversity and turnover rates of acritarhs-
producing metaphytes and metazoans increased significantly (Knoll, 1994). There 
is a major long-term decline in the diversity of planktonic eukaryotes through 
the late Proterozoic at about 900–800 Ma and evidently reaching minimum in 
the Vendian/Ediacaran (630–542 Ma). The explosive diversification of metazoans 
during Proterozoic–Phanerozoic transition appears to have been a heterogeneous 
event, occurring in many discrete phases (Schopf and Klein, 1992).

The Vindhyan Supergroup, India (1,700–550 Ma in age), has been globally 
acknowledged as one of the best repositories to mark the evidences of biological 
changes at microscopic to megascopic level. It is a huge sedimentary basin, well 
studied for biosedimentological aspects. However, a number of problems, espe-
cially those related with Vindhyan’s age, sequential representation of evolution of 
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Proterozoic life or transition from microscopic to megascopic life, acritarchs 
diversification, time of emergence of metazoans, taxonomical, taphonomical and 
environmental consequences and palaeoecological details during Palaeoproterozoic–
Neoproterozoic times, are still in a state of infancy and require more efforts and 
data for better understanding of these aspects. This chapter deals with the mor-
phological changes noticed among fossils and stromatolite assemblages recorded 
by other workers and author’s own observations.

2.  The Vindhyan Supergroup

The Vindhyan Supergroup is about 4,000-m-thick, least metamorphosed sedi-
mentary succession distributed in Central India in a sickle-shaped basin around 
Bundelkhand Massif, spreading from Agra in northwest through southeastern 
rajasthan, to eastward in Son Valley up to Sasaram in Bihar to Hoshangabad 
in south (Fig. 1). It occupies an area of  about 104,000 km2. The exposures occur 
in patches, forming elevated hillocks and extended ridges on flat terrains in parts 
of  Madhya Pradesh, Uttar Pradesh, Bihar and rajasthan States. The super-
group is subdivided into four groups, viz. the Semri Group, the Kaimur Group, 

figure 1. Geological map of the Vindhyan Basin, simplified after Soni et al. (1987).
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the rewa Group, and the Bhander Group (Auden, 1938; Soni et al., 1987; Sastry 
and Moitra, 1984; Prasad, 1984). Each group is further divided into Formations 
and Members (Table 1). Traditionally the Semri Group is considered as Lower 
Vindhyans, whereas the other three groups are categorized under the Upper 
Vindhyans. The overall lithology is represented by the calcareous, argillaceous 
and arenaceous sedimentary rocks (Fig. 2). The supergroup unconformably 
overlies the Bundelkhand Granite and metasediments of  the Bijawar Group 
~2,500 Ma in age (Crawford and Compston, 1970; Mandal et al., 2002).

2.1.  AGE OF THE VINDHyAN SUPErGrOUP

Age of the Vindhyan Supergroup is still a matter of debate. Conventionally, it is 
considered to be Palaeo-Neoproterozoic. record of 1.1-billion-year-old triplo-
blastic animal traces (Seilacher et al., 1998) from the Churhat Sandstone, Lower 
Vindhyans, and Small Shelly Fauna (earliest Cambrian in age) from the rohtas 

Table 1. Generalized lithostratigraphy of the Vindhyan Supergroup, India.

group formations

Bhander Group Dholpura Shale
Balwan Limestone
Maihar Sandstone
Sirbu Shale
Bundi Hill Sandstone
Samaria Shale
Lakheri Limestone/Bhander Limestone
Ganurgarh Shale

rewa Group Upper rewa Sandstone
Jhiri Shale
Lower rewa Sandstone
Panna Shale

Kaimur Group Dhandraul Quartzite
Scarp Sandstone and Conglomerate
Bijaigarh Shale
Susnai Breccia
Upper Quartzite
Lower Quartzite

Unconformity
Semri Group rohtas Formation

Kheinjua Formation/Chorhat Formation
Porcellanite Formation
Kajrahat  Limestone
Basal Formation

Bijawar Group Phyllites
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figure 2. Generalized lithostratigraphy of the Vindhyan Basin.
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Formation, Semri Group (Azmi, 1998), suggested a far younger age than the 
traditional age to the Vindhyan Supergroup (Azmi et al., 2007). These findings 
created a hot debatable issue of abiotic origin (Brasier, 1999; Kerr, 2002; Morris 
et al., 1998; Hofmann, 2005). The age, biogenicity and reproducibility of these 
fossils remained inconclusive to some extent, thus generated interest among geo-
chronologists to resolve the age especially the upper age and time for deep meta-
zoan origin in the Vindhyan Supergroup. recently, Bengtson et al. (2009) confirmed 
the reproducibility of small shelly fauna and preferred to bring the evolution far 
behind rather than changing the conventional age of the Vindhyan Supergroup. 
However, in view of strong geochronological evidence of Palaeoproterozoic age 
of the Lower Vindhyan, we need to consider the mounting indication that the 
Palaeoproterozoic biota was more diversified than is generally assumed. However, 
the Indian scientific community is still reluctant to accept the authenticity of 
Azmi’s fossils. A number of reports for the age of the Vindhyan Supergroup, 
based on different methodologies and parameters, are now available (ray, 2006), 
which can be summarized as follows:

Maihar Sandstone Ediacara fauna 630–542 Ma De (2003, 2006)
Bundi Hill Sandstone Ediacara fauna 630–542 Ma Srivastava (2005, 

2008a)
Bhander Group Detrital zircon dates ~1,028 Ma Malone et al. (2008)
Sirbu Shale, Bhander Group Trachyhystrichosphaera Cryogenian  

(850–630 Ma)
Srivastava (2009)

Dholpura Shale, Bhander 
Group

Chuaria–Tawuia Upper riphean Srivastava (2002)

Lakheri Limestone 
(rajasthan)

Sr/Sr ~650 Ma ray et al. (2003)

Bhander Limestone Chuaria–Tawuia 1,100–700 Ma Kumar and 
Srivastava (1997)

Jhiri Shale, rewa Group Chuaria–Tawuia 1,100–700 Ma rai et al. (1997)
Kaimur Group, Maihar rb/Sr >1,067 Ma Kumar et al. (2001)
rohtasgarh Limestone Pb/Pb isochron ~1,601 ± 130 Ma ray et al. (2003)
rampur Shale U/Pb, Zr (TIMS) 

(SHrIMP) dates
~1,599 ± 8 Ma

~1,628 ± 8 Ma

rasmussen et al. 
(2002) and ray et al. 
(2002)

Glauconite (Chitrakut,  
Semri Group)

rb/Sr ~1,504–1,409 Ma Kumar et al. (2001)

Kajrahat Limestone Pb/Pb isochron ~1,721 ± 90 Ma Sarangi et al. (2004)
Basement rocks Pb/Pb zircon (SIMS) ~2,492 ± 10 Ma Mandal et al. (2002)

3.  Stromatolite occurrences in the Vindhyan Supergroup

The Vindhyan Supergroup shows excellent development of stromatolites (Figs. 3–6), 
which have been used quite successfully in the intrabasinal and interbasinal correla-
tions (Valdiya, 1969, 1989; Kumar, 1976a, b, 1978, 1980; raaben and Tewari, 1987;  
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figure 3. Longitudinal section of the Conophyton cylindricus, Bhagwanpura Limestone, Chittorgarh, 
rajasthan (Tewari, 1989).

figure 4. Microphotograph of  the axial zone of  Conophyton cylindricus from the Bhagwanpura 
Limestone, rajasthan (Tewari, 1989).
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Tewari, 1989, 2003a, b; raha and Das, 1989). There are number of stromatolite-
bearing horizons both in Lower and Upper Vindhyans, viz. upper portion of 
Kajrahat Limestone Formation, where alternate cycles of Jcutophyton–Thyssagates 
and Calypso have been recorded. Mathur (1981) reported Cryptozoon-like  
stromatolites from the Fawn Limestone of the Kheinjua Formation. Development 
of stromatolites at Salkhan, Pataudh and Bargawan in Son Valley, Central India, 
has also been reported by Misra and Kumar (2005) and Misra (2004), which can be 
represented by Siren at Newari, Misstissania at Pataudh and Ephyaltes at Salkhan 
Hill. Kumar (1976a, b, 1980) reported development of collophane in association 
with stromatolites from the Tirohan Limestone in Chitrakut area, Uttar Pradesh. 
In Chambal Valley, the Bhagwanpura Limestone of Semri Group also exhibits the 
development of stromatolites (rao et al., 1977). The Semri Group is characterized  
by the dominance of coniform stromatolites. In all, there are 11 types of stromatolites  
reported from the Semri Group, which are Kussiella kussiensis, Colonnella 
columnaris, C. kajrahatensis, Patella sp., Khutesaria misreae, Ephyaltes myriocranus, 
Siren pylodes, Calypso moneres, Thyssagates odontophytes, Cyathotes phorbadicia 
and Misstassania wabassinon (Misra, 2004). The Bhander Group shows complete 
absence of coniform stromatolites. Columnar stromatolites are profusely developed 
in Bhander Limestone, exposed near Sajjanpur Village on Satna-rewa road. In 
Chambal Valley, stromatolites are reported from the Samria Shale, the Sirbu Shale 
and the Balwan Limestone Formations. There are only five types of stromatolites 
reported from the Bhander Group, the Uppermost Vindhyans, which show active 
branching. These are Baicalia baicalica, B. burra, Patomia ossica, Cryptozoon sp. and 
Maiharia maiharensis (Kumar, 2009, personal communication).

figure 5. Field outcrop of Ephyaltes myriocranus, transverse section, Fawn Limestone, Lower Vindyan 
Salkhn, Uttar Pradesh (Tewari, 2003b).
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figure 6. Field outcrop (above) and polished slab (below) of the new form Maiharia maiharensis from 
Maihar area Kumar (1976a, b).

4.  The fossil assemblage from the Vindhyan Supergroup

The Vindhyan Supergroup (1,700–550 Ma in age) has been globally acknowledged 
worldwide as one of the best repositories to mark the evidences of biological changes 
at microscopic to megascopic level (Fig. 7). A number of reports comprising direct 
evidences of life (in form of microfossils, megafossils, stromatolites) and indirect 
evidences such as trace fossils and some geochemical evidences are also available. 
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As far as affinity of these fossils is concerned, bacterial, cyanobacterial, algal, fungal,  
acritarchean and metazoan forms have been identified and published simultane-
ously. All these evidences have served significantly in biostratigraphic correlation. 
The most significant biological changes through time (Fig. 7) observed in the 
Lower–Upper Vindhyan Supergroup are as follows:

(a) Domination of benthic mat-building cyanobacterial prokaryotic community 
(Fig. 8b, e, i), followed by domination of planktic, clast-bound communities 
(organisms occurring within clasts) in preceding era.

(b) Presence of akinites (Fig. 9a, c–e) in Lower Vindhyan and absolute absence 
in Upper Vindhyans. These fossils set a minimum date for the evolution of 
derived cyanobacteria, capable of marked cell differentiation, and they cor-
roborate geochemical evidence, indicating that atmospheric oxygen level was 
above 1% of present-day level during Mesoproterozoic time. In the presence 
of oxygen, a protected environment for nitrogenase is produced by these aki-
nites, which were abundant in coastal communities (Srivastava, 2005). Their 
presence also indicates atmospheric evolution (see Srivastava, 2005).

figure 7. Morphological changes in Palaeoproterozoic–Neoproterozoic microfossils and megafossils 
of the Vindhyan Supergroup.
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figure 8. Photomicrographs of microfossils in petrographic thin sections of chert under microscope. 
Co-ordinates (in mm) and slide numbers are given. Scale bar given is 10 mm for a, b, g, 20 mm for c, f, h, 
j and 50 mm for e and i. (a) Cellular filament, identified as Talakania uluksanella, slide no. N/93/3, co-
ordinates 35.6/69.4. (b) Eoentophysalis belcherensis, slide no. N/93/3, co-ordinates 16.2/7.5. (c) Tubular 
filaments of Siphonophycus robustum, slide no. Bn-a, co-ordinates 35.7/70.2. (d) Eosynechocuus isola-
tus, slide no. N/93/6, 16.1/ 66.3. (e) Filamentous mat builders, slide no. Bn-a, co-ordinates 34.2/70.5. 
(f) Cross sections of filaments, slide no. Bn-a, co-ordinates 36.3/70.5. (g) Sphaerophycus and Tetraphycus, 
slide no. N4-C, co-ordinates 14.4/76.2. (h) Myxococcoides minor, slide no. N4-C, co-ordinates 15.5/ 
80.1. (i) Mat-building filamentous community, slide no. N4-C, co-ordinates 9.9/65.3. (j) Large Spha-
eromorph/Leiosphaeroid, slide no. N4-C, co-ordinates10.2/73.2.
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figure 9. Photomicrographs of microfossils in petrographic thin sections of chert under microscope. 
Co-ordinates (in mm) and slide numbers are given. Scale bar given in a represents 5 mm for a–e, i, j, 
m, 20 mm for f–h, l and 50 mm for h, k. (a) Small-sized akinites, slide no. N-IV, co-ordinates 9.0/74. 
(b) Possibly bacterial forms <1 mm, slide no. N/93/8, co-ordinates 35.6/69.4. (c) Archaeoellipsoides, 
slide no. N-IV, co-ordinates 13.6/73.4. (d) Akinites, slide no. N-IV, co-ordinates 13.2/72.8. (e) Akinite 
with terminal opening-like structure, slide no. N/93/3, co-ordinates 7.7/60.9. (f) Mixed population 
of filaments and coccoids, slide no. N-4-C, co-ordinates 8.7/68.3. (g) Isolated and attached coccoids, 
slide no. N-4-C, co-ordinates 15.5/80.1. (h) Double-walled, large acritarch with inner body, slide no. 
N4-C, co-ordinates 13.1/78.0. (i, m) Small acanthomorphs, slide no. N4-C, co-ordinates 10.8/84.2. (j) 
Bacterial forms, slide no. N/93/6, co-ordinate 12.2/81.4. (k) Large dividing cell-like unit, attributable 
to eukaryote, slide no. Bn-1, co-ordinates 27.0/73.9. (l) Cluster of Gloeodiniopsis, Caryosphaeroides, 
Melasmatosphaera, slide no. Bn-3, co-ordinates 20.0/74.8.
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(c) Presence of transitional/intermediate life forms between the evolution from 
microscopic to megascopic life from the Panna Shale, Upper Vindhyans (see 
Srivastava, 2004). These carbonaceous fossils exhibit overlapped size range of 
microscopic and megascopic organisms.

(d) radiation of eukaryotes, represented by ornamented acritarchs, acanthomorphs 
(Fig. 10a, b), chlorophycean forms and metazoans in the Bhander Group 
(Srivastava, 2009).

(e) Increase in size of acritarchs, large-sized dividing cell-like units in Uppermost 
Vindhyans (Fig. 9k).

(f) Emergence of complex and advanced morphologies (Fig. 10c, f–h).
(g) Emergence of metazoans/Ediacara Fauna or evolution of animal clade from 

the Bundi Hill Sandstone (Fig. 10j, k by Srivastava, 2006) and from the Maihar 
Sandstone (De, 2003, 2006).

Microfossils reported from the petrographic thin sections of chert and 
megafossils preserved in shales and sandstones have been considered for the present 
study (macerated material has not been considered, as possibility of contamination 
is always there, if due precautions have not been taken into account). Microfossil and 
megafossil reports from the Semri Group (Tandon and Kumar, 1977; McMenamin 
et al., 1983; Maithy and Shukla, 1984; Maithy and Babu, 1988a, b; Kumar, 1995; 
Kumar and Srivastava, 1989, 1991, 1992, 1995; Srivastava, 2006; Srivastava and Bali, 
2006; Sharma, 2003, 2006a, b, c; rai and Singh, 2004; Sergeev et al., 2008) have been 
considered for the present study. In Upper Vindhyans, reports from the Jhiri and 
Panna Shale of the rewa Group (rai et al., 1997; Srivastava, 2004), from the Sirbu 
Shale (Kumar and Srivastava, 2003; Kumar and Pandey, 2008a; Srivastava, 2009), 
from the Samaria Shale and Bhander Limestone (Srivastava, 2008), from the Bundi 
Hill Sandstone (Srivastava, 2006, 2008), from the Balwan Limestone, from the 
Maihar Sandstone (Kumar and Pandey, 2008b) and from the Dholpura Shale, the 
Uppermost Vindhyans (Srivastava, 2002) have been considered.

4.1.  LIFE DUrING PALAEOPrOTErOZOIC–MESOPrOTErOZOIC 
TIME (1,700–1,000 MA)

The fossil record of this period is represented by the domination of cyanobac-
terial communities at microscopic level. Evolution of life from microscopic to 
megascopic level and development of nucleus in cells are the landmark evolu-
tionary events of Palaeoproterozoic–Mesoproterozoic time. There is also possibil-
ity that these events might have happened much earlier but a good fossil record 
is lacking. On the basis of available records of micro-, meso- and megafossils 
of the Vindhyan Supergroup, these biotic events seem to have occurred by late 
Palaeoproterozoic to Mesoproterozoic and later on radiate extensively during 
Neoproterozoic. Palaeobiological evidences and inferences of morphological 
changes among microfossils and megafossils in the Vindhyan Supergroup are 
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figure 10. Photomicrographs of microfossils in petrographic thin sections of chert under microscope. 
Co-ordinates (in mm) and slide numbers are given. Scale bar is given in every photograph. Scale bar 
given in (a) is same for (b) also. (a, b) Process-bearing acritarch (acanthomorph) Trachyhystrichos-
phaera, slide no. Bn-3, co-ordinates 164/71.4. (c) Megascopic branching and associated Grypania-like 
structure in rohtas Formation, Lower Vindhyan. (d) Volvox colony-like structure, slide no. Bun-14, 
co-ordinates 9.5/84.0. (e) Grypania in a cluster, rohtas Formation, Lower Vindhyans. (f) Excystment 
in Chuaria, Sirbu Shale, Bhander Group, Uppermost Vindhyans. (g) ring-shaped carbonaceous mega-
fossil, Sirbu Shale, Upper Vindhyan, may be a hold fast of Chuaria–Tawuia. (h) A multicellular plant-
like carbonaceous megafossil, Uppermost Vindhyans. (i) A unique association of Chuaria–Tawuia, 
Bhander, Sirbu Shale, Bhander Group, Upper Vindhyans. (j, k) Ediacaran fossils, Aspidella-like medu-
soids, Bundi Hill Sandstone, Bhander Group, Upper Vindhyan (for scale, coins are given). (k) Branch-
ing in carbonaceous megafossil in Sirbu Shale, Bhander Group, Upper Vindhyan.
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based on the study of microfossils and megafossils from the Semri and the rewa 
Group of the Vindhyan Supergroup. The changes observed are:

Mat-building prokaryotic cyanobacterial benthic community dominated the  –
Palaeoproterozoic–Mesoproterozoic microfossil assemblages. Mats of densely 
interwoven cyanobacterial filaments, represented by Siphonophycus and 
Gunflintia, are the dominating mat builders (Fig. 8c, e, i).
In addition to monospecific population, mixed population of filaments and  –
coccoids both belonging to cyanobacterial community also occurs as mat 
builders (Fig. 9f).
Billowy monospecific colonies of  – Eoentophysalis (Entophysalidacean) occur as 
mat-building benthic community in most of the microfossil assemblages during 
the Palaeoproterozoic–Mesoproterozoic times (Fig. 8b).

 – Gloeodiniopsis, Globophycus (Fig. 9l), Palaeoanacystis, Glenobotrydion, 
Eosynechococcus (Fig. 8d), Sphaerophycus, Tetraphycus (Fig. 8g) and 
Myxococcoides (Figs. 8h and 9g) are some commonly occurring cyanobacterial 
genera of the Lower Vindhyan microfossil assemblages.
Cellular filaments of cyanobacterial affinity (Fig.  – 8a) exhibit marked diversity in 
Palaeoproterozoic–Mesoproterozoic, which are represented by Oscillatoriopsis, 
Palaeolyngbya, Cephalophytarion, Obconicophycus, Caudiculophycus, 
Cyanonema and Rhicnonema, which are the commonly occurring components 
of Lower Vindhyan microfossil assemblages.

 – Archaeoellipsoides, is a large sausage-shaped planktic form (Fig. 9a–e) inter-
preted as an akinite of nostocalean or rivularian affinity, which has also been 
described as; detached cyanophycean spores or akinites. The most common akinite 
forming modern cyanobacteria belong to the family Nostocaceae. Anabaena, 
Cylindrospermum and Aulosira are the genera very common among them. Akinites 
are resting non-motile spores, differentiable from the vegetative cells by the absence 
of cell division, storage of metabolic products and absence of gas vesicles. Once 
they detach from the vegetative cells, they germinate and form hormogones and 
new vegetative trichome in favorable conditions (Stulp and Stam, 1984). As a 
fossil, they are reported globally in Mesoproterozoic assemblages only. It is totally 
absent in Neoproterozoic microfossil assemblages (Kumar and Srivastava, 1995; 
Knoll and Sergeev, 1995; Srivastava, 2005).
Among carbonaceous megafossils,  – Chuaria and Tawuia exhibit very simple 
morphologies.

 – Grypania is considered as the megascopic cyanobacteria and according to 
some workers, it is considered to be a eukaryotic alga (Knoll et al., 2006). It 
is a spirally coiled form, reported from the rohtas Formation (Katni area, 
Tandon and Kumar, 1977; Srivastava, 2009), Semri Group, Lower Vindhyans 
(Fig. 10e), which is considered to be 1,700 Ma old. In other parts of the world, 
it is recorded from the 1,450-million-year-old rocks (Walter et al., 1990).
A very unusual megascopic form exhibiting prominent dichotomous branching  –
with a small Grypania-like spiral form (Fig. 10c) is also preserved as a mold. 
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The specimen belongs to the rohtas Formation, Lower Vindhyans. As far as 
affinity of this form is concerned, it is inferred that it can be a eukaryotic algal 
form or a thallophytic megascopic alga (Srivastava, 2008).
A number of plausible initial and intermediate fossil forms have been observed while  –
studying the metaphytes from the Panna Shale, rewa Group, Upper Vindhyans. 
They exhibit the overlapping size range of microfossils and megafossils. These 
forms have been interpreted as the intermediate forms/mesoforms or a missing link 
between the evolutions from microscopic to megascopic life (Srivastava, 2004).

4.2.  LIFE DUrING NEOPrOTErOZOIC TIMES (1,000–542 MA)

Life gradually evolved during Neoproterozoic, which is well evidenced by 
microscopic and megascopic fossil record of the Bhander Group, the Vindhyan 
Supergroup. Morphologies became more complex and advance in comparison with 
Palaeo-Mesoproterozoic fossil record, reflecting a picture of  more diverse and 
dynamic ecosystem than that of  proceeding era. The following morpho logical 
changes are observed during Neoproterozoic Bhander Group, the Vindhyan 
Supergroup.

Mat-building benthic colonies of cyanobacterial population occur as minor  –
component (Fig. 8f) in Neoproterozoic microfossil assemblages.

 – Eoentophysalis occurs mostly as mat dwellers or an allochthonous population 
even if  it occurs in abundance (Fig. 8b).
Eukaryotes diversified globally during Neoproterozoic, viz. green alga rep- –
resented by Volvox colony-like morphologies (Fig. 10d), fungi, acritarhs 
(Figs. 8j and 9h), especially the acanthomorphs (Fig. 10a, b). An exception-
ally well-preserved acanthomorph of quite large size (~600 mm) identified as 
Trachyhystrichosphaera has recently been reported from the Bhander Group, 
rajasthan (Srivastava, 2009). It is considered to be an age-marker microfossil 
of the Upper riphean (Fig. 10a, b). It is being reported for the first time from 
any Indian microfossil assemblage of Proterozoic age.
Among carbonaceous megafossils, complex morphologies represented by  –
branched filaments (Fig. 10l), internal structures and presence of  envelop-
ing sheath around Chuaria indicate morphological advancement in life forms 
during Neoproterozoic times.
A unique association of  – Chuaria and Tawuia in a single specimen (Fig. 10i) 
indicates their common affinity and both appear to be part of a single plant as 
inferred by other workers (Kumar, 2001, Kumar & Srivastava, 2003).
Excystment among  – Chuaria (Fig. 10f) is the feature reported only from the 
Neoproterozoic Vindhyan fossil assemblages. This particular feature is consid-
ered to be a characteristic of eukaryotic affinity (Srivastava, 2008).
Presence of  microbial mats and  – Arumberia (Fig. 11a–d) has also been 
reported from the Maihar Sandstone Formation of  the Bhander Group, 
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Son Valley (Kumar and Pandey, 2008a). It is suggested that Ediacara fauna 
is associated with the microbial mats; hence, the presence of  microbial 
mats can be considered as an indication of  presence of  Ediacara fauna. 
The association of  Beltanelliformis (Fig. 11d, marked with arrows) with 
Arumberia (considered as an organosedimentary structure of  Ediacaran 
age) is an additional supporting parameter for assigning the Ediacaran age 
for fossil-bearing horizon of  the Maihar Sandstone, the Bhander Group, 
Uppermost Vindhyans.
Ediacaran fossils have been reported from the Maihar Sandstone and Bundi  –
Hill Sandstone formations of the Bhander Group (Fig. 10j–k), exposed in Son 
Valley and Chambal Valley, respectively (De, 2003, 2006; Srivastava, 2006, 
2008). Preservation of these fossils is not of very good quality and the num-
ber of specimens for identified genera and species are also very limited. More 
efforts and search for new Ediacaran fossil-bearing horizons are required to 
draw some meaningful conclusions.

5.  role of Taphonomy in Morphological Diversity

Taphonomy is the post-mortem changes in an organism after its death, till its recovery 
as a fossil. This includes decomposition, burial, compaction and other chemical, 
biological or physical changes or post-mortem information loss among the organisms. 
Being able to recognize taphonomic processes that have taken place can lead to 

figure 11. Algal mat textures in Upper Vindhyans (samples of Kumar and Pandey, 2008) exhibiting 
Arumberia and Beltanelliformis.
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a better understanding of palaeoenvironments and even life history of the once 
living organism. Many genera assigned to different taxonomic positions may pos-
sibly represent the degradational variants of a common biologic entity (Figs. 12 
and 13). This may be true for both coccoids and filamentous forms (Kumar and 
Srivastava, 1992). Glenobotrydion, Myxococcoides, Globophycus, Gloeodiniopsis, 
Caryosphaeroides and Melasmatosphaera can be placed among the degradational 
variants of a common biologic entity (Hofmann, 1976). Glaeodiniopsis with intrac-
ellular mass can give rise to all above-mentioned form genera. Presence or absence 
of intracellular mass and sheath may also be governed by the taphonomy. Similarly, a 
single biologic entity Eoentophysalis may give rise to morphologically variant forms 
assignable to Sphaerophycus, Myxococcoides, Palaeoanacystis, Eosynechococcus and 
Myxococcoides. For filamentous forms, Gunflintia, Siphonophycus, Oscilatoriopsis 
and Rhicnonema may represent degradational variants of Paleoscytonema-, 
Palaeolyngbya- or Rhicnonema-like fossil form (Kumar and Srivastava, 1992).

6.  Discussion and Conclusion

A period between Palaeo-Neoproterozoic transitions reflects some very significant  –
morphological changes which can be justified by micro-, meso- and megascopic 
life of the Lower and Upper Vindhyan sequences.
During Palaeoproterozoic–Mesoproterozoic period, domination of mat-building  –
cyanobacterial population can be represented by the exceptionally well-preserved 

figure 12. role of  taphonomy in morphological diversity among microfossils, after Kumar and 
Srivastava (1992).
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microfossil assemblages of the Semri Group. This paleomicrobial community 
formed the stromatolites in the photic zone due to photosynthesis. At the same 
time, if we compare the complexity and diversity among eukaryotes, many divi-
sion stages (Fig. 9k), representing green algal affinity, are reported only from 
the Bhander Group, Upper Vindhyans during Neoproterozoic. The occurrence 
of typical riphean stromatolite taxa from the Lower and the Upper Vindhyans 
such as Kussiella kussiensis, Colonnella columnaris, Conophyton garganicus, 
Conophyton cylindricus, Baicalia sp., Baicalia satnaensis, Tungussia sp. and 
Gymnosolen sp. is identical to the Southern Urals type area in russia and shows a 
distinct morphological variation from columnar to conical and branching forms 
(Valdiya, 1969, 1989; Kumar, 1976, 1980; Tewari, 1989, 2003a, b; raaben and 
Tewari, 1987; raha and Das, 1989). It is very significant that no stromatolite 
taxa of younger age (Lower Cambrain) have been recorded from the Vindhyan 
so far and the existing stromatolite assemblage suggests Palaeoproterozoic to 
Neoproterozoic age.
Diversity among cellular filaments of cyanobacterial affinity (Fig.  – 8a) in 
Palaeoproterozoic–Mesoproterozoic microfossil assemblages is probably due 
to rapid silicification prior to neomorphic alteration of host carbonate, which 
resulted in retention of fragile trichomes in Mesoproterozoic cherts as well as 
in retention of marked sphericity of Myxococcoides, a chroococcalean form 
genera (Figs. 8h and 9g). The organisms were encased in cement, at or near 
the sediment–water interface and as a result escaped compression (Knoll and 
Sergeev, 1995).

figure 13. Morphological changes among carbonaceous megafossils due to taphonomy.
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Presence of akinite-forming cyanobacteria or  – Archaeoellipsoides (Fig. 9a, c–e) 
in Mesoproterozoic and its absence in the Neoproterozoic assemblages can be 
explained logically that akinite forming cyanobacteria do not thrive in sea water 
of normal salinity; it is likely that these pools hosted the organisms, which pro-
duced the abundant akinites, observed in Mesoproterozoic peritidal assemblages. 
Such pools support growth of Cladophora and other alga, suggesting absence of 
Archaeoellipsoides in Neoproterozoic may be a consequence of eukaryotic radia-
tion (Knoll and Sergeev, 1995). Presence of these fossils sets a minimum date for 
the evolution of derived cyanobacteria, capable of marked cell differentiation, 
and corroborates geochemical evidence indicating that atmospheric oxygen level 
was above 1% of present-day level during Mesoproterozoic time. In the presence 
of oxygen, a protected environment for nitrogenase is produced by these aki-
nites, which were abundant in coastal communities of Mesoproterozoic shallow 
marine carbonates. It was interpreted that presence of these forms indicates bio-
spheric evolution (Srivastava, 2005). These fossils also suggest that sexual mode 
of reproduction by means of sporangia or akinites may have developed by the 
close of Mesoproterozoic (~1,200 Ma) time (Sharma, 2006).
Presence of microbial mats and  – Arumberia in association with Beltanelliformis 
(indicating Ediacaran age) reported from the Maihar Sandstone Formation of 
the Bhander Group, Son Valley (Fig. 11a–d), serves as an additional support 
for Ediacaran age for fossil-bearing horizon (Kumar and Pandey, 2008a).
Presence of large-sized leiosphaerids and an age-marker acanthomorph  –
Trachyhystrichosphaera in Sirbu Shale Formation, Bhander Group, suggests 
Cryogenian (850–630 Ma) age for the fossil-bearing Sirbu Shale assemblage 
(Srivastava, 2009).
A ring-shaped carbonaceous megafossil (Fig.  – 10g) reported from the Sirbu 
Shale, Central India (Kumar and Srivastava, 2003), may represent a basal part 
or hold fast of Chuaria–Tawuia multicellular plant or an unidentified complex 
morphology of this assemblage.
Presence of  Ediacaran fossils (Fig.  – 10j, k) in the Bhander Group (Central 
India and rajasthan; De, 2003, 2006; Srivastava, 2006) is the most significant 
evidence in support of  Ediacaran age as upper age limit for the Vindhyan 
Supergroup.
Abundantly occurring  – Eoentophysalis (Fig. 8b) in Mesoproterozoic times seems 
to be related with rapid carbonate precipitation and cementation in peritidal 
Palaeoproterozoic and Mesoproterozoic cherts.
Presence of branched carbonaceous megafossils (Fig.  – 10l) exclusively in 
Neoproterozoic Bhander Group supports the radiation of eukaryotes during 
Neoproterozoic times. However, presence of dichotomously branched megas-
copic alga (Fig. 10c) in rohtas Formation puts a question mark on this inter-
pretation and its affinity.

On the basis of data available till date, Late Palaeoproterozoic (Statherian, 
1,700–1,600 Ma) to Stenian (1,200–1,000 Ma) age for the Semri, Kaimur and 
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rewa Groups and Tonian–Ediacaran (850–542 Ma) age for the Bhander Group, 
Upper Vindhyan, are suggested. Knoll and Sergeev (1995) explained in detail and 
very logically the possible reasons for these gradual biological changes among 
microfossil and megafossil assemblages globally. Interpretations based on the 
study of Palaeo-Mesoproterozoic biological changes in the Vindhyan fossil 
assemblages are well comparable with the reports from the Billyakh Group, 
northern Siberia by Golovenok and Belova (1984), yakschin (1991), and Sergeev 
et al. (1995); from the Jixian Group, China, by yakschin (1990), from the Dismal 
Lakes Group and the Arctic Canada by Horodyski and Donaldson (1980). 
recent molecular phylogenies imply the rapid diversification of higher eukaryotes 
relatively late in Meso-Neoproterozoic boundary (Knoll, 1992). Expanding 
eukaryotic participation in microbial mat communities may contribute to the 
differences between Mesoproterozoic and Neoproterozoic stromatolites. rapid 
precipitation instantly entombed fragile microorganisms, preserving them as casts 
and molds and in favorable conditions as organic-walled remains that were silici-
fied prior to the neomorphic alteration of host carbonates. This explains the 
retention of fragile trichomes in Mesoproterozoic cherts, as well as the other 
characters of coccoid forms (Knoll and Sergeev, 1995).

For the Neoproterozoic biological changes, data from Siberia, German 
(1990), from Svalbard (Knoll et al., 1991; Butterfield et al., 1994), from the Bitter 
Springs Formation, Australia (Schopf, 1968; Schopf and Blacic, 1971; Zang and 
Walter, 1992), from China (yin, 1985; Zhang, 1989; Zang, 1992) are biostrati-
graphically comparable with the coeval Vindhyan assemblages. The controversial 
records of the Cambrian fossils from the Lower Vindhyan (Azmi, 1998; Azmi 
et al., 2007) are doubtful and not acceptable (for a detail discussion refer Tewari, 
1998; Bengtson et al., 2007, 2009; Kumar, 2009 and the references therein). 
Besides many evidences and data available in India, we are still in state of infancy 
and require more authentic data and a more systematic approach (in sample col-
lection) for the better understanding of rate of transition, whether it was fast or 
slow, as well the role of taphonomy in the process of changes. At the same time, 
there is no doubt that palaeobiological, sedimentological and palaeoenvironmental 
changes collectively prepared the ground for the next major shift in the biosphere 
near the end of the Proterozoic Eon (Knoll and Sergeev, 1995).
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abstract A microfossil assemblage recently discovered from the Farrel Quartzite 
(ca. 3.0 Ga) in the Goldsworthy greenstone belt in the Pilbara Craton comprises 
five main morphological types (thread like, film-like, spheroidal [>15 and <15 mm], 
and lenticular to spindle-like) and some elaborate morphologies that might repre-
sent reproducing or resting stages of the spheroidal and lenticular to spindle-like 
structures. This assemblage is abundant within a stratiform black chert associated 
with evaporite, suggesting an early evolution of a diverse and complex ecosystem 
in an Archean shallow water environment, although taxonomic and phylogenetic 
studies have only just begun. So far, from more than ten sites of occurrence of 
black cherts in the Goldsworthy greenstone belt, similar assemblages of micro-
structures have been found.

Keywords Farrel Quartzite • Microfossils • Goldsworthy greenstone belt • Pilbara 
Craton • Spheroidal • Spindle-like • Archean • Microstructures • Western Australia  
• Diverse and complex ecosystem

1.  introduction

A morphologically diverse assemblage of carbonaceous microstructures was 
recently reported from chert in the Farrel Quartzite of the ca. 3.0 Ga Gorge Creek 
Group in the Pilbara Craton, Western Australia (Sugitani et al., 2007). Their bio-
genicity was claimed based on a rigorous examination of occurrence, composi-
tion, morphological complexity, size distributions, and taphonomy, which has 
been supported by following studies including palynological extraction of micro-
fossils (Grey and Sugitani, 2009), reconstructed in-focus and 3-D images (Sugitani 
et al., 2009a), Nano-SIMS analyses (Oehler et al., 2009), description of elaborate 
morphologies suggestive of reproducing cells and spores (Sugitani et al., 2009b), 
and discoveries of  similar assemblage of  microstructures from more than ten 
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sites at the same stratigraphic horizon (Sugitani et al., 2008). Thus, the biogenicity 
of the Farrel Quartzite microstructures seems to be established.

In this study, we review main morphological types and several types of 
elaborate morphologies of the Farrel Quartzite assemblage, referring to their 
modes of occurrences and positions in thin sections. Most of specimens described 
here are from two thin sections made from hand specimens collected from Mount 
Grant, demonstrating prolific occurrence of the assemblage and the possibility of 
future taxonomic and phylogenetic studies.

2.  Geology and Stratigraphy

The Goldsworthy greenstone belt (at Mount Goldsworthy and Mount Grant) is 
located approximately 100 km east of Port Hedland in the northeastern Pilbara 
Craton (Fig. 1). The volcanic sedimentary succession of this belt is composed of 
an older, dominantly volcanic sequence and a younger, dominantly sedimentary  
succession. The older volcanic sequence is part of the 3.53–3.17 Ga Pilbara 
Supergroup, whereas a younger sedimentary succession is part of the 3.02–2.93 Ga 
De Grey Supergroup (Hickman and Van Kranendonk, 2008). The lower part of 
the De Grey Supergroup is composed of the 3.02–3.01 Ga Gorge Creek Group, 
which comprises the Farrel Quartzite and the conformably overlying Cleaverville 
Formation (Fig. 1b). On the basis of regional stratigraphy and geochronology (Van 
Kranendonk et al., 2006; Hickman and Van Kranendonk, 2008; Sugitani et al., 
2003), the age of the putative microfossils is suggested to be older than 3.01 Ga.

The Farrel Quartzite at the Goldsworthy greenstone belt is composed of fine 
to very coarse-grained sandstone with minor conglomerate, mafic to ultramafic 
volcaniclastic layers, evaporite beds, barite beds, and black chert layers (Fig. 1b, 
c). The thickness and lithology of the Farrel Quartzite are laterally variable, and 
the rocks have been metamorphosed to greenschist facies and pervasively silici-
fied. The stratiform black cherts containing putative microfossils and associated 
evaporite beds in the uppermost portion are laterally continuous (CE2 in Fig. 1b). 
They can be traced approximately 7 km along the strike in the central and western 
Mount Grant area. The Farrel Quartzite is considered to have deposited at a 
continental or continental margin setting (Sugitani et al., 2003, 2006). Sugitani 
et al. (2007) suggests that the Farrel Quartzite assemblage probably represents 
microbial communities that inhabited in a shallow, closed to semi-closed basin on 
the early Earth.

3.  Sedimentary Petrology of Black chert

Microfossil-bearing black cherts in the Farrel Quartzite are mostly less than 20 cm 
thick and are generally massive in appearance, although parallel lamination can 
be seen locally. The black chert displays a wide range of microscopic fabrics, which 

118



FArrEL QUArTzITE MICrOFOSSILS

tend to be distributed stratigraphically (Fig. 2a). The massive fabric is characterized 
by a mostly homogeneous distribution of carbonaceous particles with dispersed  
irregularly shaped pure chert masses (Mf in Fig. 2a, d). In some horizons, carbon-
aceous particles are heterogeneously distributed, resulting in well-developed 
irregularly shaped pure chert masses (fenestrae-like fabric: Fs in Fig. 2a, c). 
The chert masses are composed of a microcrystalline quartz mosaic that often 
displays domain to chalcedonic extinction figure. In some cases, carbonaceous 

Figure 1. (a) Geology of the northeastern part of the Pilbara Craton (modified from Sugitani et al., 
2007). WPS West Pilbara Superterrane, SSZ Sholl Shear zone, MB Mallina Basin, AG Archean grani-
toid rocks, EPT East Pilbara Terrane, MBS Mount Bruce Supergroup, Ph Phanerozoic cover. (b) Sim-
plified stratigraphic column for the type locality at Mount Grant. CE1 and CE2 show an association 
of black chert and an evaporite layer. (c) Photograph of the upper portion of CE2 at the type locality.
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dusts lie on the bottom of a chert mass. These masses possibly originated from 
fenestral fillings. The term pseudo-laminated fabric (Pl in Fig. 2a, e) is used for 
areas where carbonaceous laminae of massive fabric 100–300 mm thick alternate 
with pure cherts of nearly the same thickness. In places carbonaceous laminae are 
connected or branched, producing lenticular pure chert masses (the white arrows 
in Fig. 2e). Namely, this texture is not a result of particle settling. The lamination 
is more likely a secondary product, although the formation process is not known. 

Figure 2. (a) Left: photomicrograph of GFSV6. Mf, Cf, Fs, and Pl show massive, cavity-fill, fenestrae-
like, and pseudo-laminated fabrics, respectively. The solid arrows show film-like structures. Photomi-
crographs on the right (b–e) show enlargements of areas in small rectangles (b–e) on this image. (b) 
Thread-like structures in colloform-textured portion. (c) Fenestrae-like irregularly shaped pure chert 
masses. (d) Magnification of massive portion. The solid arrows indicate film-like structures. (e) Mag-
nification of pseudo-laminated portion. The white arrows indicate that laminae are connected with 
each other.
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In addition to these three carbonaceous chert fabrics, the black chert often con-
tains stratiform white chert layers of various thicknesses and widths (cavity-fill 
fabric: Cf in Fig. 2a), in which colloform textures are developed. These textures 
often contain thread-like carbonaceous structures (Fig. 2b). This fabric probably 
represents post-depositional cavity-fill silica precipitates that formed after dissolu-
tion of soluble mineral layers.

In the Goldsworthy greenstone belt, black chert veins and dikes are rare and 
their occurrence is spatially independent of the stratiform black chert layer that 
is the main host for the carbonaceous microstructures. An association of the 
stratiform black chert and silicified evaporite bed (chert evaporite band) can be 
traced along the strike ca. 7 km at Mount Grant and ca. 100 m at Mount 
Goldsworthy. Additionally, (1) stratiform black chert layers and interbedded  
clastic layers are cut by a fault; (2) the chert itself  contains laminae composed of 
terrigeneous detrital materials or volcaniclastics; (3) locally, the chert is brecciated 
and brecciated chert clasts are set in a fine- to medium-grained sandstone bed; 
and (4) lamination that can be identified as an alignment of very fine-grained 
carbonaceous particles and carbonaceous microstructures is present. These con-
vergent lines of evidence indicate that the stratiform black chert layer formed 
primarily as a sedimentary deposit.

4.  Samples and Methods

Samples for this study were collected from two sites at Mount Grant. Two hand 
specimens (GFSV3 and GFSV6) collected from CE2 in the vicinity of the type 
locality at Mount Grant (S20°22¢43.6², E119°26¢54.3²) were used for this study. 
These samples were cut into slabs, perpendicular to the bedding plane. Standard 
thin sections (2.5 × 3.4 cm wide and 30–35 mm thick) were examined with a petro-
graphic microscope (Leitz-DMrP). Several specimens described here are identi-
cal to those in Sugitani et al. (2007, 2009a, b).

The block samples, slabs, and thin sections are currently in the collection at 
Nagoya University, Japan, while studies are underway. They will be reposited in 
an Australian collection as required under the Australian Protection of Movable 
Cultural Heritage Act, if  the microstructures in question are proved to be fossils.

5.  occurrences and Features of the Five Main Morphologies  
and Related Structures

The five main morphological types of the Farrel Quartzite assemblage are 
thread-like, film-like, spheroidal (>15 and <15 mm), and lenticular to spindle-
like structures. The biogenicity of these structures has been argued based on 
geological context, syngenicity, chemical and isotopic composition, physical 
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properties, internal complexity, size range and distribution, taphonomic features, 
morphological diversity and elaboration, and morphological similarity to 
modern microorganisms (Sugitani et al., 2007, 2009a, b; Oehler et al., 2009; Grey 
and Sugitani, 2009). The analyzed new thin sections contain all representative 
morphotypes previously defined. In the following, we describe representative 
specimens and related elaborate morphologies and occurrences.

5.1.  THrEAD-LIKE STrUCTUrES

Thread-like structures are generally less than 1 mm in diameter and highly entan-
gled. It is unclear whether they are branched or not. Subtypes such as a relatively 
thick granular type and a narrower smooth one may be present. They were first 
discovered from colloform-textured white to translucent chert layer (Fig. 2a, b) 
and quartz vein, representative of post-depositional silica phase. Based on these 
occurrences, they were interpreted as dubiofossils (Sugitani et al., 2007), whereas 
other Archean carbonaceous threads in a chert dike elsewhere are interpreted 
as possible fossilized subsurface chemoautotrophic microbes (Ueno et al., 2001, 
2004).

On the other hand, thread-like structures present in the Farrel Quartzite 
black chert with a massive fabric may more likely be biogenic. The carbonaceous 
threads are distributed densely in a layer less than 5 mm thick (indicated by the 
white arrow in Fig. 3). They occur within irregularly shaped white chert masses 
(Fig. 4a). The masses are composed of a mosaic of microcrystalline quartz like 
the surrounding carbonaceous portions, suggesting that they are syndepositional 
or very early diagenetic structures such as fenestrae. The threads are less than 
0.5 mm in diameter. They tend to be extensively entangled and occasionally 
penetrate into the carbonaceous portions (Fig. 4b). Aggregates of threads are 
often set in the bottoms of chert masses. Such occurrences are inconsistent with 
diagenetic segregation of carbonaceous matter and suggest the biogenicity of the 
threads. While many examples of Archean thread-like putative microfossils are 
found in literature (for instance, Schopf and Walter, 1983; Schopf, 2006), 
occurrences similar to the present case have never been reported.

5.2.  FILM-LIKE STrUCTUrES

The film-like structures are composed of sheets of carbonaceous particles and 
are generally less than 1 mm in thickness. Some are still preserved as membranous 
objects as indicated by the results of palynological extraction (Grey and Sugitani, 
2009). Their sizes are various and can be up to >500 mm along the major axis. As 
shown in Fig. 2a, they are ubiquitous and abundant in carbonaceous chert of the 
Farrel Quartzite. The structures are mostly single sheets, although some appear to 
be branched (Fig. 3a) and/or have appendages such as clusters of opaque particles 
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(probably sulfides) or small carbonaceous spheroids less than 5 mm in diameter. 
They are wrinkled or folded to various degrees (Fig. 4c). Edges of the structures 
are often notched and rolled up. These features suggest that the structures were 
flexible but breakable. Many of the structures, if  not all, are likely fragments of 
larger structures. The structures can be interpreted as reworked and transported 

Figure 3. Photomicrograph of GFSV3 showing massive fabric. The numbers with alphabets (e.g., 4a) 
correspond to microfossils shown in Figs. 4 and 5. Microfossils in small boxes are referred to in the text. 
Scale bars in the boxes are 50 mm.
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Figure 4. Photomicrographs of main five morphological types. The locations of specimens shown in 
a, c, d, f, h, m, and n in the thin section are indicated in Fig. 3. (a) Entangled thread-like structures 
within irregularly shaped pure chert mass in a thin layer (indicated by the white arrow in Fig. 3). Some 
threads penetrate into surrounding carbonaceous portions. (b) Magnification of (a). (c) Folded film-
like structure. (d) Cluster of small spheroids. (e) Magnification of (d) showing fused pair. The portion 
indicated by the white arrow is broken and hollow. (f) Simple single-walled spheroid. (g) Magnification 
of (f) showing folds of wall. (h) Thin-walled spheroid having a diffuse envelope. The arrow shows a 
broken portion of the wall. (i) Paired thin-walled spheroids having a diffuse envelope. Slide GFWE3-
F6, position r-z48/2 (England Finder). (j) Spheroid having an extensively folded wall. Slide GFWE3-
S6, position r-N54/1. (k) Thick-walled spheroid. GFWE2-G6, position r-B61/3. (l) Broken spheroid 
with an inner hollow body. Slide NGWM1X, position r-N40. (m) Spindle-like structure with a sym-
metric flange (the arrow). (n) Spindle-like structure with asymmetric flange (the arrow). (o) Spindle-like 
structure with an inner spherical body. Slide GFWE2-S5, position r-W62.
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biofilms, that is, microbial communities encapsulated within a polymeric matrix 
(e.g., O’Toole et al., 2000). Similar film- or mat-like structures have been reported 
from Archean carbonaceous cherts in the Barberton Greenstone Belt (e.g., Tice 
and Lowe, 2006; Walsh, 1992; Westall et al., 2001).

5.3.  SPHErOIDAL STrUCTUrES

Spheroidal structures, including nearly complete spheres, range from 2.5 to 60 mm 
in maximum diameter. Small spheroids with diameters ranging from 5 to 15 mm 
predominate. As a whole, the size distribution is approximately unimodal with a 
skewness toward the larger size of 60 mm. Sugitani et al. (2007) classified the sphe-
roidal structures into small (<15 mm) and large (>15 mm).

5.3.1.  Small Spheroids (<15 mm)
Small spheroids tend to occur as colony-like clusters, occasionally associated with 
fluffy envelopes or film-like structures (Fig. 3c). Clusters are generally irregularly 
shaped and are composed of less than 20 spheroids. Some clusters are spheri-
cal or rod like. Some are composed of more than 200 spheroids. The walls of 
the spheroids vary from hyaline to granular. These variations are consistent with 
taphonomic alteration. Although rare, fused pairs of two small spheroids are 
present (Fig. 4e). Small spheroids are quite abundant. In the examined area of ca. 
150 mm2 (GFSV3), 13 clusters are identified (Figs. 3 and 6). Each cluster is com-
posed of 5–15 spheroids (Figs. 3k and 4d), giving rise to more than 100 spheroids 
that comprise clusters in this small area.

Small carbonaceous spheroids have already been reported from some 
Archean sedimentary successions (e.g., Dunlop et al., 1978; Knoll and Barghoorn, 
1977; Walsh, 1992). However, their biogenicity was not always fully established or 
has been doubted (Oehler, 1976; Fox et al., 1983). This is attributed partly to their 
poorly identifiable wall features and/or lack of obvious colony-like clustering. In 
contrast, small spheroids of the Farrel Quartzite assemblage have clearly identifi-
able walls with taphonomic features and occur in colony-like clusters, some of 
which have been extracted by palynological procedures (Grey and Sugitani, 
2009). These features are common for both modern microbes and younger micro-
fossils (e.g., Awramik and Barghoorn, 1977; Hofmann and Jackson, 1991; Knoll, 
1982; Oehler, 1978; Schopf, 1968). Thus, cluster-forming small spheroids of the 
Farrel Quartzite assemblage are likely biogenic. It is also reasonable to suggest 
that solitary small spheroids are liberated cells from colonies, despite the absence 
of independent evidence for their biogenicity.

5.3.2.  Large Spheroids (>15 mm)
Large spheroidal structures range from 15 to 60 mm in maximum diameter and 
include several subtypes. Some of them have recently been classified taxonomi-
cally by Sugitani et al. (2009a, b), proposing four types (1) simple single-walled 
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spheroids (Fig. 4f), (2) thin-walled spheroids having a diffuse envelope (Fig. 4h, i), 
(3) thick-walled spheroids (Fig. 4k), and (4) spheroids having an extensively folded 
wall (Fig. 4j). Simple single-walled spheroids, the most common and representa-
tive type, are described in detail here.

The walls of simple single-walled spheroids are generally less than 1 mm in 
thickness. Some walls are granular in appearance, whereas others are hyaline 
(Grey and Sugitani, 2009). Heterogeneously distributed carbonaceous clots or a 
reticulate pattern can be seen on the hyaline walls (Sugitani et al., 2009a, b). The 
wall is wrinkled to various degrees, dimpled, blistered, or partially double layered 
(Fig. 4g). Specimens that appear to be broken or torn are common. The wall 
features suggest that they were originally composed of flexible but breakable 
material like organic membranes, providing evidence for biogenicity. Similar wall 
morphologies are common in Proterozoic organic-walled microfossils (e.g., Knoll 
et al., 1991; Hofmann and Jackson, 1991; Samuelsson et al., 1999).

Simple single-walled spheroids sometimes contain a single inner hollow 
spheroid or multiple spheroids or are associated with multiple small spheroids 
inside and/or outside (Figs. 4l and 5a). The inner objects are hollow and in a few 
specimens appear to be expelled from the outer spheroid. Thus, some large sphe-
roids possibly represent reproductive mother cells (multiple fissions) or resistant 
outer wall containing endospores inside, providing compelling evidence for the 
biogenicity of  the large spheroids in the Farrel Quartzite assemblage (Sugitani 
et al., 2009a, b). relatively large carbonaceous spheroids have been reported 
from older Archean successions (Nagy and Nagy, 1969; Schopf and Barghoorn, 
1967; Schopf and Packer, 1987; Walsh, 1992). The present study may provide 
new insights into these spheroids whose biogenicity has not yet been widely 
accepted.

5.4.  LENTICULAr TO SPINDLE-LIKE STrUCTUrES

Lenticular to spindle-like structures (hereafter abbreviated as spindle-like struc-
tures) involve a wide range of  morphologies that are composed of  a generally 
hollow lens, oval or spheroid with spear- to flange-like appendage (Fig. 4m–o). Most 
of them are 20–60 mm in maximum length. Broken specimens are common.

Flange-like appendages characterize this morphological type. Two styles of 
flange are recognized. The flange surrounds the lenticular body at its equatorial 
plane (Fig. 4m) or is attached peripherally at one hemisphere (Fig. 4n). Sugitani 
et al. (2009a, b) called these two types as symmetric and asymmetric flanges. In 
both types, the width, thickness, outline, and texture are variable between speci-
mens. The width of the flanges varies from less than 5 to 20 mm, while it is rela-
tively constant in a given specimen and does not exceed the diameter of body. The 
flange is sometimes very thin, less than 1 mm, and appears to be constant in thick-
ness, whereas in other cases it thickens toward the body and its thickness reaches 
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more than 5 mm. The flange has diffuse or smooth margins and has textural vari-
ation such as being hyaline, reticulated, or striped. In some specimens, the texture 
of the flange and that of the body are continuous, whereas in others they are 
discontinuous. Lateral extension of the spheroid or lenticular body by sediment 
compaction cannot explain this substructure, because in colony-like clusters, 

Figure 5. Photomicrographs of elaborate morphologies and occurrence in GFSV3. Localities of all 
specimens in the thin section are indicated in Fig. 3. (a) Cluster composed of a single large spheroid 
and multiple small ones. (b) Cluster composed of large lenticular structures and small spheroids. (c) 
Dumbbell-like structure composed of connected pair of spheroids and obliquely arranged pair of len-
ticular structures (the white arrow). The solid arrow shows a deepening focal depth. (d) Nearly parallel 
arranged pair of spindle-like structures. (e) Chain-like arrangement of spindle-like structures. The 
solid arrow shows a deepening focal depth. The spindle units are not linearly arranged, but alternately. 
This is inferred from the focusing pattern of the units (white arrows) depending on the focal depth.
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spindles are often oriented randomly and spindle-like structures often occur as 
obliquely aligned, detached, or attached pairs (Fig. 3b, d, h, i, j). Consequently, 
these flange-like appendages are primary. Although any direct extant homeo-
morph for this structure is difficult to identify, it is intriguing that the mature 
phycoma of Pterosperma, a prasionphyte alga, has a flange-like ala (Tappan, 
1980). Several Proterozoic microfossils have structures equivalent to flanges 
(Samuelsson et al., 1999).

Some of spindle-like structures are probably related to spheroidal structures, 
because spindle-like structures containing spheroidal objects (Fig. 4o) and col-
ony-like clusters composed of spindles and relatively small spheres (Fig. 5b) are 
present. On the basis of these occurrences, Sugitani et al. (2009a, b) suggest that 
some of spindle-like structures may represent robust outer wall of cell at resting 
stage with spheroidal endospore inside, like similar-shaped microstructures in 
Archean carbonaceous chert in the Barberton Greenstone Belt (Walsh, 1992). 
Spindle-like structures, on the other hand, also comprise other elaborate mor-
phologies including linearly or obliquely arranged pairs and chain-like structures 
(Figs. 3e–h, j and 5c–e). These morphologies are common and their variations are 
unlikely taphonomic. rather they represent diversity in spindle-like structures 
and/or morphological variation within the life cycle of a single species, although 
the taxonomy of spindle-like structures is poorly understood.

6. Significance and unresolved Problems of the Farrel Quartzite assemblage

When life emerged and how life evolved during the early history of the Earth have 
long been topics of interdisciplinary investigation. However, most fossil records 
reported from Paleoarchean and Mesoarchean rocks have been treated as being 
controversial or even artifacts (e.g., Brasier et al., 2002; Buick, 1984; García-ruiz 
et al., 2003; Hofmann, 2004; Moorbath, 2005; Schopf et al., 2002; Schopf and 
Walter, 1983). This is partly due to the small size, morphological simplicity, and poor 
preservation of many of described putative microfossils. Their wall and internal 
textures are generally poorly preserved or invisible under the standard petrographic 
microscope, which also gives rise to skepticism about these putative microfossils.

In this context, the Farrel Quartzite assemblage is inconsistent with the 
known Archean record of putative microfossils. In addition to the thread-like and 
film-like structures and small spheroidal structures morphologically analogous  
to prokaryotic organisms and their products, the assemblage contains three-
dimensionally preserved spheroidal and spindle-like structures of large size 
(>15 mm) that have clearly identifiable, membranous walls. These spheroidal and 
spindle-like structures often comprise colony-like clusters or occur as pairs. As 
shown in Fig. 6, such elaborate morphologies and occurrences are occasionally 
abundant. In the relatively prolific portion of ca. 150 mm2 in area and 30 mm in 
thickness, ten colony-like clusters of spindles, ten large spheroids, eight clusters 
composed of spheroids and spindles, 16 spindles, and five paired structures are 
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contained. Such occurrences are comparable with well-preserved organic-walled 
microfossils in the Proterozoic (e.g., Knoll et al., 1991; Hofmann and Jackson, 1991; 
Samuelsson et al., 1999).

While these accumulating lines of evidence and data demonstrate biogenicity 
of  the Farrel Quartzite assemblage and its potential as evidence of  the early 
evolution of life on Earth, several problems need to be resolved:

1. In order to advance investigations of possible phylogeny and affinity, taxonomy 
needs to be established. However, only provisional taxonomy has been pro-
posed for part of large spheroidal structures (Sugitani et al., 2009a, b). Tapho-
nomic alteration and possible life cycle variants make it difficult to interpret 
morphological diversity straightforward in the taxonomic context.

Figure 6. Composite photomicrograph of selected area (see Fig. 3) of GFSV3, showing distribution 
of microfossils roughly classified into seven categories.
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2. Large spheroidal and spindle-like structures are >15 mm and occasionally up 
to 80 mm along their major axis, and comprise elaborate morphologies that are 
difficult to compare directly with other fossils and modern organisms. Their 
sizes are more consistent with eukaryotic than prokaryotic microorganisms, 
which however should be a critical issue, considering the age of the host rocks 
and current debate about the timing of the rise of the eukaryotes (e.g., Knoll 
et al., 2006).

In order to resolve these problems, continuing search of well-preserved specimens 
and data accumulation are indispensable. In addition to standard paleontological  
approaches, introducing new technologies such as Nano-SIMS (Oehler et al., 2009)  
and 3D raman analyses (Schopf and Kudryavtsev, 2005) to them could be a help 
to make a breakthrough in taxonomy of this enigmatic microfossil assemblage in 
the Archean.

7.  Summary

The microfossil assemblage recently discovered from the Farrel Quartzite (ca. 
3.0 Ga) in the Goldsworthy greenstone belt (the Mount Goldsworthy and Mount 
Grant) in the Pilbara Craton is composed of diverse morphological types, sug-
gesting an early evolution of a complex ecosystem in the Archean shallow water 
environment. In addition to preliminarily defined main five morphological types 
(thread like, film like, spheroidal [>15 and <15 mm], and lenticular to spindle-like), 
highly elaborate morphologies and occurrences that might represent reproducing 
or resting stages have recently been recognized and some taxonomic interpreta-
tions are also presented. Although the assemblage involves some unresolved prob-
lems regarding taxonomy, phylogeny, and affinities, accumulation of high-quality 
data of well-preserved specimens and introducing new technologies to them could 
be a help to make a breakthrough in revealing a whole picture of the assemblage. 
This is not unrealistic, considering that the Goldsworthy greenstone belt is quite 
prolific for this microfossil assemblage.
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abstract Upper Krol Formation (Krol D Member) is a typical Ediacaran (Ter-
minal Neoproterozoic) microbial carbonate facies. It is well developed in the 
Lesser Himalayan Krol belt extending from the Solan in the Himachal to the 
Nainital in Uttarakhand Lesser Himalaya, India. Krol D contains Ediacaran 
metazoan fossils and abundant microbial structures in the form of columnar, 
domal and stratified stromatolites. Peloids, oncoids and microphytolites are also 
microbially formed structures. Carbonate grainstones and packstones are com-
mon in the Krol D, and the allochemical constituents are intraclasts, ooids, coat-
ed grains, peloids, microbial grains, and catagraphs. Sedimentary structures pres-
ent in the non-stromatolitic Krol carbonates include bird’s eyes, cross bedding, 
symmetrical ripples and shallow channel structures. Mud cracks are also present. 
An intertidal to supratidal (shallow water) depositional environment with some 
moderate currents and intermittent periods of  exposure has been suggested for 
the Krol D Member of  the Lesser Himalaya. Petrography, cathodoluminescence 
(CL) and electron probe micro analysis (EPMA) has been done to study the di-
agenetic and chemical changes in the microfacies of  the Krol D Member. Intra-
clasts are rectangular in section and composed of  coarse dolomite crystals. CL 
shows that these have growth zones. Peloidal structures are composed entirely of 
micrite. Ooids in the Krol D Member are mostly spheroidal to ellipsoidal grains 
and range in diameter from 0.1 to 0.4 mm. Composite ooids are larger grains 
and consist of  smaller ooids. The CL of the ooids shows non-luminescence. The 
diagenetic history of  the Krol D ooids and intraclasts suggest that many of  these 
grains may have precipitated as micrite and possibly microbial micritization has 
taken place. The Krol D dolomite shows abundant evidence of  marine cementa-
tion as the first diagenetic stage. A second type of  cement is fibrous crust. Under 
CL, the fibrous crusts are brightly luminescent. These fibrous and micritic ce-
ments are of  shallow marine origin. The diagenetic textures suggest that original-
ly fine-grained carbonate was replaced by fine dolomite and that coarse fibrous 
high Mg calcite cements were replaced by dolomite too, preserving the original 
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fabrics of  the crystals. Terminal Neoproterozoic sea water chemistry must have 
contributed to the dolomitization in the Krol D.

Keywords Ediacaran • Lesser Himalaya • India • Stromatolitic facies • Isotope  
Stratigraphy • Diagenesis • Microbial carbonates • Uttarakhand • Krol D • Grain- 
stones • Packstones • Intertidal • Cathodoluminescence • Microfacies • Intraclasts 
• Ooids • Cementation • Dolomitisation

1.  introduction

The basement of the Lesser Himalaya is not exposed; however, sedimentological 
evolution of the Lesser Himalaya initiated with late Palaeoproterozoic rifting 
event (1,800 Ma) followed by a shelf  cycle of tidal flat sedimentation during 
Mesoproterozoic. The North-Western Lesser Himalaya is characterized by two major 
sedimentary belts in sequence stratigraphic order. The older sequence is late Palae-
oproterozoic to early Neoproterozoic (750 Myr) in age and major lithofacies of this 
belt are (I) Volcano-siliciclastic (Rampur–Manikaran–Chamoli–Berinag Quartzite), 
(II) Clastic-argillaceous (Sundernagar–Hurla–Rautgara–Rudraprayag–Bhawali 
Quartizite and volcanics), (III) Microbial-Stromatolitic carbonate–phosphorite 
(Shali–Larji–Deoban–Lameri–Pipalkoti–Gangolihat–Dharchula) and (IV) Argillo-
calcareous (Sataun, Mandhali–Sor–Thalkedar) in stratigraphic order. The glacial 
boulder beds have not been reported from the inner belt.

The Deoban–Jaunsar Group in the Lesser Himalaya represents preglacial, 
preEdiacaran older carbonate-siliciclastic shallow marine sedimentation. The 
complete absence of Ediacaran biota, non-glacial sedimentation and characteristic 
Mesoproterozoic stromatolite taxa and microfossils in black cherts confirm a 
preEdacaran age. The unconformably overlying Balini (diamictite) Formation is a 
Neoproterozoic (Marinoan/Blainian) glacial deposit corresponding to Snowball 
Earth palaeo latitude (Cryogenian Period, Tewari, 2001a). The overlying pink cap 
microbial carbonate of the Blaini Formation represents the base of the Terminal 
Neoproterozoic. The younger carbonate sedimentary succession of the Krol belt 
is Terminal Proterozoic (Ediacaran, 650–540) Myr in age and stretching over a 
distance of 350 km showing major facies variations at Solan, Nigalidhar, Korgai, 
Mussoorie (Fig. 1), Garhwal and Nainital synclines (Tewari, 2002a, b). The Krol 
carbonates represent passive continental marginal (carbonate ramp) facies varia-
tions as cyclic para sequences such as shaly limestone and calcareous shale facies 
and purple green shales with lenticular bands of limestone and gypsum. Brecciated 
cherty, oolitic dolomite facies characterized by various types of ooid, bird’s eye 
structure, microbial laminated and stromatolitic build ups, and oncolites indicate 
that the depositional environment was tidal falt (high energy peritidal, Tewari and 
Qureshi, 1985; Tewari and Joshi, 1993; Tewari, 2002a, b; Jiang et al., 2003).

The Ediacaran microbial mat and metazoan facies of the Krol is composed 
of finely laminated siltstone, shale and sandy layers with wave ripples. The shaly 
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limestone facies of the Upper Krol grades into the Chert–Phosphorite Facies of 
the Lower Tal characterized by black chert, shale and phosphorite associated 
with pyrite, oncolites and stromatolites (Tewari, 1984a, b, 1989, 1990, 1992, 
1993a, b, 1999, 2001a, b, 2002a, b, 2004, 2007). The Precambrian/Cambrian 
boundary transitional facies shows evidence of upwelling and stratification of 
ocean as revealed by carbon isotope excursions in Krol-Tal basin strata. The 
other Lower Cambrian facies of the Tal Formation include bioturbated purple 
grey siltstone (trace fossil) and channel sandstone, orthoquartzite of fluvio-deltaic 
and marine shelf  facies at the top of the sequence. The Krol-Tal basin was pos-
sibly obliterated during Lower Cambrian period due to Pan African epeirogenic 
movements around 550 Myr (by well-documented granites of this age, Almora 
and Mandi granites) in the Lesser Himalayan region. The post Ediacaran sedi-
mentation of the Lesser Himalaya is represented by chert– phosphorite, siltstone 
and sandstone facies (lagoonal tidal flat environment). The stratigraphic position 
of the Tal Formation is restricted to only the central part (Nigalidhar–Korgai–
Mussoorie and Garhwal synclines). The Upper Tal Formation (Quartzite) marks 
the end of sedimentation and regression of the sea from the Lesser Himalaya.

figure 1. Geological map of the Ediacaran sedimentary basins of the Lesser Himalaya, India.
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The Lesser Himalayan sediments are covered by three main Phanerozoic 
marine transgressions of (1) Permian, (2) Late Cretaceous and (3) Late Palaeocene 
to Eocene age in different areas of the Lesser Himalaya from Jammu in the NW 
to Arunachal Pradesh in the NE. Recent sedimentological studies and palaeobio-
logical discoveries from the Shergaon–Buxa-Miri Group sediments, Arunachal 
Pradesh suggest that they are equivalents of  the Blaini–Krol-Tal sediments and, 
therefore, quite significant for Proterozoic-Cambrian palaeoclimate and basin 
evolution in the Eastern Himalaya (Tewari, 2003). The northern margin of the 
Indian Gondwanaland must have included parts of Tibet and China, during 
Neoproterozoic–Cambrian times forming a megacrustal block. It is supported by 
the close facies relationships and identical biotic and isotopic events from the 
Sino-Indian region (Fig. 2).

figure 2. Depositional environment of the Ediacaran Krol carbonates, Lesser Himalaya.
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2.  Krol d Member facies

Stromatolites are a feature in the Krol Formation and vary from planar micro-
bial laminites, with desiccation features, laminoid fenestrae, polygonal cracks 
and intraclasts, to columnar and domal stromatolites on a 10-cm to metre-scale  
(see Fig. 9a). In addition, there are lime mudstones, locally with laminae from 
mechanical deposition of mud, but without microbial lamiae. These lime muds 
were largely deposited from suspension with some traction current activity. The 
origin of the mud itself  may well have been microbial of course.

Carbonate grainstones and packstones are common in the Krol and the 
grains here are intraclasts, ooids and coated grains, peloids, microbial grains and 
aggregates (catagraphs/microphytolites, Figs. 3–9).

Microbial grains and aggregates are composed of clots of micrite, irregular 
in shape, and range from 10s to 200 mm in size (Figs. 3, 4). They have lighter and 

figure 3. (a–d) Microbial grains composed of clotted micrite forming large compound grains which 
are also coated with marine cement fringes. These aggregate grains are showing the effects of etching 
or minor disolution at their margins, before being overgrown by an irregular micrite layer and then 
cemented by marine fibrous carbonate. The cavities are finally cemented by clear sparry dolomite 
cement. For all photos Fields of view 7 x 3 mm.
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figure 4. Microbial structures. (a) Microbial clots and peloids; (b) Lacy strings of micrite with knot-
ted or beaded structures along their length. Fields of view 3 x 2 mm.

darker (dense/less dense) patches, and so appear “lumpy”. Sometimes there is a 
hint of short filamentous, worm-like micritic structures in the clots; in less 
dense areas, the micrite locally forms a lacy texture of “strings”, in some cases 
with a knotted or beaded texture along the strings (Fig. 4b). The clots are com-
monly aggregated together to form larger grains several to many mm, even cm, 
in diameter. In some cases, there are cement crusts and coatings around the grains 
too. Micritic clots also occur within some of  the oolitic or coated-grain wacke-

figure 5.  (a,b)  Ooids with a variety of structure: thin coat around an intraclast; thicker cortical layer 
around a sparry dolomite centre (formerly the nucleus) or empty pore (dissolved out nucleus); micritic-
microsparitic ooid with no nucleus; ooids with several thick cortical layers; ooid with dark micritic and 
clear sparry cortical layers. Both ooid examples are totally dolomite. Fields of view 5 x 3 mm.
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figure 6. (a–d) Ooids showing effects of  compaction from dissolution of metastable carbonate 
nucleus or cortical layers (presumably aragonite), generating duck-like structures or elephant trunk- 
to-tail texture. a and b Fields of view 7 x 5 mm. c and d Field view 5 x 3 mm.

figure 7. Oolite under PPL (left) and CL (right). Note the variety of CL response; some ooids are dull, 
others are non-luminescent, or just the outer cortical layer is dull/black. Some ooids have bright and 
zoned central parts, indicating they are occupied by cement and the ooid centres have suffered dissolu-
tion. Fields of view 5 x 3 mm.

packstones; they may also form laminae in some of the stromatolites and planar 
microbial laminites. It is quite likely that some of  the lime mudstones were 
originally composed of this clotted micritic material too. These clots, which in 
other formations form the well-known thrombolitic texture (also texture grumu-
leuse), are probably of microbial origin, being mineralised microbes and organic 
matter, such as EPS (mucus). The microbes would appear to have been mostly of 
coccoid-type bacteria, but some filamentous bacteria may also have been present. 
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figure 8. Coated grains with thick dark organic coating in the outer margins. PPL (left) and CL (right).

figure 9. (a) Stromatolitic head with laminae extending into adjacent sediment, also evidence of 
erosion. (b) Fenestrae lined with micrite and fibrous carbonate cement fringe, then sparry dolomite 
cement, within a microbial-clot pack-grainstone. Field of view for 9a: 7 x 5 mm; Field of view for 9b: 
5 x 5 mm.

Some of these microbial grains appear well structured and organised; hence, the 
terms catagraph or microphytolite have been applied by other workers.

Intraclasts are rectangular in section, ranging from several 100 mm to mm in 
length. They are generally composed of coarse dolomite crystals; cathodolumine-
scence (CL) shows that these have growth zones and so they are cement. It is likely 
that these intraclasts were composed of a metastable carbonate precursor, which 
dissolved out during early diagenesis. This is likely to have been aragonite (see 
later). Peloidal structures are composed entirely of micrite and have a uniform 
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figure 10. Thick fibrous carbonate cement fringe under PPL (left) and CL (right). The first fibrous 
cement crust is darker under PPL but bright under CL, and has been fractured and brecciated. The 
next generation fibrous cement is much more transparent under PPL but is non-luminescent. The final 
cavity filling dolomite cement is white under PPL and dull under CL. Fields of view 7 x 5 mm.

shape and size, being spheroidal to ellipsoidal, and up to 0.5 mm in diameter. 
Peloids may have been faecal matter, since it is likely that soft-bodied organisms 
were around at the time, or reworked microbial grains. The ooids and coated 
grains are described later.

Sedimentary structures present in non-stromatolitic Krol carbonates include 
bird’s, eyes, mostly on the mm-scale (Fig. 9b), occurring within peloidal pack/  
grain-stones and mudstones (Fig. 9b). Cross laminae and cross bedding are present 
too, as well as symmetrical ripples and shallow channel structures. Desiccation cracks 
locally occur. Shallow-water deposition, with some moderate current activity, 
accounts for much of the succession, with intermittent periods of exposure (Fig. 2).

3.  original Mineralogy and diagenesis of Krol d Member oolites

3.1.  OOIDS AND COATED GRAINS

Ooids in the Krol D Member are mostly spheroidal to ellipsoidal grains of dia-
meter 0.1–0.4 mm (see Figs. 6, 7, 8). The majority are simple (an extremely thin or 
single cortical layer) to normal (a thicker cortex with several growth zones) ooids 
with a nucleus. However, some ooids do not seem to have a nucleus, at least in 
the plane of section. Compound (or composite) ooids, larger grains consisting of 
several smaller ooids enclosed by cortex, are rare.
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3.2.  ORIGINAL MINERALOGy OF GRAINS

The preservation of  original detail in the Krol ooids is generally good, although 
the whole rock in all cases is composed of  dolomite. The ooids are of  several 
types: (a) wholly composed of  micritic–microsparitic dolomite with a vague 
concentric lamination; (b) a cortex of micritic–microsparitic laminated dolomite 
around a coarse sparry dolomite nucleus; (c) as (b) but with an empty pore where 
the nucleus would have been; (d) a cortex of micrite–microsparite with a cortical 
layer of clear sparry dolomite or porosity. The nuclei consist of intraclasts, rectan-
gular to rounded in section. Some ooids show the effects of compaction (see later) 
generating duck-like features or elephantine structures, as a result of dissolution 
of the nucleus or cortical layers (Fig. 6).

The CL of the ooids invariably shows non-luminescence for the ooid cortex, 
which is composed of dark micritic–microsparitic dolomite. Sparry dolomite 
crystals in the nucleus or in sparry cortical layers mostly have a dull (red) lumi-
nescence. However, within the central part of the nucleus area, there may be 
bright red growth zones.

3.3.  INTERPRETATION

The structure of the ooids with micritic–microsparitic dolomite cortices and clear, 
coarse dolomite crystals forming the nuclei suggests different original mineralo-
gies for the cortex and nucleus. Most likely would be that the cortex was origi-
nally composed of high-Mg calcite, since this is commonly replaced by dolomite 
with good textural preservation (Tucker, 2001). The cortex may well have had a 
micritic texture originally too, possibly from microbial micritisation (see below), 
and this then would have aided the dolomitisation by providing numerous nucle-
ation points for dolomite crystal growth (Tucker, 2001). The coarse grey to white 
sparry dolomite crystals occurring in the ooids’ centres are a replacement of the 
original nucleus. The CL evidence for inward growth suggests nucleation upon 
already-formed dolomite crystals within the cortex, with these dolomite crystals 
first replacing the nucleus carbonate (grey crystals – the colour due to retained 
impurities) and then dolomite being precipitated directly in the centre of the 
ooids, effectively as a cement, rather than a replacement, as the nucleus carbonate 
had dissolved away by this stage. It is difficult to say what the nuclei were origi-
nally, since their structure has gone, but some form of aragonitic intraclast is most 
likely. The presence of collapsed and compacted ooids (see below) supports this 
interpretation, and one is reminded of compacted bivalve shells preserved though 
the presence of micrite envelopes, which are so common in Phanerozoic lime-
stones. Ooids with a sparry carbonate layer as part of the cortex are interpreted as 
originally bi-mineralic ooids. It is likely that they consisted of alternating high-Mg 
calcite and aragonite layers originally. Such ooids have been described from Late 
Precambrian carbonate strata before (Tucker, 1984, 1992). The presence of col-
lapsed and compacted ooids (see below) supports this interpretation.
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4.  diagenesis

4.1.  MICRITE ENVELOPES AND MICRITISATION

Many of the grains in the Krol D are composed of micritic carbonate (ooids, 
peloids, microbial clots), and although some of this may have been precipitated 
as micrite, there is also the possibility that microbial micritisation has taken place. 
This could be the case with the ooids, which may have had coarser crystals, even 
radial ones, originally, although evidence for this was not seen. However, some of 
the larger coated grains do have thin dark zones on the outer margins of the grains 
(Fig. 8). In a Phanerozic limestone, these would be attributed to microbial micriti-
sation. Sea-floor recrystallisation/neomorphism to give micrite is also a possibility 
(Reid and Macintyre, 1998).

4.2.  MARINE CEMENTS

The Krol D member dolomites contain abundant evidence for marine cementa-
tion as the first diagenetic stage. Fibrous carbonate fringes and crusts up to several 
mm even a cm thick occur upon and within stromatolites, and also around ooids. 
Fenestrae within the granular-micritic sediment of stromatolitic facies are lined 
by isopachous fibrous carbonate (Fig. 9b). Fragments of the fibrous carbonate 
crusts occur within the sediment too, as intraclasts (Fig. 10), broken off  through 
erosion or possibly desiccation.

Two types of fibrous crust are evident. One consists of elongate columnar 
crystals with a well-defined growth lamination (Fig. 10). Some of the fibrous crust 
layers are darker than others, as if  they contain disseminated micritic carbonate or 
even clay. Under CL, the darker, probably more clayey fibrous crusts are brightly 
luminescent, often with the lamination showing clearly as varying CL colours. 
Along some laminae, there are variations too, dark and light zones; the brighter 
CL areas are probably areas of recrystallisation/replacement. Some clearer fibrous 
dolomite crusts are often non-luminescent. Also with well-developed fibrous to 
acicular crystals are brown isopachous cement fringes around grains, which are 
overlain syntaxially by cavity filling sparry dolomite (Figs. 11, 12).

A second type of cement crust is less clearly fibrous, but does show a vague 
growth lamination. This occurs around coated grains and under CL has a mottled 
to dull luminescence.

Isopachous cement fringes of micrite, a few tens of microns thick, also occur 
around fenestrae and microbial grains (Figs. 3, 9b). There is also a suggestion in 
some oolites that micritic cements precipitated at grain contacts in meniscus-type 
geometry, indicating a vadose diagenetic environment. Micrite may coat several 
grains indicating a post-depositional origin; these fringes may be asymmetric.

These fibrous and micritic cements are likely of marine origin. They are the 
first cement generation, so clearly precipitated early. Although now dolomite, the 
well-developed fibrous cements were probably originally high-Mg calcite. There is 
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no evidence of major dissolution as would be expected if  the cement was originally 
composed of aragonite. Similar cement crusts are well described from French 
Polynesia by Aissaoui (1988), also in high-Mg calcite. The second type of marine 
crust, less clearly fibrous, may well have been aragonite originally. The dolomite 
it now consists of is showing a more replacement, sparry texture.

Dissolution of carbonate did take place as indicated by dolomite cement 
crystals filling cavities once occupied by the ooid nuclei and the compacted ooids 
with the curious “elephantine” and “duck” structures formed as a result of dis-
solution during compaction (Fig. 6). These deformed ooids occur along thin 
zones and are related to the development of pressure dissolution seams.

There is some evidence of minor dissolution or etching around grains while 
in the marine environment. The outer margin of some cement layers is often very 
irregular and pitted before the succeeding micrite cement (Fig. 11).

During shallow to deep burial diagenesis, dolomite cement was precipitated 
in remaining cavities. It occurs within fenestrae, and in the intergranular porosity 
of oolitic and microbial-clot grainstones. This dolomite displays growth zones 
under CL, and in some cases a non-luminescent to bright to dull luminescence is 
recorded. This pattern is similar to that known for calcite precipitated during 
burial and linked to changing redox conditions of porewater as organic matter 
decomposed and Mn and Fe were made available (Tucker and Wright, 1990).

Some dolomites are composed of a coarser, microsparry dolomite mosaic 
with crystals ranging from several 10s to 100 mm in diameter. These crystals have 
a greyish appearance and a drusy texture is not apparent. They have a dull lumi-
nescence, with local bright patches. These dolomites could be the result of 

figure 11. Cavity filled with fibrous carbonate and sparry dolomite cement under PPL (left) and CL 
(right). Fields of view 7 x 5 mm.
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replacement of CaCO3 but an origin through recrystallisation of earlier dolomite 
is also possible.

Dolomite rhombs on a scale of a few 10s to several 100 mm also occur within 
the Krol carbonates. They are scattered throughout the sediment of some facies, 
with larger rhombs occurring within the centres of cavities. CL shows an early 
dull luminescence and later bright zones. These dolomites are growing within the 
earlier-formed micritic dolomite and so are replacements.

There are fractures and veins of dolomite cutting through the rocks. These 
are usually filled with brightly luminescing dolomite, and in some cases the vein 
dolomite connects with the later generations of dolomite cements occurring 
within cavities. This arrangement suggests that the later phases of burial dolomite 
cement are related to fracturing (Fig. 13).

5.  Krol dolomitisation and dolomite Precipitation

The Krol D is a typical Precambrian carbonate: the rock is totally dolomite, the 
preservation of the fabrics is generally good and the formation contains abundant 
microbial structures in the form of stromatolites and grains, which could be of 
microbial origin (peloids, microphytolites). The contrast of Precambrian dolo-
mites with many Phanerozoic dolomites in terms of original textural preserva-
tion has led to speculations that the Precambrian was different in some way (see 
review in Tucker and Wright, 1990). The features of the dolomite described here 

figure 12. Cavity filled with fibrous carbonate and sparry dolomite cement under PPL (left) and CL 
(right). Note that most of the fibrous cement is non-luminescent, then the outer part is bright, followed 
by dull sparry dolomite cement, and finally the cavity is filled by bright dolomite spar. Fields of view 
7 x 5 mm.
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are interpreted in terms of very early dolomitisation of the sediment, whether it 
be lime mud or micritic grains, and of the marine cements. The textures would 
suggest that originally fine-grained carbonate was replaced by fine dolomite, 
and that coarse, fibrous, high-Mg calcite cements were replaced by dolomite too, 
faithfully preserving the original fabrics of the crystals. This is known from other 
Precambrian dolomites of course (e.g., the Beck Spring, Tucker, 1983). There is 
some evidence too of aragonite being present, in intraclasts, ooid nuclei, ooid 
cortical layers and as a cement; this was replaced by dolomite with coarse crystals 
or dissolved out and the voids filled by dolomite cement.

It would appear that there was some aragonite in the original Krol D sediments, 
in intraclasts, forming the nuclei to some ooids, and rarely occurring in cortical lay-
ers of ooids. This aragonite suffered dissolution, and then dolomite cement was 
precipitated in the moulds. There is some evidence of aragonite cement too.

During later diagenesis, dolomite continued to be precipitated but now as the 
main cement, filling pore spaces with drusy equant dolomite crystals with well-
defined growth zones, in the same way that calcite does in a typical Phanerozoic 
limestone.

So there are two issues: how was the dolomite precipitated in the first place, 
and why did it continue to be precipitated into burial diagenesis. Two factors are 
immediately implicated: microbial processes and seawater chemistry.

It is generally agreed that dolomite will not precipitate all by itself, directly 
from seawater; some help is required. In recent years, a lot of evidence has been 

figure 13. Cavity filled with fibrous carbonate and sparry dolomite cement under PPL (left) and CL 
(right). Note the fracture filled with same colour luminescing cement as sparry dolomite in centre of 
cavity. Fields of view 7 x 5 mm.
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assembled implicating microbes as having a hand in dolomite precipitation. It has 
been shown by several authors (e.g., Van Lith et al., 2003; Vasconcelos et al., 
2006) that during the degradation of microbes, Mg-rich calcite may be precipi-
tated and this may lead to dolomite precipitation too, notably within the extracel-
lular polymeric substance (EPS, mucus) generated by the bacteria. Indeed a 
model has been presented by Mastandrea et al. (2006) for microbial dolomitisa-
tion and dolomite precipitation in the Dolomia Principale (Triassic, Italy), a 
100% dolomitised platform carbonate with excellent preservation of original tex-
tures, just like a Precambrian dolomite. Taking this further, Perri and Tucker 
(2007) reported the discovery of mineralised bacteria and EPS in stromatolites of 
the Dolomia Principale, providing evidence for a microbial origin of the dolo-
mite. There is abundant evidence for microbes in the Krol D member; indeed, 
they were ubiquitous. Thus, it is extremely likely that these organisms provided 
the micro-geochemical environment for the early precipitation of dolomite and 
dolomite replacement of the pre-existing dominantly high-Mg calcite sediment of 
lime mud, stromatolites, microbial clots, peloids and ooids.

Another factor that may have contributed to the very early dolomitisation 
in the Krol D, and also the majority of other Precambrian dolomites, is seawater 
chemistry. It is well known that two factors therein promote dolomite precipita-
tion: a higher Mg/Ca ratio and a lower SO4 content (Tucker and Wright, 1990), 
and indeed, in the Precambrian the Mg/Ca ratio was higher and the SO4 content 
was lower, than they were during much of the Phanerozoic (Tucker, 1992; Hardie, 
1996, 2003; Schlager, 2005). Therefore, seawater chemistry in the Precambrian 
would also have promoted dolomite precipitation. It is worth noting here that 
during the Permian and Triassic, when dolomites are also common and many are 
fabric retentive like the Precambrian ones (e.g., Tucker and Marshall, 2004; Perri 
and Tucker, 2007), the Mg/Ca ratio of seawater was also high (Hardie, 1996, 
2003). But the micritic early dolomite in the Krol D Member is often a small 
proportion of the dolomite rock as a whole. There are the replaced marine, prob-
ably high-Mg calcite cements, and all the later cavity-filling dolomite cements too. 
Although the identification of dolomitised bacteria in microbialites (Perri and 
Tucker, 2007) may implicate microbes in the syn-sedimentary precipitation of the 
dolomite, an explanation is still required for all the other dolomite. The precipita-
tion of later diagenetic dolomite spar cement in wholly dolomitic carbonate suc-
cessions, in an analogous manner to calcite spar cement in non-dolomitic 
carbonate formations, may indicate some chemical differences of the formation 
fluids. As noted earlier, seawater was certainly different in the Precambrian, and 
thus one would expect burial fluids to have also had a higher Mg/Ca ratio and 
lower SO4, since they are commonly derived from seawater, so that burial dolo-
mite cementation would be favoured over calcite cementation. The abundance of 
microbes within the sediment may have helped too with the burial precipitation. 
One further likely factor promoting dolomite cementation during burial is the 
presence of the early dolomite, which would have provided nuclei and substrates 
for continued dolomite precipitation.
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6.  Carbon isotope Chemostratigraphy of the Ediacaran Krol Carbonates

Carbon isotope stratigraphies of Proterozoic and Early Cambrian sequences have 
been established in recent years from different parts of the world. For example, 
Siberian platform (Magaritz et al., 1986; Knoll et al., 1995), Morocco (Tucker, 
1986), Greenland-Spitsbergan (Fairchild and Spiro, 1987), China (Hsu et al., 
1985; Shen and Schidlowski 2000; Lambert et al., 1987; Brasier et al., 1992), 
Krol-Tal sequence of the Lesser Himalaya (Aharon et al., 1987; Tewari, 1991, 
1998a, b, 2007; Kumar and Tewari, 1995; Brasier et al., 1992; Kaufman and Knoll 
(1995); Kaufman et al., 2006; Tewari and Sial, 2007), Iran (Brasier et al., 1990), 
Namibia (Kaufman et al., 1991) and from Brazil (Santos et al., 2000). Analysis of 
global Proterozoic and Cambrian boundary sequences by Ripperdan (1994) sug-
gest that all these localities preserve the secular variations in the carbon isotope 
composition of the global ocean system. The carbon isotope excursions across 
the Precambrian and Cambrian boundary have been interpreted to explain evo-
lutionary diversification and extinction events, palaeoenvironmental and palaeo-
oceanic conditions, changes in sea water chemistry, extraterrestrial impacts and to 
establish chemostratigraphy (Aharon et al., 1986; Brasier, 1992 and the references 
therein). Tucker (1996) also attempted to explain the role of the formation of 
rifted basins and passive continental margin in the late Precambrian-Cambrian 
transition on ocean circulation and the carbon affecting the isotopic composition 
of seawater.

d13C chemostratigraphic data for the Tehri and Pauri Garhwal areas of the 
Uttarakhand Lesser Himalaya, India have been recorded. A composite d13C profile 
for the Krol Formation (Ediacaran System) was prepared based on new data from 
the Kauriyala and Rikhnikhal sections of the Garhwal syncline (Fig. 14) and previ-
ously published d13C data from Mussoorie syncline (Tewari, 2007) have been com-
pared. The Lower Krol Formation is composed of shaly limestone and characterized 
by Vendotaenids. d13C values rise to +4.93‰ PDB in the overlying Krol C dolomite 
in Rikhnikhal area, which rise to +6‰ PDB in the Mussoorie syncline. Two carbon 
isotope trends can be recognized in the Upper Krol dolomite of the Kauriyala sec-
tion of the Garhwal syncline. A shift from negative to positive values within the Krol 
E carbonate just below the Krol–Tal contact indicates a period of oxygen deficient 
bottom waters and an enrichment of  13C in the shallow water carbonate basin. 
A marked positive excursion in the upper part of the Krol (+2.5‰) and sharp decline 
to (−4‰) in the phosphatic dolomite is very characteristic. The d13C carb and d18O 
curves show excellent co-variance suggesting extensive alteration and modification of 
the primary isotopic signals (Fig. 14). The Upper Krol carbonates are cherty, and, so 
oolitic, stromatolitic-oncolitic and zebra fabric is well developed. Krol D/E Member 
has yielded well-preserved Ediacaran medusoids and frondose forms in the upper 
silty layers (Tewari, 1989, 1990, 1996, 2004; Mathur and Shanker, 1989; Maithy and 
Kumar, 2007; Shanker et al., 1997; Kumar et al., 1997). In the northeastern Lesser 
Himalaya, the positive shift in the carbon isotope values of the Buxa Dolomite is also 
correlated with the Ediacaran carbonate sediments (Tewari, 2003, 2007; Tewari and 
Sial, 2007). A negative excursion has been recorded (d13C −10.52‰ PDB) just 
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below the Ediacaran-Lower Cambrian boundary. The Ediacaran C-isotope stratig-
raphy of the Krol Formation (Krolian) of the Lesser Himalaya is identical to the 
Doushantuo, Lower Dengying and Upper Dengying Formations of South China. 
The palaeogeographic reconstruction of the palaeo-continents suggests that around 
650–540 Ma, Lesser Himalaya and South China were very close to each other.

7.  discussions and Conclusion

The Krol Formation is Ediacaran (Terminal Neoproterozoic) with dominantly 
microbial carbonate facies. It is well developed in the Lesser Himalayan Krol belt 
extending from the Solan in the Himachal to the Nainital in Uttarakhand Lesser 

figure 14. Carbon and oxygen isotope chemostratigraphy of the Ediacaran Krol carbonates, Lesser 
Himalaya, India.
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Himalaya. Upper Krol contains Ediacaran metazoan fossils and abundant microbial 
structures in the form of columnar, domal and stratified stromatolites. Peloids, 
oncoids and microphytolites are also microbially formed structures. Carbonate 
grainstones and packstones are common in the Upper Krol, and the allochemical 
constituents are intraclasts, ooids, coated grains, peloids, microbial grains and 
catagraphs. Sedimentary structures present in the non-stromatolitic Krol carbon-
ates include bird’s eyes, cross bedding, symmetrical ripples and shallow chan-
nel structures. Mud cracks are also present. An intertidal to supratidal (shallow 
water) depositional environment with some moderate currents and intermittent 
periods of  exposure has been suggested for the Krol D Member of  the Lesser 
Himalaya.

Petrography and cathodoluminescence of Krol carbonates show wide varia-
tions in texture. Intraclasts are rectangular in section and composed of coarse 
dolomite crystals. CL shows that these have growth zones. Peloidal structures are 
composed entirely of micrite. Ooids in the Krol D Member are mostly spheroidal 
to ellipsoidal grains and range in diameter from 0.1 to 0.4 mm. Composite ooids 
are larger grains and consist of smaller ooids. The CL of the ooids shows non-
luminescence. The diagenetic history of the Krol D ooids and intraclasts suggests 
that many of these grains may have precipitated as micrite and possibly microbial 
micritization has taken place. The Krol D dolomite shows abundant evidence of 
marine cementation as the first diagenetic stage. A common type of cement is 
fibrous crust. Under CL the fibrous crusts are brightly luminescent. These fibrous 
and micritic cements are of shallow marine origin. The bright luminescent stro-
matolitic laminae are observed (Fig. 9).

The diagenetic textures suggest that originally fine-grained carbonate was 
replaced by fine dolomite and that coarse fibrous high Mg calcite cements were 
replaced by dolomite too, preserving the original fabrics of the crystals. Terminal 
Neoproterozoic sea water chemistry must have contributed to the dolomitization 
in the Krol D. d13C chemostratigraphic data for the Mussoorie, Tehri and Pauri 
Garhwal areas of the Uttarakhand Lesser Himalaya, India has been compared. 
A composite d13C profile for the Krol Formation (Ediacaran System) from the 
Kauriyala Rikhnikhal and Luxmanjhula sections of the Garhwal syncline  
(Fig. 14) substantiates previously from the Mussoorie syncline (Tewari, 1991, 
2007; Tewari and Kumar, 1995; Tewari and Sial, 2007). The Blaini diamictites are 
well developed in both sections representing the Neoproterozoic glacial 
Marinoan/Blainian event. The Blaini pink cap microbial carbonate shows a nega-
tive d13C excursion characteristic of cap carbonates globally. At the Luxmanjhula 
section, near Rishikesh, the d13C values for a stromatolitic pink cap limestone of 
the Cryogenian Blaini Formation varies from −1.73 to −1.86 ‰ PDB. Oxygen 
isotopes range from −9.13 to −11.63‰ PDB in carbonates. The Lower Krol 
Formation is composed of shaly limestone and marl. d13C values rise to +4.93‰ 
PDB in the overlying Krol C dolomite in Rikhnikhal area, which rise to +6‰ 
PDB in the Mussoorie syncline. The Upper Krol carbonates are cherty, oolitic 
and stromatolitic-oncolitic, and zebra fabric is well developed. Krol D/E Member 
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has yielded well-preserved Ediacaran medusoids and frondose forms in the upper 
silty layers.

A negative excursion has been recorded (d13C −10.52‰ PDB) just below the 
Ediacaran-Lower Cambrian boundary. The Ediacaran C-isotope stratigraphy of 
the Krol Formation (Krolian) of the Lesser Himalaya is identical to the 
Doushantuo, Lower Dengying and Upper Dengying Formations of  South 
China and also comparable with the global data (Tewari, 2008, 2009). The 
palaeogeographic reconstruction of the palaeo-continents suggests that around 
650–540 Ma, Lesser Himalaya and South China were very close to each other. 
The published a paleogeographic and palaeomagnetic data during this period 
show strong evidence for the existence and breakup of the Rodinia Supercontinent 
followed by the Pan African/Pan Indian orogenic event, which assembled the 
Gondwana Supercontinent.
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Abstract A suite of deeper-water hiatal (DWH) stromatolites has been identified 
in the phosphatic and glauconitic sediments of Aptian to Cenomanian age in the 
alpine Helvetic thrust-and-fold belt, which represents the former northern Tethyan 
margin. The most important occurrences date from the latest Early to Late  
Aptian, the late Early to early middle Albian, and the Early Cenomanian. They 
are invariably associated with condensed phosphatic beds and occur preferentially 
on top of hardgrounds or on reworked pebbles and fossils. The zone of optimal 
stromatolite growth and preservation coincides with the zone of maximal sedi-
mentary condensation, in the deeper parts of phosphogenic areas. The DWH stro-
matolites show variable morphologies, ranging from isolated laminae (“films”) to 
internally laminated columns and crusts. They reach thicknesses of maximal 10 cm 
and are either preserved in phosphate or micrite. In the latter case, they may show 
peripheral impregnations of phosphate or iron oxyhydroxides. The quasi-complete 
lack of macroscopic sessile organisms suggests that the DWH stromatolites grew 
close to the upper boundary of an oxygen-minimum zone. Electron-scanning 
microscopic images show that the Early Cenomanian examples preserved in micrite 
consist of filamentous structures, which form spaghetti-like assemblages. They are 
interpreted as the remains of poikiloaerobic, heterotrophic microbes.

Coeval DWH stromatolites are known from the entire European segment of 
the northern Tethyan margin, and shallow-water counterparts are commonplace 
on Tethyan carbonate platforms. This indicates that, in general, paleoceano-
graphic and paleoenvironmental conditions were appropriate for stromatolite 
growth and preservation. The here-described DWH stromatolites proliferated 
especially in time windows, which followed upon the oceanic anoxic periods OAE 
1a (Early Aptian), 1b (latest Aptian and earliest Albian), and 1d (latest Albian). 
They may represent pioneer ecosystems, which thrived during the recovery phases 
following the “mid”-Cretaceous OAEs.

Keywords Stromatolites • Phosphates • Aptian • Albian • Cenomanian • Northern 
Tethyan Margin • Upwelling • Helvetic Alps • Benthic foraminifera
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1.  introduction

Stromatolites of deeper-water, aphotic origin are less commonly preserved in the 
sedimentary record than their shallow-water counterparts. Phanerozoic examples 
are often associated with omission surfaces, hardgrounds, and/or condensed 
sediments and have been fossilized by authigenic mineralization processes such 
as the precipitation of iron and manganese oxyhydroxides or phosphates (e.g., 
Krajewski, 1981, 1984; Krajewski et al., 1994, 2000; Böhm and Brachert, 1993; 
Martín-Algarra and Vera, 1994; Vera and Martín-Algarra, 1994; Martín-Algarra 
and Sánchez-Navas, 1995, 2000; George, 1999; Zanin et al., 2003). This combi-
nation of sedimentological and mineralogical characteristics places the forma-
tion and preservation of the so-called deeper-water hiatal (DWH) stromatolites 
in a context of current-dominated sedimentary regimes in outer-shelf, slope, 
and basinal environments on the one hand and in isolated, drowned, banktop 
environments on the other. A further, often invoked condition to preserve DWH 
stromatolites are low-oxygen levels in bottom waters, which are as such devoid 
of microbial-mat predating organisms; however, in some cases, rapid burial and 
biomineralization may provide an alternative and/or complementary mechanism 
of stromatolite preservation (e.g., Brett and Seilacher, 1991; Föllmi, 1989, 1996). 
Effectively, the occurrence of modern DWH microbial mats has been established 
in upwelling regimes with well-developed oxygen-minimum zones, notably along 
the coast of Peru and Chile (e.g., Gallardo, 1977; Williams and reimers, 1983; 
Schulz et al., 1996; Arning et al., 2008).

An exceptionally well-preserved suite of DWH stromatolites or microbial-
ites (Delamette, 1990) has been documented in phosphate- and glauconite-rich 
sediments of “mid”-Cretaceous age on the former northern Tethyan margin, 
which is presently locked up in the Helvetic thrust-and-fold belt of the central 
European Alps (“Grès verts helvétiques”; Delamette, 1981, 1985, 1988a, b, 1990, 
1994; Delamette et al., 1997; “Garschella Formation”; Föllmi and Ouwehand, 
1987; Föllmi, 1986, 1989, 1990; Ouwehand, 1987) (Figs. 1 and 2). They occur in 
different stratigraphic levels of Aptian, Albian, and Cenomanian age and are 
either phosphatic or preserved in micrite of pelagic origin. In this contribution, 
we provide a review of these occurrences and reconstruct the paleoceanographic 
and paleoenvironmental conditions leading to their preservation.

2.  Occurrences in Austria (Vorarlberg)

Sediments of the Garschella Formation in the Helvetic Alps of Vorarlberg (western 
Austria) contain well-preserved DWH stromatolites in different lithostratigraphic 
units (Figs. 1 and 2; Föllmi, 1986, 1989). They are all associated with the occur-
rence of highly condensed phosphatic beds and are either fossilized in micrite or 
in phosphatized form.
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2.1.  APTIAN

The oldest DWH stromatolites are documented from highly condensed phos-
phatic sediments of latest Early to middle Late Aptian age (Luitere Bed; furcata 
to nolani Zones). They are restricted to distal occurrences, often in association 
with micritic, Hedbergella-containing carbonates present within the phosphatic 
sediments. Different associations related to different facies types are known.  
A first and frequently occurring association is in the form of mm-thin, phosphatic 
laminar stromatolites in phosphatic crusts and nodular layers (Fig. 3; e.g., Unter-
Wäldle Alp near the Dornbirner Ache). The stromatolites occur attached to the 
phosphatic crusts or phosphatic nodules or to lithoclasts derived from the subja-
cent Urgonian Schrattenkalk Formation.

A second association occurs only locally: the stromatolites are preserved as 
columnar forms with a height of several cms, which are restricted to the infills of 
micritic, Hedbergella-containing carbonate in local pockets and fissures on top of 
the Urgonian Schrattenkalk Formation (Fig. 3a; Quarry Nofels, Schellenberg). 
The margins of  the pockets and fissures are phosphatized, whereas the stroma-
tolites themselves are conserved in micrite (Fig. 3a). They frequently include 
encrusting, agglutinated foraminifera (Placopsilina sp.).

Figure 1. Simplified tectonic map of Switzerland and neighbor regions, with indication of the areas 
within the Helvetic thrust-and-fold belt, in which “mid”-Cretaceous DWH stromatolites have been 
discovered. (A) Haute Savoie (Delamette, 1981, 1985, 1988a, b, 1990, 1994; Delamette et al., 1997);  
(B) Col de la Plaine Morte (Gainon, 2001; Föllmi and Gainon, 2008); (C) Churfirsten-Säntis (Ouwehand, 
1987); and (D) Vorarlberg (Föllmi, 1986, 1989, 1990).
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2.2.  APTIAN–ALBIAN BOUNDAry INTErVAL

Sporadic phosphatic stromatolite fragments occur attached to reworked and trans-
ported pebbles within a phosphatic resediment (Klaus Beds; latest Aptian to earliest 
Albian in age: jacobi to tardefurcata Zones: Dornbirner Ache, E of Ebnit).

Figure 2. Highly simplified compilation of “mid”-Cretaceous stratigraphy of the Alpine Helvetic zone, 
with indication of the lithostratigraphic unit names in the germanophone Alps and their approximate 
equivalents in the francophone Alps. To the right, all stratigraphic levels are shown in which DWH 
stromatolites were identified. The most important ones are marked by larger stromatolite symbols. The 
whole-rock d13C curve is after Herrle et al. (2004) for the Aptian, Erbacher et al. (1996) and de Azevedo 
and rodrigues (2000) for the Albian, and Jarvis et al. (2006) for the Cenomanian and Early Turonian. 
The eustatic sea-level curve is from Haq et al. (1987). The compilation of organic-rich intervals in the 
Vocontian Basin is from Bréhéret (1997).

164



APTIAN TO CENOMANIAN DEEPEr-WATEr HIATAL STrOMATOLITES

2.3.  ALBIAN

A well-preserved occurrence of macroscopic stromatolites is observed on top of the 
Urgonian Schrattenkalk Formation in the quarry of Unter-Klien, in a succession 
of sediments attributed to the Hohenems Nappe (Wyssling, 1986). The stromato-
lites are phosphatic, columnar, up to 10 cm high, and associated with a nodular 

Figure 3. Occurrences of DWH stromatolites in the Luitere Bed (late Early to early Late Aptian) 
in Vorarlberg: (a) Thin-section photo of columnar stromatolites in a Hedbergella-bearing micritic 
infill (m) of a depression on top of the Urgonian Schrattenkalk Formation (u). The stromatolites 
are columnar and preserved in micrite; the top surface of the Urgonian limestone is bored (b) and 
peripherically partly phosphatized (p) (Nofels, Schellenberg); (b) Thin-section photo of phosphatic 
stromatolites (s) and sediment (se) within a phosphatic crust, enveloped by phosphatic laminations. 
Voids in the phosphatic crust are filled with partly phosphatized micrite (m), which contains bored 
fragments of brachiopod (br) and bivalve (bi) shells. From Föllmi (1986, 1989).
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phosphatic layer at the base of sediments of the Garschella Formation (Fig. 4a). 
They are attached to the top surface of the Urgonian Schrattenkalk Formation, 
or on pebbles of the same formation, which are reworked into the phosphoritic 
layer. The basal phosphorite layer is dated from the late Middle Albian (Föllmi, 
1986). The stromatolites show different orientations, which are probably related 
to the rotation of the pebbles during stromatolite growth (Fig. 4a). Agglutinating 

Figure 4. Occurrences of DWH stromatolites in a phosphatic bed on top of the Urgonian Schrat-
tenkalk Formation, which is considered as a proximal equivalent of the Sellamatt Beds (late Middle 
Aptian) in Unterklien, Vorarlberg: (a) Slabbed sample showing phosphatic stromatolites attached to 
pebbles of Urgonian limestone (u). The colony on the left side of  the image was tilted during stromato-
lite growth. The generation of stromatolites on top cover previous generations with an internally lami-
nated layer (ll) without columns; (b) Thin-section photo of the same bed and locality showing parts of 
a phosphatized stromatolite covering a fine-grained glauconitic sandstone. The wrinkled stromatolite 
laminae are colonized by agglutinating benthic foraminifera (Placopsilina sp.: p). The particle in the 
upper part is a phosphatized clast (pc). From Föllmi (1986, 1989).
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benthic foraminifera are frequently observed in the stromatolite laminations 
(Placopsilina sp.; Fig. 4b).

Further stromatolites are known from distal occurrences of  the Albian 
phosphatic Plattenwald Bed, where they are present in the form of up to several 
cm thick phosphatic, laminated mats on top of the phosphorite bed (Fig. 5a–b; 

Figure 5. Occurrences of DWH stromatolites in the Plattenwald Bed (Albian) and on top of the Aubrig 
Beds (equivalent of the Kamm Bed; Early Cenomanian) in Vorarlberg: (a) Phosphatic stromatolite on top 
of a phosphatic crust (c) in the Plattenwald Bed (not younger than late Early Albian: Grosser Wald NW 
Vorder Schaner Alp); (b) Thin-section photo of a partly massive and partly crudely laminated, phosphatic 
stromatolite attached to a phosphate nodule-rich in quartz grains (probably Early Albian in age; W Ebnit); 
(c and d) Lower and upper side of a phosphatized ammonite mould (Hypacanthoplites) and a negative cast 
of another ammonite attached on the left side. The upper side shows a flat, eroded surface, covered by an 
irregular layer of phosphatic columnar stromatolites (S Simonsbach, SW Klaus); (e) Nodular top surface 
of the Aubrig Beds at Müselbach, with partly detached, peripherically phosphatized pebbles, which are 
bored and enveloped by stromatolites preserved in micrite (s; identical with the micrite of the overlying 
Seewen Formation); (f) Slabbed sample of the top surface of the Aubrig Beds at Müselbach showing two 
clasts of the Aubrig Beds, which are encrusted by micritic stromatolites. A belemnite is preserved in the 
left part (b). All images from Föllmi (1986, 1989), with the exception of (e).
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e.g., in the area of Grosser Wald, NW of Schaner Alp) or on top of individual fossils 
and pebbles (Fig. 5c–d; Simonsbach, SW Klaus). Since the youngest phosphatic 
fossils in this area are not younger than late Early Albian, these occurrences are 
dated as Early Albian. They are also present in the form of up to 10 cm thick 
micritic and peripherically slightly phosphatized stromatolites, which are attached 
to pebbles and cobbles accumulated in former caves within the phosphatic 
Plattenwald bed, which are now filled in with micrite. The origin of these caves has 
been associated with the excavation of nonlithified sediments underneath phos-
phatic crusts by current activities (Föllmi, 1986, 1989). The micritic infill is as 
dated as Late Albian, based on the occurrence of planktonic foraminifera 
(Dornbirner Ache, Gunzmoos Alp, Simonsbach, E Feldkirch; Föllmi, 1986).

2.4.  CENOMANIAN

Cm-thick, micritic stromatolitic crusts are found in fissures on top of a sandy, 
glauconitic, nodular limestone (Aubrig Beds in the Muselbach region; Fig. 5e, f). 
The micrite is rich in planktonic foraminifera and calcispheres and is identical 
with the micrite of the overlying Seewen Formation. The margins of the nodu-
lar surface are frequently bored and peripherically phosphatized. rare phos-
phatic particles are trapped in the depressions between the nodules. This phase 
of phosphogenesis is correlated with the phosphatic Kamm Bed of more proxi-
mal areas in eastern Switzerland (Ouwehand, 1987). The foraminifera suggest an 
Early Cenomanian age (brotzeni Zone), and a temporal extension into the Middle 
Cenomanian (reicheli Zone) is not excluded (Föllmi, 1986).

3.  Occurrences in eastern Switzerland

3.1.  APTIAN

The oldest occurrence of DWH stromatolites within the Garschella Formation is 
described from the basal phosphatic Luitere Bed of the early Late Aptian age, in 
the eastern part of the Churfirsten region (Figs. 1 and 2; Ouwehand, 1987). They 
occur either as phosphatic stromatolitic fragments (at the Garschella type locality 
and east of Sichelchamm) or as micritic stromatolotoid structures in up to 10 cm 
wide and 5 cm deep depressions on top of the Urgonian Schrattenkalk Formation, 
which are filled in by a Hedbergella-bearing micrite (east of Sichelchamm).

3.2.  ALBIAN

The phosphatic Durschlägi Bed of late Early Albian age contains phosphatic 
stromatolite fragments in the region of the Zwinglipass (Säntis region; Ouwehand, 
1987). A further occurrence of millimetric, phosphatic (and pyritized) stromato-
lite fragments was documented from the Albian phosphatic Plattenwald Bed in 
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the region SW of Buchs (rhine valley; Ouwehand, 1987). The basal phosphatic 
bed of  the Garschella Formation near Säntis (Tierwis) also includes debris of 
phosphatic stromatolites. The age of this latter bed corresponds to the late Middle 
to early Late Albian (Ouwehand, 1987).

3.3.  CENOMANIAN

An illustrative case of well-preserved stromatolites is known from distal occur-
rences of the partly phosphatic Kamm Bed (Figs. 6 and 7; Ouwehand, 1987). 

Figure 6. Occurrence of DWH stromatolites in the Kamm Bed (Early Cenomanian), Tristencholben 
(a) and Sellamatt (b), Churfirsten area, eastern Switzerland: (a) Large sample showing peripherically 
phosphatized pebbles and cobbles (b) of the subjacent Aubrig Beds, which are colonized by stromato-
lites. The stromatolites are preserved in micrite and show peripherical impregnation by phosphate and 
iron oxyhydroxides. A first generation of stromatolites (1) is composed of well-developed columns, 
which may extend into laminated envelopes covering the lower flanks of the pebbles (s), whereas a 
second generation (2) consists of layered stromatolites. The matrix between the stromatolite-covered 
boulders consists in a pelagic micrite (m); (b) Sample showing the first-generation of columnar stro-
matolites directly on top of peripherically phosphatized pebbles of the Aubrig Beds. Note the upward 
widening of the columns. Compare Ouwehand (1987).
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They form a well distinguishable, up to 9 cm thick layer, which is laterally traced 
along a distance of approximately 10 km in a zone of approximately 6–9 km 
width throughout the Churfirsten region. The stromatolitic crust is composed 
of up to 3 cm broad, widening-upward columns and/or wrinkled and irregularly 
laminated, stratiform crusts (Figs. 6 and 7). They are preserved in micrite and 
may peripherically be impregnated by phosphate and iron oxyhydroxide. Their 
top surface shows small borings. At least two stromatolite generations are vis-
ible, which are distinguished by the different degree of peripheral mineralization 
and as such by color (Fig. 6a). The first-generation consist of columnar stroma-
tolites, which colonize reworked and partly bored nodular clasts in the upper part 
of the Kamm Bed. They cover not only the higher parts of the nodules but appear 

Figure 7. Occurrence of DWH stromatolites in the Kamm Bed (Early Cenomanian), Churfirsten area, 
eastern Switzerland: (a) Bedding plane on top of the Kamm Bed showing isolated, peripherically 
phosphatized nodules of the Aubrig Beds (b) enveloped by a first generation of columnar stromato-
lites (1) followed by a second generation consisting of layered stromatolites (2) (Selun, Churfirsten); 
(b) Slabbed and polished cut parallel to bedding on top of the Kamm Bed with irregularly formed 
stromatolite domes, which are embedded in pelagic micrite (m) (Platten, Churfirsten); (c) Cut-
and-polished surface perpendicular to bedding from the upper part of the Kamm Bed. Irregularly 
laminated stromatolitic columns are attached on pebbles reworked from the underlying Aubrig Beds 
(b). The sediment in between the stromatolites consists of micrite (m) and contains numerous partly 
silicified belemnites (arrows) (Selun); (d) Cut-and-polished surface perpendicular to bedding from the 
upper part of the Kamm Bed. Stromatolites are attached to pebbles reworked from the Aubrig Beds 
(b) and show growth axes, which are inclined in different upward directions (Hinterrugg). All photos 
and descriptions from Ouwehand (1987).
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also in thinner envelopes on the flanks and on lower parts of the nodules (Fig. 6a).  
They themselves are overgrown by a second generation, which forms a laterally con-
tinuous layer (Figs. 6a and 7a). The stromatolites are topped by a hiatal surface, 
which is covered by pelagic carbonates of the Seewen Formation. The pebbly sub-
stratum is dated as appenninica and early brotzeni zones (latest Albian), whereas the 
stromatolites themselves have a brotzeni zone age. The boring infills on top of the 
stromatolites have a reicheli zone age. The sediments of the pelagic Seewen Formation 
covering the stromatolites date from the cushmani zone (Ouwehand, 1987).

4.  Occurrences in Central Switzerland

An occurrence of micritic and slightly phosphatic DWH stromatolites has recently 
been documented from the top of the Plattenwald Bed, in contact with the overly-
ing Seewen Formation in the area of the Col de la Plaine Morte (S of rawil; Fig. 1; 
Gainon, 2001; Föllmi and Gainon, 2008). They occur in association with micrite 
containing planktonic foraminifera of the Late Albian to the Middle Turonian, 
and are covered by pelagic sediments, which date from the Late Turonian (Fig. 8; 
Gainon, 2001). They are well comparable to the ones known from the Kamm Bed 
and their distal equivalents in eastern Switzerland and Vorarlberg.

Scanning-electron microscopy images reveal the presence of well-preserved, 
dense networks of elongated filaments, which are interpreted as the fossilized 
remains of microbes (Fig. 9; Gainon, 2001; Föllmi and Gainon, 2008).

DWH stromatolites have also been reported from different phosphatic beds 
of Albian and Early Cenomanian age at other sites in central Switzerland 
(Ouwehand, 1987); a detailed documentation is, however, still missing.

Figure 8. Occurrence of DWH stromatolites on top of the Plattenwald Bed in the region of Col de la 
Plaine Morte, central Switzerland. The stromatolites are preserved in micrite (m) and locally impreg-
nated by iron oxyhydroxides and are attached to dark phosphatic clasts and fossils. The stromatolites 
form laterally continuous layers (from Gainon, 2001; compare also Föllmi and Gainon, 2008).
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5.  Occurrences in Southeastern France

A detailed documentation of the presence of DWH stromatolites in the “Grès 
Verts Helvétiques” (Helvetic greensands), the western equivalent of the Garschella 
Formation, is given by Delamette (1981, 1988a, 1990, 1994) and Delamette et al. 
(1997) (Fig. 1).

5.1.  APTIAN

The oldest stromatolites observed occur in the form of up to 2 cm thick, irregu-
larly laminated crusts, which envelop parts of the walls of cavity incisions in a 
hardground on top of the “Calcaires Urgoniens” (Urgonian limestone: equivalent 
of the Schrattenkalk Formation) at Aujon (Massif  de Platé, Haute Savoie). They 
are preserved in micrite and associated with serpulids. They are part of the Aujon 
Limestone and date from the early Late Aptian (Fig. 10a; Delamette, 1988a, 1990; 
Delamette et al., 1997).

Figure 9. Occurrence of DWH stromatolites on top of the Plattenwald Bed in the region of Col de 
la Plaine Morte, central Switzerland: (a–d) Electron scanning microscopy images of a sample of the 
stromatolite occurrence shown in Fig. 8. Images (a) and (b) partly overlap and images (c) and (d) are 
magnifications of (a) and (b). All images show a dense network of filamentous corpuscules, which 
are interpreted as fossilized remains of poikiloaerobic, heterotrophic microbes (from Gainon, 2001; 
compare also Föllmi and Gainon, 2008).
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Figure 10. Occurrences of DWH stromatolites of Aptian and Albian age in southeastern France:  
(a) Hardground of early Late Aptian age on top of the “Calcaires Urgoniens” (Ur Lst) showing pockets 
with phosphatized rims (black arrows), bivalve borings (PBB), and stromatolites (1: white arrow), which 
is partly covered by bioclastic sediment (2) (Aujon, Platé Massif); (b–f) Albian stromatolites associated 
with phosphatic sediments (Arberroz phosphatic conglomerate of the Verds Beds) of Early to Middle 
Albian age of the Haute Savoie: (b) Phosphatic stromatolitic crust showing individual domes, which 
covers the bored surface of a sandy limestone on top of the Colombière Sandstone of Late Aptian age 
(Combe aux Puaires, Haut-Giffre Massif); (c and e) Thin-section photos of phosphatic laminae envelop-
ing and separating phosphatized quartz-bearing sediments of the Early Albian age (Verds Beds). Note 
the presence of sessile foraminifera (white arrows) and agglutinated tubes (AT) of uncertain origin (fora-
minifera or bioturbation?) (c: Fenêtres à Grappins, Haut-Giffre Massif; e: Col du Freu, Bornes Massif); 
(d) Phosphatic stromatolitic envelopes (arrows) around bored pebbles (PBB), which were reworked from 
the subjacent Colombière Sandstone of the Late Aptian age (Combe aux Puaires, Haute-Giffre Massif); 
(f) Slabbed sample showing multiple stromatolite generations in Albian phosphatic conglomerate (Verds 
Beds): a sandy stromatolite (1) at the base is covered by dendritic phosphatic stromatolites (“thromb-
olites”: 2), layered phosphatic stromatolites (3), and columnar phosphatic stromatolites (4). Note the 
presence of bivalve borings (BB: Gastrochaenolites), which are infilled by micritic stromatolites (5 with 
black arrow) (Combe aux Puaires, Haute-Giffre Massif). All images from Delamette (1988a, 1990).
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5.2.  ALBIAN

Numerous occurrences are known of phosphatic columnar stromatolites (up to 
8 cm high and 2 cm thick), stromatolite crusts, and isolated stromatolite fragments 
in condensed phosphorite horizons (Fig. 10b–f; Arberroz phosphatic conglomer-
ate of the Verds Beds; Arberroz and Nant d’Orlier: Massif  de Platé; Chérente: 
Chaîne des Aravis; Oddaz and Fenêtres à Grappins: Massif  du Haut-Giffre, all 
in Haute Savoie; Delamette, 1988a, 1990; Delamette et al., 1997). They have been 
dated as late Early to early Middle Albian in age. A lateral facies evolution from 
planar stromatolites to columnar stromatolites, phosphatic stromatolitic enve-
lopes on reworked clasts of the underlying limestone, and glauconitic sandstone 
without stromatolites is observed (Fig. 11).

5.3.  CENOMANIAN

Impressive occurrences of Cenomanian DWH stromatolites have been docu-
mented from numerous localities in the Haut Giffre, Platé, Bornes-Aravis, and 
Bauges Massifs of Haute Savoie (Freu Beds; Delamette, 1981, 1988a, 1990; 
Delamette et al., 1997). They are generally preserved in pelagic micrite and are 
partly phosphatic or impregnated by iron oxyhydroxides. They form up to 10 cm 
thick crusts, which envelop peripherically phosphatized sediment pebbles or fos-
sils (e.g., ammonites; Figs. 12a and 13) and which may laterally pinch out by sub- 
and superjacent discontinuity surfaces (Fig. 10b). At least two generations have 
been identified, which may be separated by angular discontinuities (Figs. 12a and 
13). The first generation is often formed of colonies of columnar stromatolites, 
whereas the second generation is more often part of laterally continuous crusts 
(Figs. 12a, c and 13).

Figure 11. Lateral evolution of Albian stromatolites observed in the Haute Savoie, southeastern France.
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Figure 12. Occurrences of DWH stromatolites in the Freu Beds of Early to Middle Cenomanian age: 
(a) Stromatolitic envelopes (“oncoids”) around phosphatized ammonite remains (rochers des Fiz, 
Platé Massif): a first generation of columnar stromatolites is covered by a second generation of planar 
stromatolites (see Fig. 13 for more details); (b) Local occurrence of small columnar stromatolites at the 
Flaine oucrop (Platé Massif), which laterally disappear and make place for a hiatus between the Albian 
phosphatic bed and the Turonian biomicrite; (c) Polished slab from Chérente (Aravis Massif) showing 
multiple phases of phosphatization during the growth of the stromatolites (white arrows). Compare 
Delamette (1981, 1988a, 1990) for descriptions and similar images.
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6.  Discussion

6.1.  ASSOCIATION WITH DEEPEr-WATEr HIATAL SUrFACES  
AND CONDENSED SEDIMENTS

The here-described Aptian, Albian, and Cenomanian DWH stromatolites are 
associated with (partly) phosphatized hardgrounds and hiatal surfaces, which are 
either isolated or allied with highly condensed phosphatic beds. The stromatolites 
may be present on top of a hardground (e.g., on top of the Urgonian limestone) 
and may also be topped by a hardground or hiatal surface (e.g., on top of the 
Early Cenomanian stromatolites). Stromatolitic remains also appear in the form 
of reworked fragments in condensed beds and in beds composed of allochtho-
nous sediments. The stromatolites may directly be attached to the hardground but 
may also cover pebbles, cobbles, and fossils, which occur on top of the hardground 
or within depressions and caves associated with hardgrounds and hiatal surfaces. 
The hardgrounds and condensed phosphatic beds include up to several million 
years of formation as is indicated by ammonite and planktonic foraminiferal bio-
stratigraphy (Fig. 2).

In all localities described here, the stromatolites occur together with open-
marine faunal communities (e.g., ammonites and belemnites). In many localities, 
they are accompanied by or preserved in pelagic micrite containing planktonic 
foraminifera. In the Aptian, they occur on top of the drowned Urgonian shallow-
water carbonate platform, and also there, the presence of the above-mentioned 
characteristics places them in a deepening-upward context.

Figure 13. Two generations of stromatolites appear in the oncolitic structures around a phosphatized 
ammonite (Mantelliceras sp.) preserved in the Fiz Limestone of the Early to Middle Cenomanian age 
(rochers des Fiz, Platé Massif). From Delamette (1988a).
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The sum of these features, together with the absence of shallow-water facies 
or fauna, fossilized algae, and emersion surfaces, allows us to attribute the here-
described stromatolites to a deeper-water environment. Their presence in depres-
sions, fissures, and cave-like structures indicates that they were less dependent on 
light. We interpret these stromatolites as deeper-water forms, which were con-
structed by heterotrophic microbial communities in current-dominated regimes, 
where they were fossilized by authigenic mineralization processes (phosphate, 
iron oxyhydroxides, rarely pyrite), by trapped pelagic micrite, or by a combination 
of both. The term “deeper water” relates to the observation that the stromatolite 
occurrences are limited to the more distal part of the southern European shelf, 
which was at that time a passive margin lacking major tectonic activity (e.g., 
Pfiffner, 2009). Their depth did not surpass several hundreds of meters and can-
not be considered as basinal.

6.2.  MOrPHOLOGy AND MINErALIZATION

The Helvetic DWH stromatolites range in size from a micrometric to a centimet-
ric scale, with the largest forms reaching heights of approximately 10 cm. They 
appear in a continuum of morphologies, which span from laterally well-separated 
columnar forms (“dendroid” in Delamette, 1990) to closely spaced columnar 
forms (“colloform” in Delamette, 1990; Figs. 4a, 5b, 6, 7, and 10b, f), doming 
forms without clear lateral separation (Figs. 5a and 6a), and laterally continuous, 
planar layers lacking elevated structures (Fig. 12). They may entirely envelop clasts 
and fossils and represent oncoids in two-dimensional cuts (Fig. 7a). In some cases, 
stromatolites cover larger isolated pinnacle-like rock structures, which resisted 
erosion and which provide oncoid-like structures, when cut parallel to bedding 
in their higher parts (Ouwehand, 1987). In general, the stromatolitic structures 
range between millimeter-thin laminated layers and lenses separating different 
sediment generations and enveloping particles and fossils, which are often only 
visible in thin section (“films” in Delamette, 1990: Figs. 3b and 10c, e) and well-
developed macroscopic forms. They are mostly clearly laminated, with lamination 
thicknesses ranging between several micrometers to millimeters. In thin section, 
laminations are not always obvious (Fig. 5b), and the stromatolites may appear in 
an irregular, dendritic way (Fig. 10f; “thrombolites” in Delamette, 1990) or only 
indicated by interspersed detrital minerals (Delamette, 1990).

They are preserved in phosphate and micrite, including different amounts of 
detrital particles (essentially quartz and glauconite). In the case of micrite, the 
presence of calcispheres, planktonic foraminifera, and other microfossils indi-
cates that the sediment was of pelagic origin and trapped. In the case of fully 
phosphatic stromatolites, it is difficult to state if  micrite was present as a precur-
sor sedimentary phase or if  the stromatolites were directly phosphatized, without 
intermittent sediment-trapping. In favor of the first hypothesis is the observation 
that micritic stromatolites often show a phosphatized periphery, indicating partial 
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phosphatization following their formation with the help of micrite trapping 
(Fig. 12c). They may also be coated by iron oxyhydroxides. The local presence of 
borings and erosive discontinuities suggests early (peripheral) cementation of the 
stromatolites.

Delamette (1988a, 1990) observed a relationship between the morphology 
and mineralogy of the stromatolites, in that columnar forms are enriched in detri-
tal material, whereas parallel-laminated, planar layers lack detrital material (Fig. 11). 
He assumed that in a sedimentary regime with detrital delivery, the microbial 
associations preferred columnar structures, in order to create bed-load bypass 
channels and avoid burial, whereas in a sedimentary regime without detrital advec-
tion, this type of growth strategy would not have been necessary. In addition to 
this, we observe an evolution within the same colonies from columnar forms to 
planar layers. In this case, stromatolite colonization appeared to have started in the 
form of numerous small columns, for example, around reworked and (semi-) lithi-
fied pebbles and cobbles, which formed themselves a substratum for the growth of 
laterally continuous planar layers and crusts (Figs. 4, 6, 12a, and 13).

6.3.  ASSOCIATION WITH PHOSPHOGENESIS

The occurrence of the here-described DWH stromatolites from the northern 
Tethyan margin is essentially limited to phosphatized hardgrounds and condensed 
phosphatic beds. These horizons and beds have formed in a current-dominated 
sedimentary regime characterized by highly reduced sediment-accumulation rates, 
which resulted from a dynamic interplay between (sudden) sedimentation, ero-
sion, and sediment reworking. Authigenesis of phosphate and glauconite, and in 
subordinate quantities of silica, pyrite, and iron oxyhydroxides, was an important 
process in the areas dominated by this sedimentary regime (Heim, 1934; Heim and 
Seitz, 1934; Schaub, 1936; Delamette, 1981, 1985, 1988a, b, 1990, 1994; Delamette 
et al., 1997; Föllmi, 1986, 1989, 1990, 1996; Föllmi and Delamette, 1991; Föllmi 
and Gainon, 2008; Ouwehand, 1987).

In many cases, the stromatolites appear on top of the phosphatic beds and 
in distal, deeper-water areas of the region of phosphogenesis, where sedimentary 
condensation processes were most intense. Since these beds were often formed in 
a regime of sea-level rise, the area of optimal stromatolite growth and preserva-
tion appears to be limited to the area of maximum condensation in the deeper 
part of the area of phosphogenesis.

A further observation is that the stromatolites often grew in and, in some 
cases, were restricted to depressions and cavities, which appear to have been cre-
ated by differential erosion (in the case of the cavities, “tunneling erosion” by the 
local break-up of lithified surface crusts by currents and the excavation of under-
lying, nonlithified sediments; Föllmi, 1986, 1989; Delamette, 1988a). There they 
colonized the walls of the cavities and the exposed tops and flanks of pebbles and 
cobbles remaining on the cavity floors (Fig. 6a).
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Many authors have established links between the presence of microbial colonies 
and the process of phosphogenesis, in that microbial activity induced chemical 
conditions appropriate for phosphogenesis (e.g., Lucas and Prévôt, 1984; Soudry 
and Lewy, 1988; Martín-Algarra and Sánchez-Navas, 1995, 2000; Schulz and 
Schulz, 2005). The association of DWH stromatolites and macroscopic phos-
phate accumulations in the Helvetic realm would indeed favor a link between the 
two; however, the bathymetric offset and the only partial overlap between the 
areas of maximal phosphogenesis and optimal stromatolite growth and preserva-
tion precludes a 1-to-1 relationship. Proximal areas of phosphogenesis often lack 
macroscopic and microscopic evidence for the presence of stromatolites, whereas 
in distal-most areas, stromatolites may be preserved in micrite, in spite of the 
presence of phosphate.

6.4.  ENVIrONMENTAL CONDITIONS OF STrOMATOLITE GrOWTH

Whereas proximal occurrences of phosphate beds of Aptian to Cenomanian age 
in the Helvetic thrust-and-fold belt are rich in sessile benthic fossils, such as sili-
ceous sponges, ahermatype corals, brachiopods, bryozoa, and crinoids, the distally 
occurring phosphatic beds containing stromatolites are generally devoid of benthic 
organisms, with the exception of the benthic microorganisms directly associated 
with the stromatolites (agglutinating benthic foraminifera, serpulids). Belemnites 
and rare ammonites are, however, present in the stromatolite beds. The absence of 
larger sessile benthic biota is taken as an indication of dysaerobic conditions pre-
vailing in the bottom waters of the sites of stromatolite growth and preservation 
(Ouwehand, 1987; Delamette, 1988a, 1990). The presence of benthic ecosystems in 
coeval, more proximal occurrences suggests the presence of a bathymetric gradient 
in bottom-water oxygenation conditions that was probably related to the presence 
of an oxygen-minimum zone (OMZ) straddling the outer part of the northern 
Tethyan shelf  and the slope. The area of optimal stromatolite growth and pres-
ervation would then indicate the zone, where the upper boundary of the OMZ 
interfaced with the outer shelf  (Föllmi, 1989; Martín-Algarra and Vera, 1994).

The stromatolites of each time interval are well comparable throughout the 
entire Helvetic margin described here; the Cenomanian stromatolites, for exam-
ple, show many common features for the area described here, such as their pres-
ervation in micrite, which may be partly phosphatized and impregnated by iron 
oxyhydroxides, the presence of several generations, and their attachment to 
lithoclasts and fossils. A distinction in the specific characteristics is, however, 
observed for each time window: the Aptian forms are mostly associated with 
Hedbergella and serpulids, whereas the Albian stromatolites show a firm associa-
tion with benthic agglutinated foraminifera (Placopsinella sp.). The Cenomanian 
forms are almost entirely devoid of benthic foraminifera and serpulids but may 
include planktonic foraminifera instead. It should also be noted that the Aptian 
stromatolites appear rather locally, the Albian stromatolites are more widespread, 
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and the Cenomanian forms occupy broad zones along the northern Tethyan margin 
(Delamette, 1990). This evolution through time away from the inclusion of 
benthos and toward their frequent occurrence may be the expression of the over-
all sea-level rise, which took place during the Albian and Cenomanian (Fig. 2) 
and a corresponding rise of the OMZ, leading to larger flat shelf  areas intersect-
ing with the upper boundary of the OMZ.

6.5.  MICrOBES

Microbial structures are very well preserved in the Cenomanian stromatolites of 
the Col de la Plaine Morte area in the central Swiss Helvetic Alps. They are fila-
mentous, with a maximal length of approximately 20 mm and a diameter between 
5 and 7 mm (Fig. 9). They are difficult to be interpreted with regards to their energy 
requirements and metabolic pathways. Since they are associated with deeper-
water stromatolites, which also occur in cavities, they were most likely light inde-
pendent and therefore heterotrophic. This would generally exclude cyanobacteria. 
Sulfur-oxydizing bacteria such as Beggiatoa, Thioploca, and Thiomargarita seem 
also unlikely since they usually have larger filament widths (up to several 100 mm; 
e.g., Schulz et al., 1996; Ahmad et al., 2006). The presence of sulfur-oxydizing 
microbes is not totally excluded, though, since sulfide minerals (pyrite) are present 
in sediments associated with the stromatolites. We exclude, however, the presence 
of methanotrophic microbes, based on a stable-isotope profile measured through 
a well-developed stromatolite of Early Cenomanian age in eastern Switzerland, 
where d13C values remain positive (>1.3‰; Ouwehand, 1987).

We interpret these Cenomanian forms as remains of poikiloaerobic, hetero-
trophic, filamentous microbes, which formed dense spaghetti-like colonies. The 
stromatolitic structures appear to be dominated by this type of microbes, and 
other morphologies (e.g., coccoid forms) were not detected.

6.6.  rEGIONAL PALEOCEANOGrAPHIC CONDITIONS

From the evidence discussed above, it appears that DWH stromatolite growth 
and preservation on the Helvetic shelf  was favored by regional paleoceanographic 
conditions. A first mechanism is given by the presence of a current-dominated 
sedimentary regime, which was responsible for the formation of hardgrounds and 
hiatal surfaces, erosion, and sediment reworking and which maintained a sys-
tem of sediment bypass to deeper parts of the shelf  (Delamette, 1985, 1988a, b; 
Föllmi, 1986, 1989, 1990; Föllmi and Delamette, 1991; Ouwehand, 1987). As the 
probable cause of this sedimentary regime, the E-W-directed northern Tethyan 
current system was invoked, which was forced to rise onto the outer part of the 
northern Tethyan shelf, probably through its westward broadening. This may have 
led to an obstructional upwelling of deeper waters onto the outer part of the shelf, 
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which were enriched in nutrients. As a consequence, primary productivity rates 
were high, and the partial decomposition of exported organic matter induced the 
installation of an OMZ. At the same time, the combination of a dynamic sedimen-
tary regime with highly reduced accumulation rates and the delivery of phosphate 
onto the shelf  by upwelling waters and the decomposition of organic matter were 
instrumental in the process of phosphogenesis. The DWH stromatolites found 
optimal conditions of growth and preservation in distal parts of the area of phos-
phogenesis, in the zone of maximal condensation along the axis of E-W-directed 
current, in the zone where the upper boundary of the OMZ intersected with the 
shelf. In this zone, oxygen levels in the bottom waters were sufficiently low to pre-
vent the installation of epibenthos feeding upon microbial mats.

6.7.  GLOBAL ENVIrONMENTAL CONDITIONS

In the Helvetic realm, important phases of optimal DWH-stromatolite growth 
and preservation occurred during the early Late Aptian, the late Early Albian, 
and the late Early Cenomanian (Fig. 2). These time windows follow upon periods 
of shallow-water carbonate platform drowning (during the late Early Aptian and 
the latest Aptian) and the take-up of pelagic carbonate deposition (latest Albian). 
They also follow upon periods of widespread dysaerobic to anaerobic conditions 
during the late Early Aptian (oceanic anoxic episode OAE 1a), the latest Aptian 
and earliest Albian (OAE 1b), and the latest Albian (OAE 1d) (Fig. 2).

The “mid”-Cretaceous time period seems generally favorable to stromatolite 
growth, both in deeper-water as well as in shallow-water environments. Occurrences 
of DWH stromatolites have been documented along the northern Tethyan margin 
from Poland to southern Spain (Krajewski, 1981, 1984; Krajewski et al., 2000; 
Gebhard, 1983; Martín-Algarra and Vera, 1994; Vera and Martín-Algarra, 1994; 
Martín-Algarra and Sánchez-Navas, 2000; Zitt et al., 2006). Coeval occurrences 
in or close to the Tethyan realm are known from the Briançonnais (royant et al., 
1970), the Austroalpine units representing the southern margin of the Tethys 
(Kindle et al., 1987), and northern Spain (reitner et al., 1995).

During the same period, shallow-water stromatolites seem commonplace in 
the Tethyan realm. Aptian occurrences are, for instance, documented from shallow-
water carbonates in eastern Spain, Tunisia, Turkey, and Oman (riding and 
Tomas, 2005; Zaghbib-Turki, 2003; yilmaz and Altiner, 2006: Immenhauser 
et al., 2005). Albian and Cenomanian examples are known from the Apennines 
(Borgomano, 2000), the Vasco-Cantabrian Basin in northern Spain (Neuweiler, 
1993), and the Adriatic carbonate platform in Istria, Slovenia, and Croatia 
(Tišljar et al., 1998; Husinec and Jelaska, 2006; Palci et al., 2007).

It appears from this that, in addition to the regional paleoceanographic 
conditions favoring DWH stromatolite growth along the northern Tethyan mar-
gin, further factors are required to explain the general ubiquity of stromatolite 
build-ups throughout the Tethyan realm. We postulate a causal relationship 
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between the periods of platform drowning and oceanic anoxic episodes, and the 
succeeding phases of intense stromatolite growth, and consider the stromatolites 
as a pioneering ecosystem, which became installed in the periods of recovery fol-
lowing the crises in oxygen conditions in ocean bottom waters and crises in 
shallow-water platform growth. The Early Cenomanian phase of stromatolite 
growth is somewhat different, in that it coincides with the onset of widespread 
pelagic carbonate deposition (“chalk seas”; e.g., Hay, 2008). This phase can also 
be seen as a phase of recovery, in that during this period, carbonate production 
took up again in a general way, after a long phase of reduced carbonate deposi-
tion in shallow and deeper waters along the northern Tethyan margin (Föllmi 
et al., 1994, 2006, 2007) and a general decline in reef growth and aragonitic reef 
builders (e.g., Kiessling et al., 2008).

7.  Conclusions

A remarkable suite of phosphatic and micritic stromatolites occurs in association 
with Aptian to Cenomanian glauconitic and phosphatic sediments in the Helvetic 
thrust-and-fold belt of the central European Alps. These sediments were deposited 
on the outer part of the southern European shelf, which was part of the north-
ern Tethyan margin. The stromatolites grew on top of hardgrounds, colonized 
reworked pebbles and cobbles, enveloped fossil remains, attached to the walls of 
cavities, and formed films on sediment surfaces. They are commonly associated 
with hiatal surfaces at the base, within, or on top of condensed phosphatic beds. 
They are preserved in phosphate and micrite, which may be partly phosphatized 
or impregnated by iron oxyhydroxides. They are present in the form of micro- to 
millimetric laminations, millimetric to 10 cm high laminated columns, or in lami-
nated layers. Scanning electron microscopy reveals a dense network of filamen-
tous bodies in the Cenomanian, micritic stromatolites, which are interpreted as 
the remains of poikiloaerobic, heterotrophic microbes.

The association with hiati, open-marine fauna, phosphates, and pelagic sedi-
ments and the lack of shallow-water sediments and fauna shows their deeper-water 
character. They occur in the zone of maximal condensation, in the deeper, more 
distal part of the area of phosphogenesis on the outer shelf of the southern 
European margin. The almost complete lack of macroscopic sessile fauna suggests 
that they were formed in a zone that interfaced with the upper limit of the oxygen-
minimum zone.

The omnipresence of DWH stromatolites and their shallow-water counter-
parts in the Tethyan realm during the “mid”-Cretaceous suggests that the general 
environmental and oceanographic conditions were favorable to the growth and 
preservation of stromatolites. The occurrence of the here-described DWH stro-
matolites in periods following oceanic anoxic episodes let us speculate that they 
represent pioneering ecosystems, which were associated with the recovery phases 
following the stressful oceanic anoxic episodes.
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abstract The Triassic organic carbon-rich, phosphogenic facies setting in Svalbard, 
NW Barents Sea Shelf  provides an insight into ancient shelf  depositional sys-
tem that shows similarities to modern phosphogenic shelves reinforced by coastal 
upwellings. Enhanced deposition and diagenesis of marine organic matter on the 
Svalbard shelf  promoted phosphogenesis in bottom sediments that resulted in the 
formation of various nodular and peloidal phosphate deposits as well as peculiar 
phosphatic accumulations related to benthic activity of microbial mats. The phos-
phatic microbialites are interpreted to have been dominated by mats of colorless 
filamentous sulfur bacteria, which proliferated on elevated sediment bodies and 
submarine slopes under conditions of highly reduced or halted sedimentation. 
They provided local depositional systems capable of precipitating and significantly 
concentrating carbonate fluorapatite (CFA) in the sediment due to sealing of the 
sediment surface to phosphate diffusion, narrowing chemical gradients essential 
for the phosphorus pumps, reactive phosphate buildup, and the mineral precipita-
tion. The precipitation of apatite was a very early pheno menon that resulted in 
the formation of phosphatic matrix or cement filling the original pore space of 
biolaminated sediment sequences. The matrix formation was a complex process, 
involving pulses of apatite precipitation associated with fossilization of microbial 
communities, oxidation of organic matter, enrichment with rare earth elements, 
and pyritization of the phosphatic fabric. The formation of phosphatic matrix 
was limited to a narrow submat zone, which coincided with the upper limit of the 
sulfate reduction zone in organic-rich sediment. The horizons with well-defined 
phosphatic microbialites show high concentrations of CFA (up to 32 wt% P2O5), 
though their contribution to the phosphorus pool of the phosphogenic facies is 
subordinate. Nodular and peloidal accumulations dominate the phosphorite frac-
tion of the Triassic sequence, but these phosphates usually give lower burial phos-
phorus concentrations in the sediment.

Keywords Phosphatic microbialites • Triassic • Phosphogenesis • Coastal upwelling 
• Benthic • Microbial mats • Sedimentation • Carbonate fluorapatite • Fossilization 
• Pyritization • Phosphorus • Svalbard
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1.  introduction

A standard interpretation of phosphorite formation in modern upwelling settings 
is based on Baturin’s model of phosphogenesis, which postulates apatite precipita-
tion within the pore environment of organic carbon (OC)-rich sediment as a result 
of diagenetic decomposition of P-containing organic matter deposited in excess 
from productive water column (Baturin, 1978, 1982, 1983; Baturin and Bezrukov, 
1979). Apatite deposition seems to be preferentially linked to the water/sediment 
interface and the near-surface sediment layer where the generation of phosphate 
ion is most intense (Jahnke et al., 1983; Froelich et al., 1988; McManus et al., 1997; 
Schuffert et al., 1998). However, supersaturation conditions with respect to apatite 
and its precipitation to form a major mineral phase require additional mechanisms 
that prevent dissolved phosphate from escaping to the overlying water (Burnett and 
riggs, 1990; Föllmi, 1996; Trappe, 1998). Several such mechanisms have been pro-
posed, including chemical and microbiological traps at the interface (Glenn et al., 
1994; Jarvis et al., 1994; Krajewski et al., 1994). One attempt points to the role of 
benthic microbial mats in fixation of phosphate ion to form intracellular polyphos-
phate, and its release and deposition in the form of apatite in the subsurface environ-
ment (reimers et al., 1990). This hypothesis is supported by a common occurrence 
of microbial mats dominated by colorless filamentous sulfur bacteria on modern 
OC-rich, phosphogenic seafloors (e.g., Gallardo, 1977; Soutar and Crill, 1977; 
rosenberg et al., 1983; Henrichs and Farrington, 1984; Glenn and Arthur, 1988; 
Schulz et al., 1996, 1999). Schulz and Schulz (2005) documented that these mats on 
the Namibian shelf are capable of sufficiently concentrating dissolved phosphate in 
pore water to promote precipitation of hydroxyapatite. recently, laminated phos-
phorite crusts related to the activity of bacterial mats have been described from 
phosphogenic sediments on the Peruvian shelf (Arning et al., 2009a, b).

This paper presents the Triassic OC-rich, phosphogenic facies setting in 
Svalbard, NW Barents Sea Shelf  (Fig. 1) that provides an insight into ancient 
depositional system showing similarities to modern phosphogenic shelf  systems 
reinforced by coastal upwellings. It is highly enriched in marine organic matter 
and encompasses a variety of types of phosphate deposits formed over a range of 
bottom environments, from coastal to deep shelf. Phosphatic microbialites 
revealed there are interpreted to have developed as a result of activity and phos-
phatization of microbial mats dominated by colorless filamentous sulfur bacteria. 
They are used to study their role in allocating phosphogenesis in ancient OC-rich 
sediments deposited under high-biological productivity conditions.

2.  geological background

Svalbard is the emergent northwestern corner of the Barents Sea Shelf (Fig. 1), bor-
dered on the north by passive continental margin toward the Arctic Ocean and on  
the west by spreading axis of the Knipovich ridge (Talwani and Eldholm, 1977).  
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The islands of Svalbard (including Spitsbergen, Nordaustlandet, Edgeøya, Barentsøya, 
Wilhelmøya, Kong Karls Land, Hopen, and others) were uplifted by Late Mesozoic 
and Cenozoic crustal movements, providing insight into geological structure of the 
region and the stratigraphic column from Paleoproterozoic to Paleogene (Harland, 
1997; Dallmann et al., 2002). The Caledonian basement (Paleoproterozoic through 
Ordovician) hosting tectonic depressions filled by the Devonian Old red Sandstone 
is covered by a single sedimentary complex of Late Paleozoic and Mesozoic platform 
strata (Dallmann, 1999). The opening of the Arctic and North Atlantic oceans in 
Paleogene, and the interdependent stages of separation of Svalbard and Greenland 

Figure 1. Map of Svalbard archipelago showing the Triassic outcrop belt (shaded).
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shaped the present tectonic structure of Svalbard. A thrust-and-fold belt stretches 
along western and southern Spitsbergen, owing its origin to dextral plate transform 
setting with strike-slip and convergent movements (Maher et al., 1986). The belt is 
bordered from the east by simultaneously formed Central Spitsbergen (Paleogene) 
Basin that passes eastwards into Eastern (Mesozoic) Svalbard Platform. The 
reverse uplift of the western Spitsbergen orogen as well as northern Spitsbergen 
and northern Nordaustlandet caused erosion of younger strata and exposition of 
the Caledonian basement and Devonian through Permian succession.

The Triassic sedimentary sequence crops out in southern, western, central, and 
eastern Spitsbergen, on Edgeøya, Barentsøya, Wilhelmøya, Kong Karls Land, and 
Hopen. It consists of the lower part dominated by marine facies, and the upper part 
dominated by deltaic facies, which are classified into the Sassendalen and Kapp 
Toscana groups, respectively (Mørk et al., 1999). The phosphogenic facies concen-
trate in the upper part of the Sassendalen Group (Fig. 2). They occur in the Middle 
Triassic (Anisian–Ladinian) OC-rich strata that are discerned as the Bravaisberget 
Formation in southern and western Spitsbergen, and as the Botneheia Formation in 
central Spitsbergen and eastern Svalbard (Krajewski et al., 2007; Krajewski, 2008). 
This phosphogenic horizon reflects regional transgressive pulse of the Panthalassa 
Ocean on the so-called western land area dominated by deltaic systems, which pro-
vided highly productive shelf environments to the NW Barents Sea Shelf (Krajewski, 
2000a). The deposition area was likely a big embayment bordered on the west by 
shallow shelf and deltaic settings of western and southern Spitsbergen (Fig. 3), and 
on the east and southeast by prograding clastic bodies of the deltaic systems of the 
southern Barents Sea Shelf (riis et al., 2008). This embayment had north connec-
tion with deep oceanic basins (Cocks and Torsvik, 2007).

Figure 2. Lithostratigraphic scheme of the Triassic sedimentary formations in Svalbard showing posi-
tion of the Middle Triassic phosphogenic facies (shaded) and the occurrences of phosphatic microbi-
alites. Lithostratigraphy after Mørk et al. (1999), Krajewski (2000a, 2008), and Krajewski et al. (2007).
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The reasons of high-biological productivity during the Middle Triassic in 
Svalbard are as yet poorly understood. There are, however, accumulating data that 
suggest upwelling from deeper oceanic water masses located further north 
(Krajewski, 2006). Calculations of  phosphorus volume preserved in the 
Bravaisberget Formation in Spitsbergen suggest phosphorus burial rates compara-
ble to those reported from modern continental margins reinforced by coastal 
upwellings (Krajewski, 2000e). During the Middle Triassic time, the Svalbard shelf  
was located at moderate paleolatitudes (40–50°N) and exposed toward the 
Panthalassa Ocean (Steel and Worsley, 1984; Harland, 1997), providing favorable 
framework for upwelling-forced phosphogenesis (Parrish and Curtis, 1982). In 
similar paleoceanographic situations, other Triassic OC-rich, phosphogenic sedi-
ments deposited at margins of the Arctic Ocean, including the Shublik Formation 
in northern Alaska (Detterman et al., 1975; Detterman, 1989; Parrish et al., 2001), 
the Murray Harbor Formation in the Sverdrup Basin (Embry, 1988; Mørk et al., 
1989), and the New Siberian Islands deposits (Egorov and Baturin, 1987), making 
together a broad, high-latitude phosphogenic province (Krajewski, 2005).

3.  triassic Phosphogenic Facies

The phosphogenic facies in Svalbard can be divided into two major groups: 
(1) the shallow shelf  sandy phosphogenic facies and (2) the deep shelf  muddy 
phosphogenic facies (Fig. 3). Distribution of these facies reflects the distance from 
shore and from major delta outlets, the bathymetry and sea-level changes during 
the depositional history, as well as the sea bottom topography and dynamics of 
sediment bodies (Krajewski, 2000a, 2006).

Figure 3. Simplified paleogeographic reconstruction of the Middle Triassic phosphogenic shelf in Sval-
bard. White stars indicate the occurrences of phosphatic microbialites. Adopted from Krajewski (2000b).
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The sandy phosphogenic facies occurs in the Passhatten and Somovbreen 
members of the Bravaisberget Formation (Fig. 2). It occupies shallower, inner part 
of the shelf basin, forming a NNW-SSE stretching belt in western and southern 
Spitsbergen (Fig. 3). It passes southwestwards into deltaic and brackish facies of 
the Karentoppen and Van Keulenfjorden members, which are devoid of phosphatic 
accumulations. The facies encompasses a variety of clastic sediment types, though 
fine-grained sandstones and silty shales are most common (Fig. 4a–c). Sedimentary 
sequences include shallow-water sandy sheets and bodies, sand bars, slopes with 
clastic slumps, and local depressions with wedges of OC-rich sediments. Most of 
the sediment shows traces of intense mechanical and biological reworking, suggest-
ing well-aerated bottom environment (Mørk, 2006). Clastic components are repre-
sented by quartz grains, though debris of siliceous sponge spicules are common, 
and locally abundant, in the sand bar sequences in particular. The phosphorite 
fraction is represented by phosphate nodules, phosphatic fossil molds, coprolites, 
phosphatized fish and reptilian bones, phosphatized burrows, and subordinate 
peloids (Krajewski et al., 2007; Mørk and Bromley, 2008). Most of this fraction 
originated as a result of pulses of rapid precipitation of apatite (possibly preceded 
by an unstable calcium phosphate phase) at shallow burial depths. The apatite 
makes cement between detrital grains and fills original porosity of biogenic debris. 
Pristine phosphate nodules are commonly observed, though horizons of reworked 
and redeposited nodules typically occur in high-energy sedimentary sequences.

The muddy phosphogenic facies occurs in the Muen and Blanknuten mem-
bers of the Botneheia Formation (Fig. 2). It covers vast areas of deeper, outer 
part of the shelf  basin in central and eastern Spitsbergen, and in Edgeøya and 
Barentsøya (Fig. 3). The facies is dominated by black, OC-rich shales and mud-
stones (Fig. 4d–f). Sedimentary sequences include muddy sheets on shelving 
bottom, bottom current deposits, submarine slopes with gravity mass transport 
deposits, and extensive depressions filled with phosphatic mudrock. Sedimentary, 
petrographic, and geochemical data suggest wide variations in bottom ventila-
tion, from fully oxic bottoms with burrowing infauna to stagnant, euxinic depres-
sions (Krajewski, 2000b, 2008). The phosphorite fraction is dominated by nodules 
and peloids. The apatite cementation took place in the upper part of sediment 
column, though at much shallower depths than in the sandy phosphogenic sedi-
ments (Krajewski, 2000c). It resulted in the formation of nodular bodies and 
peloids preserving molds of radiolaria, thin-shelled pelecypods (Daonella), and 
Tasmanites algae. Pristine deposits are common, but reworked horizons occur 
repeatedly in some sequences, witnessing changing dynamics of the muddy bot-
tom environment. In the sequences of euxinic depressions, reptilian and fish bone 
beds reflecting mass mortality events are observed.

Despite morphological and textural variations of the phosphorite fraction, 
all the discerned phosphate deposits in the Triassic facies are composed of one 
phosphate mineral, which is crypto- to microcrystalline carbonate fluorapatite 
(CFA) containing 2–4% carbon dioxide in the crystal lattice (Fig. 5).
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Figure 4. (a) Shallow shelf  sandy phosphogenic facies of the Somovbreen Member exposed in inner 
Hornsund, southern Spitsbergen is developed in the form of massive sequence of fine-grained, biotur-
bated sandstones containing numerous phosphate nodules. (b) recurrent rows of pristine phosphate 
nodules (arrow) in sandy phosphogenic facies in the southernmost Spitsbergen. Hammer is 30 cm long. 
(c) Energy-dispersive map of phosphorus of matrix of a pristine sandy phosphate nodule. Apatite 
(white) occurs in the form of interparticle cement (a) as well as some peloids (p). Detrital components 
(black) are dominated by debris of siliceous sponge spicules (s) and quartz grains (q). (d) Deep shelf  
muddy phosphogenic facies of the Blanknuten Member exposed in southern Barentsøya is developed 
in the form of black, massive mudrock containing numerous phosphate nodules and peloids. (e) recur-
rent rows of pristine phosphate nodules (arrow) in muddy phosphogenic facies in central Spitsbergen. 
Hammer head is 14 cm long. (f) Energy-dispersive map of phosphorus of matrix of a pristine muddy 
phosphate nodule. Apatite (white) occurs in the form of interparticle, cluster-like cement (a) as well as 
common molds of radiolaria (r). Black is late diagenetic calcite cement. Panels (c) and (f) are adopted 
from Krajewski (2000a).
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4.  Phosphatic Microbialites

Phosphatic microbialites have been revealed at several locations close to the 
transition between the sandy and muddy phosphogenic facies (Fig. 3). These 
structures tend to occur in condensed sequences and/or on hiatal surfaces devel-
oped in OC-rich sediment, which were exposed at sea bottom for prolonged 
periods of  time (Figs. 6 and 7). These sequences are interpreted to reflect either 

Figure 5. X-ray diffraction patterns of representative samples of phosphorite fractions and phos-
phatic sediments in the Triassic phosphogenic facies of Svalbard. The content of carbon dioxide in 
CFA was calculated using the equations of Gulbrandsen (1970) and Shuffert et al. (1990). Numbers 
indicate hkl reflections of CFA. CS central Spitsbergen, WS western Spitsbergen, BAR Barentsøya, 
EDG Edgeøya.

196



PHOSPHATIC MICrOBIALITES

submarine slope environments or submarine bars and migrating sediment bodies 
surrounded by local depressions.

4.1.  PETrOGrAPHIC FEATUrES

Phosphatic microbialites can be distinguished among other types of phosphorite 
bodies discerned in the Triassic phosphogenic facies by their accretional morphol-
ogy, internal lamination, and the presence of mineral remnants of microbial mat 
community. These structures vary in size from discrete, microscopic laminations on 
hiatal surfaces and/or in winnowed beds to macroscopic phosphatic bodies show-
ing generations of growth and outcrop-scale lateral extent. The best developed are 

Figure 6. Examples of the occurrence of phosphatic microbialites in condensed sequences on siliceous 
sand bars (a and b) and on submarine muddy slope (c).
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Figure 7. (a) Section through the Bravaisberget Formation in inner Hornsund (ca. 100 m thick), 
southern Spitsbergen showing recurrent condensed sequences with phosphatic microbialites. BP, LP, 
MP, and UP are basal, lower, middle, and upper condensed sequences, respectively. (b) Phosphatic 
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phosphatic microbialites associated with condensation at margins of submarine 
bars dominated by siliceous sponge. Their morphology seems to reflect the distri-
bution of microbial mat at the sediment surface and stages of phosphatization of 
the mat-stabilized sediment. The phosphatic bodies tend to form horizontal bands 
within the sediment and/or juxtaposed columnar structures that grew upward 
(Fig. 7b). Flat-laminated phosphatic bands correlate with pronounced discon-
tinuity surfaces in some condensed sequences. Incipient developments of these 
structures up to a few millimeters thick are found associated with some omission 
or winnowed surfaces. Intergrowths of columnar and flat-laminated structures 
are the dominant microbial mat deposits in the condensed horizons (Fig. 7c). The 
nature of their development implies a complex interplay between the lateral mat 
expansion and vertical mat growth, sediment accretion, and mat burial. The mor-
phologies of these complex structures contrast with usually ovoid to ellipsoidal 
phosphate nodules. They are similar to biolaminated phosphorite crusts revealed 
in phosphogenic sediments on the Peruvian shelf  (Arning et al., 2009b).

The internal lamination of phosphatic microbialites usually is difficult to 
notice, either on fresh or weathered surfaces. It becomes better pronounced on 
polished surfaces subjected to chemical treatment (Fig. 7c). The lamination con-
sists of alternating thin laminae (0.1–1 mm) dominated by compact, crypto- to 
microcrystalline CFA, and thicker laminae (1–5 mm) composed of clastic and/or 
biogenic sediment, and cemented by CFA (Fig. 8). The nature of this lamination 
is independent of the petrographic and textural features of the host sediment. The 
lamination is best pronounced in flat-laminated structures and broad columns. 
These structures are inferred to mark prolonged nondeposition during the forma-
tion of the condensed horizons.

The internal sediment of  phosphatic microbialites shows close affinities to 
the host sediment. The sediment in the columnar structures passes sideward into 
nonphosphatic sediment without any noticeable discontinuity surfaces (Fig. 8a, d). 
These transitions are, however, sharp and enhanced by different weathering 
resistance of  apatite-cemented and the host sediments (Fig. 7b). In the marginal 
parts of  the columns, thin laminae become irregular and dashed as they reach 
the border of  phosphatization zone. This internal organization suggests that, 
despite the present-day columnar shapes, the biolaminated structures did not 
form elevated morphological units at the seafloor, but originated from punctu-
ated microbial mat growth on a rather flat sediment surface. Unconformities 
noted between some sets of  laminae correlate to scouring episodes in the neigh-
boring sediment. They define generations of  biolaminated structures, which 

Figure 7. (continued) microbialite in condensed horizon developed in OC-rich sandy mudstone. Two 
generations of biolaminated columnar structures (arrows) rest on erosional surfaces. Winnowed phos-
phate nodules are incorporated in the microbialite. (c) Intergrowth of columnar and flat-laminated 
phosphatic structures developed as a result of  microbial mat growth and sediment phosphatization 
in OC-rich sandy mudstone. Vertical section, polished surface after staining to obtain color contrast 
between phosphatic and nonphosphatic sediment.
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Figure 8. Microscopic features of phosphatic microbialites. (a) Irregular lamination of phosphatic 
microbialite (arrows) overgrowing phosphate nodule in a siliceous bar sequence. Thin section photo-
graph. (b) Delicate meshwork of apatitic cement with numerous organic inclusions (a) making matrix 
of phosphatic microbialite shown in (a). The remaining pore space is replaced by diagenetic calcite 
cement (c). Transmitted light microscope, normal light. (c) Energy-dispersive map of phosphorus of 
matrix of phosphatic microbialite shown in (a). Apatite (a) occurs in the form of cloth-like cement, 
and rims around quartz grains (q) and debris of siliceous sponge spicules (s). (d) Thin, undulated apatitic 
lamina (arrow) covering discrete omission surface in phosphatic grainstone in a submarine muddy 
slope sequence. Larger dark bodies (p) are reworked phosphate nodules. Formation of the lamina was 
associated with the development of irregular apatite cementation zones (a). Thin section photograph. 
(e) Contact between two laminae (arrow) in phosphatic microbialite developed in winnowed phos-
phatic grainstone. The laminae are built up of phosphate peloids and coated grains (p) cemented by a 
meshwork of cluster-like apatite (a). The lower lamina shows more generations of apatitic cement than 
the upper one as well as strong pyritization (black). The remaining pore space is replaced by diagenetic 
calcite cement (c). Transmission light microscope, normal light. (f) Energy-dispersive map of phosphorus 
of matrix of phosphatic microbialite shown in (d). Apatite (white) occurs in the form of peloids (p) and 
cloth-like cement (a). Panels (c), (d), and (f) are adopted from Krajewski (2000a).
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developed independently from one another, though they reflect the actual mat 
distribution on the sediment surface.

All the analyzed phosphatic microbialites show similar pattern of CFA 
emplacement into the mat-stabilized clastic and/or phosphatic sediment. The 
growth of a lamina started from isolated apatitic clusters that precipitated in the 
interparticle pore space and encapsulated numerous organic microinclusions 
(Fig. 8b, c). The clusters become bigger upward the lamina, and they join one 
another to form a compact phosphatic matrix, which terminates in a rim of 
purely apatitic accretionary material (Fig. 8e, f). The laminae could either be 
buried in the sediment due to rapid deposition of detrital grains, biogenic debris, 
or phosphatic peloids (Fig. 8d), or build out upwards repeating the mechanism 
outlined above (Fig. 8a).

Authigenic pyrite is intimately associated with the OC-rich, phosphogenic 
facies and all the types of  phosphate deposits. This pyrite owes its origin to bac-
terial reduction of  sulfate and reactive ferric iron in the upper part of  sediment 
column (Berner, 1970, 1984; Canfield, 1989). Phosphatic microbialites are more 
pyritized than any other type of  phosphate deposits in the Triassic phosphogenic 
facies (Fig. 9). The predominant portion of  pyrite occurs in (poly)framboidal 
form (Fig. 9c), suggesting its formation at high supersaturation levels in the 
uppermost part of  the sulfate reduction zone (Berner, 1985; Wilkin and Barnes, 
1997). A part of  early pyrite is developed in euhedral form (octahedral to cubic). 
This pyrite postdates the framboid formation, but predates reduction of  the 
porosity (Fig. 9b, d), suggesting also an early formation, though at lower levels 
of  saturation (raiswell, 1982; Dill and Kemper, 1990). The enhanced pyritization 
of phosphatic microbialites is consistent with inferred low or nil sedimentation 
rates during formation of  the condensed horizons, and with stabilization of  the 
oxic/anoxic interface within the microbial mats. Thicker biolaminated structures 
show many generations of  apatitic cement and a sequence of  stages of  its 
pyritization.

4.2.  MICrOBIAL FABrICS

Scanning electron microscopy observations of phosphatic microbialites reveal 
filamentous-like apatitic ultrastructures, which are likely to represent remnants 
of the original mat-forming community (Fig. 10a, b). These ultrastructures tend 
to concentrate within thin, apatite-rich laminae where they can be observed in 
incompletely cemented pore space. All these traces occur in the form of hollow 
tubes 1–3 mm wide and 30 and more micrometer long, though usually curved and 
disrupted in the pore space. The tubes are attached to clastic and/or biogenic sedi-
ment grains, and they also provide a delicate meshwork between the grains. The 
condensation of phosphatic matrix in the laminae leads to a consequent incorpo-
ration of this meshwork into a compact or globose apatitic groundmass, in which 
discrimination of individual tubes is no longer possible.
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Tube-like fossilization of  filamentous microorganisms was a common 
 phenomenon in many ancient microbialites associated with marine phosphogenic 
systems, and it was also demonstrated in the course of laboratory experiments 
(Krajewski et al., 1994). This process implies a development of phosphatic over-
growths around individual filaments and their subsequent decomposition to 
provide central canals within the mineral incrustations (Soudry and Champetier, 
1983). In phosphatic microbialites of Svalbard, the tubes show very irregular 
development of apatite overgrowths, which suggests an advanced decomposition 
of a filamentous microorganism at the time of CFA precipitation.

It is difficult to reconstruct the specific composition of microbial mat com-
munity on the basis of mineral ultrastructures preserved in phosphatic microbialites. 

Figure 9. Pyritization of phosphatic microbialites. (a) Strong pyritization (black) of phosphatic matrix 
(gray). Pyrite occurs in the form of framboids and small crystals making irregular impregnation zones 
(i) and fringes around peloids (p) and radiolaria molds (r). The remaining pore space is replaced 
by diagenetic calcite cement (c). Transmission light microscope, normal light. (b) Mineral sequence 
of framboidal pyrite (f) followed by precipitation of microgranular pyrite (g) in a void in microbial 
lamina. (c) Polyframboidal pyrite (f) in a void in microbial lamina. (d) Octahedral pyrite (o) in porous, 
cluster-like apatitic cement (a) in microbial lamina. Note the minute CFA particles incorporated in 
pyrite crystals. (b–d): scanning electron microscope; preparations after dissolution of diagenetic calcite 
cement.
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However, it seems likely that similar to modern mats on phosphogenic shelves, 
the microbial mats in the Triassic of  Svalbard were dominated by colorless fila-
mentous sulfur bacteria. These bacteria are chemohetero- to chemoautotrophs 
(Morita et al., 1981; Krumbein, 1983; Nelson and Jannasch, 1983; Wiessner, 
1981; Strohl, 1989; Jørgensen and Gallardo, 1999). Therefore, they are independent 
of the presence and intensity of bottom illumination. They can form gradient-
type mat accumulations on OC-rich sediments even in deep shelf  and slope 
environments (Williams, 1984). The studied microbialites occur both in the 

Figure 10. Microbial fabrics in phosphatic microbialites. (a, b) Tube-like microbial ultrastructures 
in matrix of phosphatic microbialite. (c) Densely packed coccoid microbial ultrastructures in matrix 
of phosphatic microbialite. The apatitic capsules show apertures exposed toward the open pore space. 
(a–c) The mineral incrustations are composed of cryptocrystalline CFA. Scanning electron microscope; 
preparations after dissolution of diagenetic calcite cement. Adopted from Krajewski (2000a).
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shallow and deep shelf facies where they exhibit similar structure organization and 
lamination. This lamination resembles those illustrated from modern OC-rich 
sediments stabilized by Beggiatoa mats in the Santa Barbara Basin (Soutar and 
Crill, 1977). Complex biolaminated structures in the condensed horizons show 
similar internal organization to the laminated phosphorite crusts on the 
Peruvian shelf, which are interpreted to represent phosphatized sulfur-oxidizing 
bacterial mats (Arning et al., 2009a, b). The tube-like microstructures preserved 
in the Svalbard microbialites are far smaller than those illustrated from shallow-
water phosphatic microbialites, interpreted to be remnants of  cyanobacteria 
(Soudry and Champetier, 1983; Soudry, 1987, 2000; Mitrov et al., 1987). The 
apparent lack of  branching suggests that they are not fungi (Dahanayake and 
Krumbein, 1985; Bréhéret, 1991). Their dimensions correspond to thin fila-
ments described from phosphatic biolaminites of  the Monterey Formation 
(Williams and reimers, 1983; Williams, 1984; reimers et al., 1990) as well as to 
filaments from shale-hosted microbial mat structures in the Central Superbasin 
in Australia (Logan et al., 1999). These filaments are interpreted to be remnants 
of  filamentous sulfur bacteria. It should be noted, however, that modern color-
less filamentous sulfur bacteria embrace species of  several different filament 
sizes (Wiessner, 1981; Schulz et al., 1996, 1999; Schulz and Schulz, 2005), some 
of  which are considerably larger (even orders of  magnitude) than the sizes 
elucidated on the basis of dimensions of mineral tube-like ultrastructures preserved 
in the Triassic microbialites. Sizes of  the tube-like ultrastructures in Svalbard 
correspond to thin, not sheath-forming filaments of  Beggiatoa (Wiessner, 1981; 
Strohl, 1989).

The development of phosphatic matrix in the microbialites was associated 
with a far better preservation of a coccoid microbial community (Fig. 10c), dif-
ferent from the mat-forming community, but similar, if  not identical, to microbial 
community preserved throughout the pristine phosphate accumulations in the 
Triassic phosphogenic facies (Krajewski, 2000a). The contribution of these 
microbes as a substratum to matrix formation could be explained by their abun-
dance in the OC-rich sediment, and by the overlapped rapid apatite precipitation. 
This may suggest that they represent remnants of a common decomposing com-
munity that proliferated in the uppermost part of OC-rich sediment column. The 
coccoid ultrastructures show apatitic capsules with common apertures exposed 
toward the pore space, which indicates that CFA precipitation took place on 
microbial cells showing metabolic activity (Krajewski et al., 2000). These 
ultrastructures resemble very closely to apatitic capsules developed around het-
erotrophic bacteria during laboratory phosphate precipitation experiments 
(Lucas and Prévôt, 1985).

All the analyzed traces of microorganisms in the Triassic phosphogenic 
facies developed as a result of extracellular precipitation of CFA, though com-
plex histories of the infilling of apatitic incrustations suggest stages of the micro-
bial matter decomposition and continuing precipitation.

204



PHOSPHATIC MICrOBIALITES

4.3. GEOCHEMICAL FEATUrES

4.3.1.  Organic Carbon Versus Mineral Phosphorus
The pyrolytic and chemical characteristics of organic carbon in the sandy and 
muddy phosphogenic facies as well as in phosphatic microbialites point to a com-
mon marine source of sedimentary organic matter and similar pathways of its 
diagenetic transformation (Figs. 11 and 12). The organic matter is hydrogen-rich 
and oxygen-poor, represented by kerogen type I/II. The exception is the nonphos-
phogenic deltaic facies of southern Spitsbergen, which is dominated by land-
derived organic fractions (kerogen type III). The observed differences in hydrogen 

Figure 11. Plot of rock-Eval pyrolytic hydrogen index (HI–mgHC/gTOC) and oxygen index (OI–
mgCO2/gTOC) values obtained from phosphorite fractions and phosphatic sediments in the Triassic 
phosphogenic facies of Svalbard against mean evolution paths of kerogen type I, II, and III.
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content in kerogen of the phosphogenic facies reflect different levels of organic 
metamorphism in major tectonic units of Svalbard, from early mature to mature 
sequences in the Eastern Svalbard Platform (vitrinite reflectance Ro = 0.5–0.8%) 
through mature sequences in the Central Spitsbergen Basin (Ro = 0.7–0.9%) to over-
mature sequences along the thrust-and-fold belt of western (Ro = 1.0–1.4%) and 
southern Spitsbergen (Ro ~ 2.0%) (Mørk and Bjorøy, 1984; Krajewski, 2000d, e).

A slight enrichment in oxygen is observed in organic matter of  phosphatic 
microbialites, compared with neighboring nodular and peloidal phosphates. 
This can be demonstrated for the central and western Spitsbergen microbialites 
(Fig.  11), and even for microbialites occurring in overmature sequences of 
southern Spitsbergen (Fig.  12). Microscopic survey shows that kerogen is con-
centrated within organic-rich particles like aggregates, clusters, fecal pellets, and 
products of  their disintegration, which point to preferential preservation of 
organic matter settled from the water column (Fig.  8). Within these particles, 
kerogen occurs in the form of amorphous fraction with common unicellular 
bodies interpreted to be remnants of  planktonic microalgae (Krajewski, 2000d). 

Figure 12. Plot of H/C and O/C atomic ratios of kerogen extracted from phosphorite fractions and 
phosphatic sediments in the Triassic phosphogenic facies of Svalbard against mean evolution paths of 
kerogen type I, II, and III. Adopted from Krajewski (2000e), with new data.
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Microbial ultrastructures in phosphatic microbialites are widely devoid of preserved 
organic matter. This suggests that the oxygen increase in kerogen reflects 
enhanced oxidation of  the settled organic matter in the microbial mat environ-
ment during its prolonged exposition at sea bottom.

There are huge variations in organic content in the muddy phosphogenic 
facies, resulting from changing depositional conditions and variations in bottom 
oxygenation across the Svalbard shelf (Fig. 13). The greatest values (up to 10 wt% 
organic carbon) reflect deposition under euxinic conditions in local depressions in 
the deep shelf environment and low levels of organic metamorphism in the Eastern 
Svalbard Platform (Krajewski, 2008). The sandy phosphogenic facies and the con-
densed sequences with phosphatic microbialites show smaller though comparable 
value ranges, reflecting enhanced regeneration of organic matter under dominating 
oxic conditions and in hiatal environments. The decrease in the content of organic 
carbon southwestwards in Spitsbergen is also a result of elevated levels of organic 
metamorphism that led to kerogen maturation and expulsion of bitumen during 
the post-Triassic geological evolution of the region (Figs. 11 and 12).

The phosphate deposits show wide variations in phosphorus content, from a 
few percent to more than 30% P2O5 (Fig. 13 and Table 1). They reflect variations in 
the concentration of phosphorite fraction in sediment as well as the advancement 

Figure 13. Plot of total organic carbon (TOC in wt%) and mineral phosphorus (P2O5 in wt%) values 
obtained from phosphorite fractions and phosphatic sediments in the Triassic phosphogenic facies of 
Svalbard. Adopted from Krajewski (2000a), with new data.
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of apatite cementation of its primary and secondary pore space. Indistinct 
cementation zones in both the sandy and muddy phosphogenic facies usually 
contain up to 15 wt% P2O5. Compact phosphate nodules and peloids show 
higher phosphorus concentrations (up to 25 wt% P2O5) that correspond to 
advanced cementation at isolated sites in sediment. Phosphatic microbialites show 
the highest concentrations of  phosphorus (up to 32 wt% P2O5), suggesting that 
the bottom areas covered by microbial mats provided best conditions for precipi-
tating and concentrating CFA on the Svalbard shelf. A similar association of 
microbial mat-generated phosphatization and burial phosphorus concentration 
was reported from the Cretaceous Mishash Formation of Israel (Soudry, 1987, 
2000), though the two phosphogenic systems show pronounced differences in 
environmental controls and the nature of  phosphate-focusing microbial mat 
communities.

4.3.2.  Isotopic Composition of Apatitic Carbon and Sulfur
Isotopic compositions of  carbon and sulfur in substituting carbonate and sulfate 
ions in the lattice of  sedimentary apatite are important proxies to the chemis-
try of  phosphogenic environments (McArthur et al., 1986; Jarvis et al., 1994). 
The CFA-forming phosphorite fraction in the Triassic phosphogenic facies has 

table 1. Major element contents (wt%) in representative samples of compact phosphate nodules and 
phosphatic microbialites in the sandy and muddy phosphogenic facies of Svalbard, measured by 
ICP-ES.

sample sio2 al2o3 Fe2o3 Mgo cao na2o K2o tio2 P2o5 Mno loia

Sandy phosphogenic facies
Phosphate 
nodule (WS)

19.90 1.16 0.93 0.42 43.24 0.15 0.31 0.08 18.54 0.01 15.00

Phosphate 
nodule (SS)

22.64 2.06 1.07 1.08 40.16 0.32 0.58 0.13 17.63 0.04 14.10

Biolaminated 
structure (SS)

12.77 2.41 2.03 0.37 44.28 0.15 0.53 0.11 31.57 0.01  4.00

Biolaminated 
structure (WS)

 7.78 1.98 1.96 1.28 45.97 0.11 0.29 0.04 25.19 0.03 14.80

Muddy phosphogenic facies
Phosphate  
nodule (EDG)

17.46 3.64 1.09 0.66 40.55 0.26 0.56 0.10 23.06 0.08 11.80

Phosphate 
nodule (CS)

17.80 1.21 0.76 0.56 43.02 0.10 0.23 0.05 20.19 0.02 15.90

Biolaminated 
structure (CS)

12.29 2.68 4.19 0.49 42.92 0.29 0.54 0.11 29.83 0.01  6.00

Biolaminated 
structure (CS)

11.86 3.34 2.57 1.28 44.64 1.01 0.06 0.16 27.42 0.03  7.50

CS central Spitsbergen, SS southern Spitsbergen, WS western Spitsbergen, EDG Edgeøya
aLost in ignition
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been found to contain enough substitutions for precise analysis (Krajewski, 
2000b, c). Isotopic data already collected from Svalbard are shown in Fig. 14. 
All the analyzed samples show a rather narrow range of  d13CVPDB values (−7‰ 
to −1‰), with no noticeable difference between the discerned phosphorite types. 
These results suggest rather constant contribution of  carbon dioxide resulted 
from oxidation of  organic matter to carbonate pool in phosphogenic environ-
ments of  the Svalbard shelf. They are consistent with the analysis of  organic 
carbon presented above. However, a pronounced difference in isotopic composi-
tion of  apatitic sulfur between phosphorite fractions of  the sandy and muddy 
facies on one hand and the phosphatic microbialites on the other is observed. 
After correction for a likely value of  coeval marine sulfate (d34SVCDT: +14.5‰ to 
+15.7‰; Fanlo and Ayora, 1998), most of  phosphate deposits in the sandy and 
muddy phosphogenic facies falls in a range from the seawater values to the ones 
considerably heavier (D34S: −2‰ to +10‰). These values reflect changing posi-
tion of  the major zone of  phosphogenesis in sediment, from near surface in the 
muddy facies to shallow burial in the sandy facies, depending on the degree of 
bottom oxygenation and the position of  redoxcline (Krajewski, 2000b). They are 
comparable with those obtained from many other marine phosphorite deposits 
(e.g., Bliskovski et al., 1977; Benmore et al., 1983; McArthur et al., 1986; Piper 
and Kolodny, 1987; Mertz, 1989; Kolodny and Luz, 1992; Compton et al., 1993; 
Shen et al., 1998).

In contrast, phosphatic microbialites gave strikingly smaller values (D34S: 
−18‰ to −2‰), suggesting that sulfate sulfur trapped in the precipitating CFA 

Figure 14. Plot of d13C (‰) and D34S (‰) values of CFA obtained from phosphorite fractions and 
phosphatic sediments in the Triassic phosphogenic facies of Svalbard. D34S was calculated using the 
following equation: D34Sapatite = d34Sapatite – d34Scoeval marine sulfate, where d34Scoeval marine sulfate = +14.5‰ to +15.7‰, 
mean +15.1‰ (Fanlo and Ayora, 1998).
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was isotopically much lighter than the marine sulfate (Fig. 14). The plausible 
explanation of this composition is a contribution of sulfate originated as a result 
of oxidation of bacterially generated hydrogen sulfide. This strongly supports the 
hypothesis presented here on the colorless sulfur bacteria composition of the 
studied microbial mats. The mats dominated by colorless filamentous sulfur bac-
teria intensely oxidize hydrogen sulfide that is generated in anoxic sediment col-
umn and undergoes upward diffusion (Jørgensen, 1982; Nelson et al., 1986; 
Hagen and Nelson, 1997; yamamoto-Ikemoto et al., 1998). Sulfide oxidation at 
a narrow oxic/anoxic interface stabilized by the mats may occur simultaneously 
by different pathways, both microbiological and abiological (Ferdelman et al., 
1997). The oxidation of hydrogen sulfide by these bacteria occurs in a sequence 
of steps, with intermediate formation of intracellular granules of elemental sulfur 
(Wiessner, 1981; Strohl, 1989), though the end product is almost entirely sulfate 
ion generated to the surrounding medium (Otte et al., 1999). Abiological proc-
esses include autocatalytic oxidation of hydrogen sulfide by free oxygen and, to a 
lesser extent, by direct reaction with ferric (hydr)oxides. Dissimilatory sulfate 
reduction in the sediment is associated with pronounced isotopic fractionation of 
sulfur, with 32S isotope being preferentially reduced to sulfide (Chambers and 
Trudinger, 1979; Habicht and Canfield, 1997). The sulfate ion eventually gener-
ated within the narrow environment of the mat also contains isotopically light 
sulfur (Toran and Harris, 1989; Otte et al., 1999), which is likely to be incorpo-
rated, in the form of SO4 lattice substitutions, in the crystallizing CFA. Elevated 
content of isotopically light sulfate sulfur in apatite of the laminated phosphorite 
crusts off  Peru is also interpreted to record oxidation of biogenic H2S by sulfide-
oxidizing bacteria (Arning et al., 2009a).

4.3.3.  Isotopic Composition of Pyritic Sulfur
Isotopic composition of pyritic sulfur in the phosphorite fractions versus their 
content of iron is shown in Fig. 15. This composition is lighter than the assumed 
composition of coeval marine sulfate, confirming origin of authigenic pyrite as 
a result of dissimilatory bacterial reduction of sulfate in the phosphogenic sedi-
ment. The likely isotopic fractionation during this process ranges from −50‰ to 
−5‰. Similar fractionations associated with dissimilatory sulfate reduction are 
commonly observed in modern organic-rich marine sediments (Chambers and 
Trudinger, 1979; Habicht and Canfield, 1997), and strongly negative d34S values 
are noted in many biogenic pyrites (Strauss, 1997).

Phosphatic microbialites show more negative D34S values (−40‰ to −20‰) 
than most nodular and peloidal phosphates of  both the sandy and muddy 
phosphogenic facies. The difference may reflect increased contribution of sulfate 
originated from oxidation of hydrogen sulfide in the microbial mat environment 
compared with the OC-rich bottoms devoid of mat cover. recurrent reduction of 
sulfate and oxidation/disproportionation of sulfide and intermediate sulfur com-
pounds are likely processes leading to light isotopic composition of pyritic sulfur 
(Canfield and Thamdrup, 1994; Habicht et al., 1998). Phosphatic  microbialites 
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show elevated content of iron, which is consistent with their enhanced pyritization 
revealed in microscopic survey. Minute intergrowths of  sphalerite have also been 
noted, and the content of  iron correlates with zn (20–600 ppm in nodules and 
peloids; 600–2,100 ppm in phosphatic microbialites). This suggests that the 
microbial mats stabilized the oxic/anoxic interface at the sea bottom, and that 
the biolaminated sediments occurring below became collectors of  reduced Fe, 
zn, and S.

4.3.4.  Rare Earth Elements
rare earth elements (rEEs) in the phosphorite fractions were normalized against 
post-Archean shales from Australia (PAAS; McLennan, 1989), and their distribu-
tions are shown in Fig. 16. Cerium anomalies were calculated as Ce* = log[3Cen/
(2Lan + Ndn)] where n represents shale normalized contents (Wright et al., 1987). 
In all the analyzed samples, rEEs are associated with CFA. The dominant cryp-
tocrystalline nature of CFA and the absence of diagenetic recrystallization or neo-
formation features in the analyzed samples suggest that the rEE concentrations 
reflect geochemical processes in the phosphogenic environments. Similar distribu-
tion patterns of rEEs in the nodular and peloidal deposits in sequences showing 
different levels of organic metamorphism (Ro from 0.5% to 2.0%) suggest that the 

Figure 15. Plot of  total content of  iron (FeTOTAL in wt%) and D34S (‰) values of  pyritic sulfur obtained 
from phosphorite fractions and phosphatic sediments in the Triassic phosphogenic facies of  Sval-
bard. D34S was calculated using the following equation: D34Spyrite = d34Spyrite – d34Scoeval marine sulfate, where 
d34Scoeval marine sulfate = +14.5‰ to +15.7‰, mean = +15.1‰ (Fanlo and Ayora, 1998).
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maturation of kerogen and generation of bitumen in the phosphogenic facies did 
not affect the rEE concentrations in CFA.

Most phosphatic nodules and peloids in the sandy and muddy phosphogenic 
facies contain between 300 and 600 ppm (∑rEE). This value range is comparable 
to the ones typically noted in unaltered sedimentary phosphorites (e.g., Altschuler, 
1980; McArthur and Walsh, 1984; Piper et al., 1988). The rEE distributions 
show modified seawater pattern (Elderfield and Greaves, 1982; Jarvis, 1992), with 
weak negative cerium anomalies (Ce* = −0.4 to −0.05). A slight enrichment in 
intermediate rEEs and similar depletion in heavy rEEs are observed, suggesting 
that the incorporation mechanism was not a simple uptake of rEEs from seawater. 
The content of rEEs in pore waters of the phosphogenic environments was likely 
affected by an excess deposition and diagenesis of marine organic matter under 
anoxic sulfidic conditions.

Phosphatic microbialites show considerably higher concentrations of 
rEEs than the nodular and peloidal accumulations (∑rEE = 1,100–5,400 ppm).  
The highest concentrations have been noted in biolaminated structures in  
the muddy phosphogenic facies of  central Spitsbergen (2,300–5,400 ppm).  

Figure 16. rare earth element (rEE) distributions in phosphorite fractions and phosphatic sediments 
in the Triassic phosphogenic facies of Svalbard. rEE contents are normalized against post-Archean 
shales from Australia (PAAS).
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Lower concentrations noted in biolaminated structures in the sandy phosphogenic 
facies of western Spitsbergen (1,100–1,400 ppm) correspond to the highest con-
centrations in the nodular and peloidal accumulations in the muddy facies (ca. 
1,000 ppm). The increase in the content of rEEs in phosphatic microbialites is 
associated with the evolution of their distributions from modified seawater pat-
tern showing weak negative cerium anomaly (Ce* ~ −0.1) to concave-down pattern 
without cerium anomaly. The latter are depleted in both the light and heavy rEEs 
compared with intermediate rEEs, with top enrichment centered on Eu and Gd 
(Fig. 16). Similar patterns have been recognized in several biogenic apatites (e.g., 
Wright et al., 1987; Gradjean and Albarède, 1989) and phosphate nodules and 
grains in OC-rich sequences (e.g., McArthur and Walsh, 1984; Tlig et al., 1987; 
Kidder and Eddy-Dilek, 1994), though their origin remains ambiguous (Jarvis 
et al., 1994). The rEE distributions in phosphatic microbialites seem to have been 
shaped by their prolonged exposition close to the water/sediment interface, dur-
ing which continued degradation of organic matter in the microbial mat-shielded 
environment affected both the element enrichment and abundance changes. 
Disappearance of the cerium anomaly in highly rEE-enriched microbialites is 
consistent with the precipitation of CFA under cumulative deposition and reduc-
tion of ferric (hydr)oxides, which usually contain increased amounts of Ce owing 
to Ce4+ scavenging from seawater (Martín-Algarra and Sánchez-Navas, 1995).

5.  Discussion

The Triassic sedimentary sequence in Svalbard provides an excellent example of 
OC-rich, phosphogenic shelf  depositional system developed as a response to high-
biological productivity event in the Mesozoic of the Barents Sea Shelf  (Fig. 17). 
The overall development of the phosphogenic facies resembles sediments in mod-
ern OC-rich, phosphogenic environments on continental shelves reinforced by 
coastal upwellings (e.g., Burnett et al., 1980; Baturin, 1982; Glenn and Arthur, 1988; 

Figure 17. Paleoenvironmental synthesis of the Triassic phosphogenic facies in Svalbard showing 
locations of preferential development of phosphatic microbialites.
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Garrison and Kastner, 1990). The common occurrence of microbial mats dominated 
by colorless filamentous sulfur bacteria on these shelves (e.g., Gallardo, 1977; 
Henrichs and Farrington, 1984; Schulz et al., 1996, 1999) has been suggested 
to drive phosphogenesis in bottom sediments due to interface-linked phospho-
rus transformations (Schulz and Schulz, 2005; Arning et al., 2009a). Phosphatic 
microbialites revealed in Svalbard might be considered fossil phosphatic sulfur 
bacteria mats, and therefore used to test their role in phosphorite formation in 
ancient OC-rich environments.

The Triassic phosphogenic facies in Svalbard embrace a variety of phos-
phate deposits, including nodules, peloids, phosphatic fossil molds, burrows, 
coprolites, and phosphatized skeletal remnants, originated due to rapid, punctu-
ated precipitation of CFA in the uppermost parts of OC-rich sediment column 
(Krajewski, 2000a). regional development of these facies on the Svalbard shelf  
was induced by excess deposition of fresh, marine organic matter from the water 
column, which by recycling in bottom environments provided a continuous 
source of organically bound phosphorus for apatite precipitation (Fig. 16). The 
vast majority of phosphate deposits is represented by nodular and peloidal accu-
mulations originated over a range of bottom environments, from fully oxic shal-
low shelf  sandy bottoms to suboxic/anoxic deep shelf  muddy bottoms with local 
euxinic depressions (Krajewski, 2006). Among these deposits, the phosphatic 
microbialites seem to represent a peculiar, spatially restricted type of phosphate 
deposition that required a unique set of conditions to develop and preserve in the 
burial sequences. These conditions were associated with temporarily suppressed 
or halted sedimentation on local elevations, submarine slopes, and flanks of 
migrating sediment bodies, which provided stable bottoms for colonization and 
proliferation of microbial mats. The available evidence points to a subordinate 
role of this type of phosphate deposit as phosphorus sink in the Triassic phospho-
genic facies. This does not preclude its role as local phosphorus collectors in parts 
of the shelf  depositional system, which were especially prone to sedimentary 
condensation.

Despite their only local contribution to the phosphogenic facies, the phos-
phatic microbialites are shown to have provided a favorable place for early and 
intense CFA precipitation in OC-rich sediment. Their burial concentration of 
mineral phosphorus is clearly the highest among the discerned phosphate depos-
its in the Triassic sequence. The phosphatization zone of biolaminated structures 
has a lateral extent that imprints the original mat distribution at the surface. This 
association is very prominent throughout all the investigated microbialites. One 
way of explaining this association was presented by Williams and reimers (1983), 
reimers et al. (1990), and Schulz and Schulz (2005) who located a direct and 
immediate source for apatite precipitation in the mat itself. These authors have 
shown that sulfur bacteria are capable of transitorily fixating phosphate ion to 
form intracellular polyphosphate, which under anoxic conditions would be liber-
ated to supersaturate pore fluids leading to precipitation of apatite (Gächter 
et al., 1988; Gächter and Meyer, 1993). However, this scenario does not explain 
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the formation of the vast majority of phosphate deposits in Svalbard, which 
provide no evidence of growth close to microbial mat systems. All these deposits 
show abundant apatitic ultrastructures preserved during the formation of phos-
phatic matrices and grains, which are interpreted to be remnants of bacterial 
decomposing community in sediment. The apatite-pyrite association strongly 
suggests phosphogenesis at the upper margin of anoxic sulfidic zone, located 
either beneath the water/sediment interface in the sandy oxic environments or 
close to it in the muddy dysoxic to anoxic environments. Similar bacterial 
ultrastructures and apatite-pyrite mineral sequences are observed in phosphatic 
microbialites, along with highly degraded remnants of a filamentous community 
interpreted to be sulfide-oxidizing bacteria. This suggests that biogeochemical 
microenvironments of apatite precipitation in phosphatic microbialites and else-
where in the phosphogenic facies were similar, though they showed different 
intensity, duration, and lateral extent of the precipitation process. There should 
therefore be other aspects of a microbial mat-shielded environment that are likely 
to explain extensive subsurface phosphatization.

1. Sealing of the water/sediment interface to chemical diffusion. The resistant 
framework of microbial mat stabilized the subsurface pore environment for 
an extended period of time during seafloor history of the condensed horizons. 
This environment would provide conditions for continuous precipitation of any 
authigenic mineral phase whose ionic counterparts actually were at the (super)
saturation level (Krumbein, 1983; Cohen et al., 1984; Cohen and rosenberg, 1989). 
Phosphate ion generated to the pore environment of biolaminated sediment, 
mostly from decomposition of P-containing organic matter but also from dis-
solution of skeletal hydroxyapatite and reduction of ferric (hydr)oxides, could 
precipitate in this stable environment to form a high-grade apatitic matrix. High 
concentrations of CFA and rEEs observed in the phosphatic microbialites are 
consistent with sedimentologic observations suggesting nondepositional inter-
ludes over OC-rich bottoms and phosphogenesis in the microbial mat-shielded 
environments.

2. Narrowing chemical gradients and pH shifts. The filamentous sulfur bacteria 
mats are capable of narrowing and stabilizing the H2S/O2 interface at or close 
to the sediment surface (Jørgensen, 1982; Jørgensen and revsbech, 1983; Nelson 
et al., 1986; SenGupta et al., 1997). The narrow interface is essential for these 
bacteria to outcompete autocatalytic oxidation of hydrogen sulfide by oxygen 
(Fenchel and Bernard, 1995). The intense metabolic sulfide oxidation at this 
interface (Heijs et al., 1999) results in local production of protons, which lower 
pH values of the microenvironment (Boudreau, 1991). Lowered pH values 
would favor a rapid precipitation of phosphate from the solution owing to a 
catalytic effect of hydrogen ions (Nathan and Sass, 1981; Van Cappellen, 1991; 
Van Cappellen and Berner, 1991). Isotopically light sulfate sulfur in CFA of the 
microbialites documents that the oxidation of H2S was an important process 
during phosphogenesis in the microbial mat-shielded environments.
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3. Enhancing effects of the iron-related phosphorus pump mechanism. A portion of 
phosphate ion generated in OC-rich sediment escapes to the overlying water, 
where it may be sorbed on iron (hydr)oxides settling to the bottom (Froelich 
et al., 1988). This phosphate is liberated during reduction of ferric iron in the 
anoxic sulfidic environment, providing surplus phosphate source for apatite 
precipitation (Glenn et al., 1994). The sorption–desorption cycles of phos-
phate associated with iron (hydr)oxides widely depend on small-scale shifts 
of the H2S/O2 interface (Ingall et al., 1993; Gunnars and Blomqvist, 1997). 
The narrow interface located within the microbial mat is a subject of oscil-
lation reflecting changes of bottom water oxygen level, variations in produc-
tivity, and the rate of mat burial and vertical microbiota migration (Huettel 
et al., 1996; SenGupta et al., 1997; Jørgensen and Gallardo, 1999). The complex 
phosphate-pyrite sequences observed in thicker biolaminites suggest that verti-
cal migration of the interface was a common phenomenon in the sedimentary 
mat systems, resulting in pulses of CFA precipitation followed by pyritization 
of the phosphatic matrix.

6.  conclusions

The Triassic organic carbon-rich, phosphogenic facies setting in Svalbard, NW 
Barents Sea Shelf  developed in a broad spectrum of shelf  depositional environ-
ments in response to a regional event of  high biological productivity reinforced 
by upwelling from oceanic basin. Enhanced deposition and diagenesis of  marine 
organic matter promoted shelf-wide phosphogenesis in bottom sediments that 
resulted in the formation of  various nodular and peloidal phosphate deposits as 
well as peculiar, spatially restricted phosphatic accumulations related to benthic 
activity of  microbial mats. The phosphatic microbialites developed under tem-
porarily suppressed or halted sedimentation on local elevated sediment bodies 
and slopes that provided stable bottoms for colonization and proliferation of 
microbial mats. The microbial mats were most probably dominated by colorless 
filamentous sulfur bacteria, which, by growing on sulfidic gradients, provided 
depositional systems capable of  precipitating and significantly concentrating 
CFA in the sediment due to focusing and intensifying the interface-linked pro-
cesses of phosphorus transformation. Precipitation of apatite in the mat-stabilized 
sediments led to the formation of  thin, high-grade phosphorite horizons in parts 
of  the phosphogenic shelf  area. These horizons show the highest concentration 
of  phosphorus (up to 32 wt% P2O5) among the phosphate deposits preserved 
in the Triassic sequence. However, the spatial and temporal limitations of  the 
growth and phosphatization of  microbial mats confine the importance of  phos-
phatic microbialites to local and restricted phosphorus collectors in the Svalbard 
shelf  basin.
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abstract The Trento Plateau (South-Alpine domain of  the western passive 
continental margin of the Apulian plate), during the Middle–Late Jurassic was 
the site of extended microbialite development in Ammonitico Rosso facies. The 
setting was a current-swept, pelagic plateau located far from sources of terrigenous 
supply, characterized by very low average sedimentation rate. Both stromatolites 
and leiolites occur, commonly associated and passing into one another. For the 
carbonate-dominated Ammonitico Rosso depositional setting, it may be inferred 
that microbialites grew in well-oxygenated waters of normal salinity, arguably 
characterized by very low nutrient availability and probably located in the photic 
zone. A decimetre-scale basic rhythm occurring in some intervals of the local 
succession consists of a slightly clayey nodular unit stabilized by a carbonate, 
microbial unit. Transition from the lower to the upper unit of the rhythm may 
imply increase in hydrodynamics and oxygenation at the bottom and a progressive 
reduction in trophic level and bioturbation rate by burrowing metazoans. These 
rhythms are tentatively attributed to a precessional control.

Keywords Ammonitico Rosso • Middle–Late Jurassic • Pelagic • Stromatolites • 
Leiolites • nodular to microbial rhythm • Microbialites • Southern Alps Italy • 
Cyanobacteria • Trento Plateau

1.  introduction

Microbialites are in steady but punctuated decline throughout the geological time, 
especially after the Palaeozoic (Kiessling, 2002; Kiessling and Flügel, 2002) and 
are presently confined to settings generally prohibitive for the life of other benthic 
organisms. nevertheless, they still played a role in Mesozoic marine sediments. 
Their progressive reduction in the Phanerozoic is generally attributed to the pro-
gressively increased biodiversity, which may have led to ecological restriction of 
microbial mats by higher organisms such as grazers and burrowing animals that 
destroy the delicate structure of the mats.
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In the Phanerozoic, microbialites in marine subtidal settings are typically 
associated with condensed sedimentary sequences. They commonly display a 
bright-red colour due to the presence of finely dispersed hematite and have been 
early lithified. Microbialitic structures in the Jurassic Ammonitico Rosso 
sequences are exposed on the Trento Plateau, a submarine structural high of the 
South-Alpine domain of nE Italy (e.g., Sturani, 1964; Jenkyns, 1971; Bernoulli 
and Jenkyns, 1974; Massari, 1979, 1981; Clari et al., 1984; Zempolich, 1993). The 
palaeogeographic position of this plateau during the Middle–Late Jurassic was 
that of a current-swept plateau far from continental landmasses and from any 
terrigenous and platform-derived carbonate sources. Important factors contribut-
ing to the widespread occurrence of microbialites undoubtedly were a very low 
sedimentation rate and the availability of hard substrates (such as early-lithified 
nodules exhumed at the sediment–water interface, shells or shell fragments, and 
hardgrounds).

A long-standing controversy concerns the deep versus shallow palaeo-water 
depth of deposition of these sequences and associated microbialites. The spec-
trum of palaeo-water depths proposed ranges from the wave base down to the 
Aragonite Compensation Depth. Jenkyns (1971) favoured a maximum deposi-
tional depth of about 200 m but probably considerably shallower, as is the case of 
many modern and ancient seamount terraces. Deposition in the photic zone was 
assumed by Bernoulli and Jenkyns (1974). Sturani (1971) suggested a water depth 
below wave base but not deeper than the base of the photic zone (less than 
150 m). Zempolich (1993) suggested that microbial mats were composed of 
cyanobacteria and/or bacteria operating in the deep photic zone, above deep 
storm wave base (110–200 m). Some authors argued that the depositional setting 
was sporadically in the reach of at least major storms (e.g., Massari, 1981; 
Zempolich, 1993). On the other hand, Winterer and Bosellini (1981), Ogg (1981) 
and Winterer (1998) argued for a drowning of the Trento Plateau below the 
photic zone, passing through the aragonite lysocline and aragonite compensation 
depth. Winterer (1998) argued that stromatolitic domes of  the Jurassic 
Mediterranean Tethys formed at depths ranging from a minimum of 150 m to 
depths where there was significant or even total dissolution of aragonite. On the 
basis of a straight-line extrapolation of Pliensbachian–Aalenian subsidence rates 
for Bajocian to Tithonian times, he estimated for the Ammonitico Rosso of 
Trento Plateau a depth increase from 200 to 275 m in the Bathonian, up to 350–
450 m in the Kimmeridgian. For the reddish cherty and marly limestones of late 
Callovian Oxfordian, known in the Trento Plateau as Fonzaso Fm, Winterer 
(1998) proposed a deposition below the ACD, which was estimated by the author 
at about 400 m at that time.

An unambiguous proof of the actual palaeo-water depth is so far missing. 
Here, we focus on the Ammonitico Rosso facies and associated microbialites 
exposed on the Trento Plateau (mostly in the area of Lessini Mountains, north of 
Verona), in order to contribute to assessing the palaeo-bathymetry of the deposi-
tional setting and the environment in which the microbialites developed. 
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Biomarker data, at present unavailable, would be of critical importance to document 
the involvement of phototropic cyanobacterial mats. These data will be the subject 
of a future paper.

2.  geologic and stratigraphic setting

From the Early Jurassic on, the subsiding carbonate platforms of the north-
western Tethys underwent rifting and transform faulting, resulting in a complex 
mosaic of basins, pelagic plateaux and shallow platforms. Swells and basins were 
subject to faulting along the western passive continental margin of the Apulian 
plate, which eventually led to the opening of an arm of the Tethys Ocean during 
the Middle Jurassic (Bernoulli and Jenkyns, 1974; Gaetani, 1975; Winterer and 
Bosellini, 1981).

The Middle and Late Jurassic generally was a time of condensed pelagic 
sedimentation on the continental margins of the Tethys situated far from conti-
nental areas (Bernoulli and Jenkyns, 1974). Paucity of planktonic microorgan-
isms and very low sedimentation rate may partly account for the condensed 
nature of the deposits.

Although there are many different facies of red nodular Ammonitico Rosso 
deposited in variable depositional settings, the focus here is on the condensed 
facies occurring on the pelagic swell of the Jurassic South-Alpine domain known 
as Trento Plateau. Here, a condensed and discontinuous pelagic succession of 
Ammonitico Rosso facies, no more than 30 m thick, bears ammonite faunas of 
several biozones and stretches from the upper Bajocian to the Tithonian. The 
Trento Plateau was a horst block of the southern continental margin of the 
Tethys (Fig. 1) (Winterer and Bosellini, 1981; Ogg, 1981). It evolved from a 
strongly subsiding Hettangian to Aalenian Bahamian-style carbonate platform to 
a current-swept plateau with greatly reduced pelagic sedimentation. This subma-
rine ridge was bounded by two basins, the Lombardian Basin to the west and the 
Belluno Basin to the east. Due to its isolated palaeogeographic position, it 
received a minimal supply of nutrients and terrigenous clastics when compared to 
epicontinental settings of the northern Eurasian area (Bernoulli and Jenkyns, 
1974). The average sedimentation rate was exceedingly low, on the order of a few 
millimetre per kyr, and stratigraphic gaps are common.

The fault blocks generated by the rifting show an asymmetry in their strati-
graphy, with a thinner sedimentary succession in the west-central part of the 
plateau that reflects an eastward tilt of the Trento Plateau (Bosellini, 1973). Thin 
and discontinuous Bajocian sequences of clean-washed Bositra-bearing coquinas 
and crinoidal calcarenites (the so-called Posidonia alpina beds auctt.) commonly 
underlie and in places interfinger with the lowermost part of the Ammonitico 
Rosso succession (Sturani, 1971). The latter constitutes a formation, the “Rosso 
Ammonitico Veronese”, originally named and introduced in the stratigraphic 
lexicon by Dal Piaz (1956). (In the following, we use the abbreviation RAV for 
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“Rosso Ammonitico Veronese” to refer to the studied succession). Red nodular 
pelagic limestones are also currently described as Ammonitico Rosso according 
to the Anglo-Saxon usage.

The pelagic limestones of  the RAV are subdivided into three recently for-
malized units (Martire et al., 2006). Its lower unit (Rosso Ammonitico Inferiore, 
RAI, Aalenian to lowermost Upper Callovian) is generally quite massive, and 
commonly contains microbialites. The middle unit (Rosso Ammonitico Medio, 
RAM, Upper Callovian to Middle Oxfordian) is characterized by thin-bedded, 
planar-parallel- to flaser-bedded limestones locally accompanied by nodules 
and layers of  red chert. Both the lower and middle units locally include sparse 
beds of  clean-washed microcoquinas of  thin-shelled bivalves. The Rosso 
Ammonitico Superiore (RAS, Middle Oxfordian to Upper Tithonian) mostly 
consists of  nodular limestones and commonly contains microbialites in the 
lower part (Martire et al., 2006).

Figure 1. (a) Schematic reconstruction of  the Jurassic palaeogeography [slightly modified after 
Martire (1992)]. (b) Schematic E-W palinspastic profile. This study is focused on Middle–Upper Juras-
sic microbialites occurring in the Ammonitico Rosso facies on the Trento Plateau, particularly in the 
Lessini Mountains area (n of Verona).
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The locally observed transitional passage from the grainstones of the 
“Posidonia alpina” beds to the RAV (Massari, 1981) suggests a gradual change of 
depositional setting, with a decrease in environmental energy suggestive of slow, 
progressive deepening. The limited vertical facies changes within the RAV suggests 
that, at least on the Trento swell, subsidence significantly slowed at the passage 
from the thick Lower Jurassic platform carbonates to the condensed Middle–
Upper Jurassic pelagic deposits (Martire, 1992). Therefore, a rapid drowning, due 
to a collapse of  the carbonate platform forming the substrate of  the RAV, as 
suggested by Winterer and Bosellini (1981), or a simple straight-line extrapolation 
of Pliensbachian-Aalenian subsidence rates for Bajocian to Tithonian times, as 
suggested by Winterer (1998), are unlikely. The fabric and compositional changes 
in the upper part of the RAS and at the transition to the white pelagic limestones 
of the Maiolica are probably a signal of increase in sedimentation rate due to the 
nannoconid bloom.

3.  Methods

Microbialite facies were analysed in the field and on polished slabs. Drawings based 
on field photographs were used to analyse the spatial relationships. In addition, 
229 thin sections were examined for microfacies analysis. For SEM analysis, sam-
ples were cut perpendicular to the bedding, mounted on SEM stubs and polished 
with corundum powder. Subsequently, they were cleaned in an ultrasonic bath and 
etched in 0.1 n hydrochloric acid for 20 s and afterwards coated with gold.

4.  characteristics of the rosso ammonitico Veronese

4.1.  GEnERAL ASPECTS AnD FAUnAL COnTEnT

The open-marine succession of  the Rosso Ammonitico Veronese (RAV) is 
generally characterized by red colour due to the presence of  diffuse hematite and is 
strongly condensed and typically discontinuous, with common hardgrounds. The 
oxidized (ferric) state of  iron suggests an aerobic depositional setting (holoaero-
bic sediment). A skeletal micropeloidal microfacies is dominant and ranges from 
wackestone to packstone and grainstone. A packstone texture typically charac-
terizes the brick-red matrix of  the nodular facies, which is slightly argillaceous. 
Conspicuous elements of  the fauna include whole and fragmented ammonites, 
commonly preserved as steinkerns, belemnite rostra, thin-shelled bivalves, gastropod 
protoconchs, brachiopods, aptychi, rhyncholites, rare small solitary corals, crinoidal 
ossicles, and rare echinoids. Microfossil assemblages include both planktonic 
and benthic elements. Small, thin-shelled bivalves, protoglobigerinids (Middle 
Oxfordian), and Saccocoma (latest Kimmeridgian to early Tithonian) climaxed 
successively. Benthic foraminifers (Nodosariidae, Ataxophragmiidae), radiolar-
ians (calcite replaced), calcispheres (Stomiosphaera, Cadosina) and Globochaete, 
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are present with variable abundance. Polyphasic bioclasts that have been 
subjected to repeated phases of  burial, exhumation, and reworking appear com-
monly bored and iron-stained at the periphery, and sometimes show a coating of 
a black Fe–Mn oxide crust with small Frutexites-like stromatolites.

The role of bottom currents on the submarine plateau controlling the effec-
tiveness of winnowing, bypass, and erosion was emphasized by Jenkyns (1971), 
Massari (1981) and Martire (1992, 1996). Evidence of bottom current activity 
includes (1) planed-off hardground surfaces, (2) Fe–Mn mineralization indicative 
of prolonged sediment bypass, (3) exhumation and local overturn of ammonite 
steinkerns on the sea floor, as evidenced by stromatolitic cupolas developed on 
both sides of tests, (4) local faunal reworking and mixing, and (5) differences in 
lithology between fossil infill and surrounding sediment.

The sedimentation likely took place under oxidizing conditions, as suggested 
by the great density of burrows, lack of trace fossils assemblages indicative of low 
levels of  oxygenation, and the presence of iron generally as Fe3+ in the 
Fe-hydroxide iron staining and mineralization on lithoclasts and hardground 
surfaces. Iron sulphide in the form of dispersed framboidal pyrite occurs only in 
a grey-greenish variety known as “Verdello”, that crops out in a restricted area 
surrounding the town of Trento. This variety is probably to be considered as a 
meta-aerobic sediment (Fischer et al., 2009), due to a particular depositional 
environment, leading to a combination of bottom aeration followed by an anaer-
obic chemical overprint. In this case, microbial activity arguably induces anaero-
bic conditions leading to the reduction of iron to the ferrous state.

The substratum of the microbial growth, as illustrated below, is represented 
by any type of hard substrate which stood above the sea floor, such as hardgrounds, 
early-lithified nodules, larger lithoclasts, lumps, and ammonite moulds (Fig. 2).

Hardgrounds range from planar to quite irregular, locally mineralized 
surfaces, and are commonly overlain by planar to domed stromatolites. Planar 
surfaces of hardgrounds truncate underlying stromatolitic domes, ammonite 
moulds, and other underlying features, and thus appear to result from a process 
of erosional planation. Erosion was most likely related to the grinding action of 
coarse sediment forming temporary mobile covers of bioclasts and lithoclasts. 
These sediment covers may be regarded as thin lag deposits that formed during 
the omission phase and acted as abrasives when moved by bottom currents as 
traction bedload across the surface (Goldring and Kaźmierczak, 1974; Fürsich, 
1979). The erosional process may have been aided by the heavily destructive 
action exerted by borers. As argued by Hallam (1967) and Martire (1992, 1996) 
the hardgrounds are likely to represent stages of sea-level lowstand and minimal 
bathymetry, an assumption supported by the characteristics of associated sedi-
ments, which bear evidence of accelerated winnowing and highest energy level.

In the Trento Plateau whitish to pinkish micro-lumachelle layers are locally 
interbedded with the predominant microbial and nodular facies, especially in the 
RAI and RAM, occasionally capping hiatal surfaces. They range in thickness from 
a few centimetres to 20 cm and consist of clean-washed grainstone to packstone 
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dominated by thin-shelled bivalves, crinoid ossicles, and micropeloids. These layers 
locally show normal grading, and planar to hummocky cross stratification, and are 
locally capped by combined flow ripples or wave ripples with the characteristic 
internal structure of chevron-like laminae. These features suggest that at least in 
certain areas of the Trento Plateau, and in certain intervals of the succession char-
acterized by a significant decrease in bathymetry, particularly during the Callovian, 
the sea bottom was occasionally in the reach of storm-generated flows, at least 
during most severe events (Massari, 1981; Zempolich, 1993). These occasional 
events, characterized by high hydrodynamic energy, appear to be superimposed on 
the background of gentle and more or less constant bottom currents.

neptunian dykes, either concordant or discordant with respect to the bed-
ding, with infills either passive or forcefully injected, are common in the RAV. 
They are generally referred to a Callovian phase of block faulting, which created 
an uneven topography and significant thickness variations and lateral facies 
changes in the RAM (Martire, 1992, 1996).

4.2.  EARLy DIAGEnETIC nODULES

Early diagenetic nodules are the most distinctive and widespread feature of the 
RAV. Although the term nodule has been used by some authors in a comprehen-
sive way (e.g., Martire et al., 2006), we here limit its meaning to sub-spherical to 
ellipsoidal, or lobate, centimetre-sized, usually pink-coloured carbonate bodies 

Figure 2. Alternation of  nodular and microbial facies. Drawing from a polished slab. Caprino  
Veronese quarry, Lessini Mountains (Bajocian).
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with sharp to faded boundaries. A variably developed suturing and stylolitization 
at their boundaries occurred during later compactional diagenesis and commonly 
resulted in irregular shapes.

The nodules may be simple or compound. The former are 4–27 mm across 
(average 14 mm) and typically consist of wackestone, sometimes preserving relict 
bioturbation textures inferred to have formed in the soupy-soft stage. This biotur-
bation is muted and faint, due to a lack of contrast between burrow matrix and 
fill, and is sometimes recognizable as poorly distinct meniscate burrows related to 
unidentified deposit feeders of the meiofauna. Its sporadic preservation may have 
been favoured by the early hardening which froze a texture which otherwise might 
not survive. Compound nodules (lumps) result from the aggregation of several 
types of carbonate bodies, such as smaller nodules, small oncoids, and lithoclasts. 
Their shape ranges from sub-spherical or ellipsoidal to irregular, sometimes 
lobate, and maximum dimension from 15 to 60 mm.

The nodules usually are uncompacted and maintain a roughly sub-spherical 
shape, pointing to selective early lithification. The notion of early lithification is 
supported by a number of aspects: (1) biomoldic voids of, e.g., aragonitic shells 
that are preserved without deformation; (2) randomly oriented intra-nodule skel-
etal debris lacking any compaction-related preferred orientation, which is in 
strong contrast to the compacted fabrics of the matrix; (3) identical texture and 
bioclast packing compared to those of lithoclasts; and (4) isotopic data (Jenkyns, 
1974; Massari, 1981; Clari and Martire, 1996).

Later compaction and pressure solution in the deep burial realm increased 
the textural contrast between early-cemented nodules and the soft matrix. The 
brick-red packstone matrix is strikingly different from the nodules in that it shows 
extensive compactional and dissolution features. Some components present in the 
nodules, such as radiolarians, protoglobigerinids, and gastropod protoconchs, are 
absent in the matrix and are thought to have been removed by selective dissolu-
tion in the matrix. The skeletal grains in the matrix are much more closely packed 
than in the nodules and have been subject to intergranular pressure dissolution 
(Clari and Martire, 1996; Martire, 1996). The absence of diagenetically metasta-
ble components in the matrix and the higher concentration of components in the 
matrix that are inert against early diagenesis demonstrate the early diagenetic dif-
ferentiation of  the sediment into cemented nodules and uncemented matrix 
(cf. Westphal et al., 2000). The concentration of hematite and indirect enrichment 
of insoluble argillaceous residue, particularly along solution seams, is clearly the 
effect of differential behaviour of the soft matrix with respect to the early-lithified 
parts during the burial diagenesis.

Traces of early bioturbation within the nodules, coupled with common nod-
ule overgrowth by microbial domes, indicate that nodules formed some centimetres 
below the sediment–water interface and were later exhumed to the sediment–water 
interface. The selective nodule hardening near the sediment–water interface is 
regarded as a consequence of the alteration of sediment features by the bioturba-
tion in the soupy/soft stage. It has long been known that endobenthic organisms 
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profoundly alter the properties of the sediments they inhabit, by means of sediment 
mixing, by varying water content and grain size, by increasing permeability and 
modifying the consistency of the substrate, by introducing new reactive organic 
matter in the form of metabolic products, such as mucous secretions and dead 
organisms, and by influencing microbial populations that mediate chemical reac-
tions, thus creating new biogeochemical microenvironments (Bromley, 1996). In 
this way, the bioturbation can greatly disturb chemical gradients, such as pH–Eh 
gradients, and can lead to the intensification of ion exchange in interstitial spaces, 
so that in a marine phreatic system dominated by current-induced flushing of sea 
water through the pores of sediments, the bioturbated areas become sites of high 
cementation potential (see also Kaźmierczak, 1974). The rounded shape suggests 
that the nodules grew by centrifugal accretion of cement (Bathurst, 1971), starting 
from the areas where minute burrowing was more intense. Cases of early-lithified 
concretions exhumed to the sediment–water interface are commonly reported in 
literature, and their hardening is commonly regarded as an outcome of the changes 
in sediment characteristics due to bioturbation (e.g., Bathurst, 1971; Kaźmierczak, 
1974; Kennedy and Garrison, 1975; Dromart, 1989; Fürsich et al., 1992).

Marlier facies, more common in the RAS, is characterized by ellipsoidal 
nodules with sharp to faded boundaries. These nodules, which are the typical 
components of the “nodular facies” of Clari and Martire (1996), show no evi-
dence of exhumation to the sediment–water interface. Although evidence of early 
cementation was shown by syntaxial cements, as documented by Clari and 
Martire (1996), the ellipsoidal shape of the nodules with the long axis parallel to 
bedding suggests that their degree of hardening was incomplete, allowing a some-
what plastic reaction during loading compaction, with some flattening and devel-
opment of anastomosing dissolution seams. The incomplete lithification may 
relate to the presence of clay in the sediment. This is in agreement with the obser-
vation that clay contents in excess of only a few percent are sufficient to prevent 
early cementation (e.g., Kennedy and Garrison, 1975). Lateral transitions can be 
documented within the Trento swell between the marlier facies and the limestone 
facies subject to early hardening (e.g., Martire, 1996). These differences probably 
reflect different clay content and net sedimentation rates.

4.3.  LITHOCLASTS

Lithoclasts appear as usually angular fragments, commonly with iron-stained 
and minutely bored periphery. Sometimes they are compound and polyphasic, 
suggesting an origin by multiple events of burial, exhumation, reworking, and 
mineralization. Lithoclasts coated by a Fe–Mn crust, sometimes consisting of 
Frutexites-type stromatolites, are particularly common in the most condensed 
facies. Lithoclasts are found in a range of textures: they may float in the matrix, or 
occur inside compound nodules or as nuclei of oncoids, or are trapped sometimes 
within microbial structures.
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The common presence of lithoclasts attests to the detachment of fragments 
from already lithified substrates, such as interspaces between microbial domes, 
and is therefore one of the main evidence of synsedimentary lithification. A process 
of fracturing in situ (autobrecciation) of early-hardened substrates is suggested 
by the large size range of the intraclasts, the common mutually fitting boundaries 
of adjacent clasts, and local incipient fractures not yet resulting in clast detach-
ment. The genetic mechanism was probably represented in most cases by the 
formation of early dilatational fractures (Pratt, 1982) due to the pressure exerted 
by the growing cement crystals.

Another process of lithoclast generation may have been the removal by bot-
tom flows of fragments from early-lithified substrates subjected to heavy bioero-
sion by boring organisms. This mechanism was probably of  subordinate 
importance and only effective at the expense of lithified hardground surfaces 
exposed at the sea floor for a long time.

4.4.  MICROBIALITES

Originally indistinctly classified into the stromatolites, microbialites were later rec-
ognized to show a large spectrum of variations in internal morphology (Kennard 
and James, 1986; Dill, 1991; MacIntyre et al., 1996; Feldmann and McKenzie, 1998; 
Braga et al., 1995; Planavsky and Ginsburg, 2009). Following Shapiro (2000), the 
term macrostructure is used to indicate the gross forms of microbialite bodies, such 
as columns and domes; mesostructure for those elements visible at the hand-sample 
scale (centimetre scale), such as laminations in the case of stromatolites, and micro-
structure for features visible using a light microscope (millimetre scale). Following 
Planavsky and Ginsburg (2009), the term fabric is used to refer to the morphology 
and composition of a section of microbialite.

4.4.1.  Oncoids
Oncoids are accretionary carbonate bodies with rounded shape, and dimensions 
comparable to those of nodules. Their core is a simple or compound nodule, 
a lithoclast, or a fragmented or whole shell. Laminated stromatolitic he mis-
pheroids cover only the upper half  of the core during the successive growth stages 
(Fig. 3a).

Intermittent mechanical perturbations, due to the motion of infaunal 
organisms or unsteady activity of currents, lead to rotation or upset of the par-
tially coated oncoid, and every time it settles in a new position, a new accretionary 
stage may begin. This eventually leads to the multiphase coating of the nucleus 
(Massari, 1983). The variable complexity of the oncoids depends on the duration 
of their exposure on the sediment–water interface, and therefore, to a certain 
degree, it is a measure of the stratigraphic condensation.
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4.4.2.  Domal and Columnar Microbialites
The substratum of the microbial growth is represented by any type of hard 
substrate which stood above the sea floor, such as hardgrounds, exhumed early-
lithified nodules, larger lithoclasts, lumps, ammonite moulds (cf. Dromart, 1989) 
(Fig. 2). Stromatolites grown on ammonite steinkerns are commonly developed 
as domes on truncated and planed-off upper shell surfaces. The presence of a 
hard substrate on which the mats could anchor is clearly a pre-requisite for the 
microbial mat growth.

Microbialites in the RAV of the Trento Plateau reveal large variations in 
internal fabrics, ranging from distinctly and regularly laminated to irregularly 
laminated and even structureless. On the basis of meso- and microstructure we 
distinguish stromatolites and leiolites. The term leiolite was introduced by Braga 
et al. (1995) to indicate a grain-dominated structureless microbialite lacking clear 
lamination or clots, containing in addition fenestrae and micrite, and was also 
drawn on by Dupraz and Strasser (2002) to indicate a microbialite with micro-
peloidal to dense microfabric. Here, we attribute to leiolites domed and columnar 
microbialites ranging from a few centimetres to 13 cm in height, characterized by 
non-laminated to patchily laminated micropeloidal and bioclastic, vuggy fabric. 
The contact with the surrounding deposits is usually sharp. Even though they 

Figure 3. (a) Oncoid with asymmetric stromatolitic hemispheroids grown on different sides of a core 
represented by a bioeroded residual nodule (thin section, positive print). Covolo di Camposilvano 
section, Lessini Mountains (Callovian). (b) Leiolites capped by stromatolites. note abundance of bio-
clasts and small vugs in the leiolites (peel, negative print). Rosso Ammonitico Veronese, unidentified 
quarry of the Lessini Mountains (Bathonian or Callovian).
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are commonly non-laminated, they show variable microfabrics, sometimes with 
patchy, discontinuous, and irregular laminations, generally indistinct and locally 
anastomosing, which appear to have been disrupted by the bioturbation, and an 
abundance of  small irregular vugs. The components include micropeloids and 
fine-grained to sand-sized bioclasts. The latter are commonly larger than those 
contained in the stromatolites and are sometimes associated with small nodules 
and lithoclasts. Bioturbation is recorded by subcircular to elliptic and sometimes 
elongate sections, sometimes accompanied by meniscate traces, with infill textur-
ally and/or compositionally different from the surrounding sediment. Other 
evidence of  bioturbation is provided by disruption (truncations, embayments) of 
the lamination. The microfabric apparently results from the disruptive influence 
of  burrowing metazoans. Vugs may be depositional irregularities, or spaces for-
merly occupied by algae, or umbrella structures occurring below convex-up 
bivalve shells.

Leiolites and stromatolites occur either separately or, more commonly, as 
associated microbialites grading into one another. Although variable upward 
transitions into one another may be locally observed, the most common vertical 
transition is from leiolite to stromatolite (Fig. 3b), the latter occurring as a cap-
ping laminated drape on a leiolite column or dome. The frequent association of 
leiolites and stromatolites, common vertical transitions into one another, and 
presence of transitional terms between them, suggest that these microbial forms 
can develop in comparable environmental conditions. The leiolites probably differ 
from stromatolites because of a greater importance of microfabric disruption by 
burrowing metazoans. In this sense, we share the opinion of Planavsky and 
Ginsburg (2009) that a remodelling of a precursor fabric is involved, and that it 
would be preferable to use the general term microbialite, since the differences 
between the two forms are apparently linked to variations in the degree of meta-
zoan overprinting, rather than to differences in the involved ecosystems.

Thrombolites were reported by Zempolich (1993) on the eastern margin of 
the Trento Plateau. However, typical thrombolites with the characteristic clotted 
micropeloidal microfabric (Kennard and James, 1986) were not identified.

The macrostructures of the stromatolites are variable. According to their 
growth pattern they can be differentiated into (1) unlinked, vertically stacked 
hemispheroids (SH, according to the acronyms suggested by Logan et al., 1964), 
(2) laterally linked gently convex domes (h/l of 0.25–0.3) (laterally linked hemi-
spheroids, LLH), (3) columns, and (4) stratiform, planar-laminated structures 
(most commonly developed on planed-off hardgrounds) (Fig. 4).

Transitions in stromatolite macrostructures occur both vertically and lat-
erally. Domes and columns are the most common types. The domes range in 
width from 2 cm (isolated domes above nodules) to 20 cm (domes developing 
on hardground surfaces) and are 2–8 cm in height. The columns have compara-
ble height (exceptionally up to 13 cm), and are 2–6 cm wide at the base. This 
range of  macrostructures would suggest growth in moderate to high current 
velocities (Jenkyns, 1971). In particular, domal hemispheroids growing sepa-
rately probably formed where lateral linkage was inhibited by the energy level 
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of the  environment, preventing growth in the interdomal depressions that were 
actively swept by currents.

Linked domes appear commonly grouped and coalesced to form clusters 
around 15–25 cm wide in plan view, showing lobate to polygonal boundaries, and 
locally forming small mounds with a relief  of a few centimetres. Slabs cut parallel 
to the bedding surfaces at the level of microbial domes show a characteristic 
polygonal pattern of the interspaces between coalesced clusters, especially evident 
in the case of densely packed microbial structures.

Stromatolites overlying hardground surfaces show either domed or planar-
laminated macrostructures, sometimes passing laterally or upwards into one 
another. The domes of hardground-covering stromatolites are significantly wider 
at their base (up to 15 cm, in exceptional cases up to 30 cm) in comparison to 
stromatolitic domes capping nodules or ammonite steinkerns in the stratigraphic 
intervals between hardgrounds. Moreover, the stromatolites overlying hardgrounds, 
show significantly thinner, finer-grained and more regular laminae, possibly 
reflecting a considerably lower net sedimentation rate (cf. Dupraz et al., 2006; 
Zamagni et al., 2009).

The basic stromatolitic microstructure is represented by alternating thin lami-
nae of dense micrite (thickness 0.05–0.14 mm) and thicker laminae of granular 

Figure 4. Stromatolite columns in the central-lower part are underlain by irregular leiolite columns. At 
the top a planar erosional hardground is covered by planar stromatolites grading upwards into domed 
stromatolites. Rosso Ammonitico Veronese, polished slab from an unidentified quarry of Lessini 
Mountains, probably S. Ambrogio Valpolicella area (Bathonian or Callovian).
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packstone to grainstone (thickness 0.3–2.6 mm). These packstone to grainstone 
laminae consist of a silt-sized peloids with well-defined contours, thin-shelled 
bivalves, protoglobigerinids, radiolarians, Globochaete, gastropod protoconchs, 
etc., in a micrite or microspar matrix. no preserved filaments or cells were observed. 
Scanning electron microscopy reveals that the stromatolites are micrites with most 
grains <4 mm in diameter. However, the distribution of crystal grain sizes is hetero-
geneous and locally microspar crystals >4 mm in diameter dominate (Fig. 5).

The fabric ranges from a tight mosaic, particularly in the microspar areas, to 
a loose mosaic in the micrite areas. Enclosed in this matrix are thin shells (bivalves 
and ostracods) and calcareous plankton (coccoliths). Cement crystals of micrite 
to microspar size grow on the skeletal material. The mosaic texture and the incor-
poration of grains points to continuing cementation of the stromatolites as is 
typical for modern microbialites (Westphal et al., 2010). Locally, nests of tiny 
round carbonate grains of 1 mm in diameter occur that are reminiscent of bacte-
rial products. Other petrographic features that would directly reflect a microbial 
origin of the stromatolites, such as peloidal aggregates, cell chains, or filaments, 
have not been found. One reason for the lack of direct microstructural evidence 
of microbes could be that most microbes induce extracellular calcification 

Figure 5. SEM micrographs of polished and etched surfaces of Rosso Ammonitico Veronese, Snell 
section, near Roverè, Lessini mountains (Bathonian). (a) Typical appearance of  the microbialites. 
Heterogeneous distribution of micritic and microsparitic areas. The distribution of the micritic areas is 
reminiscent of a peloidal structure. (b) Microbialite with enclosed shell. Microspar cement is enclosing 
the shell and dominates the micrograph. (c) Micrite-sized carbonate grains. The rounded shapes are 
reminiscent of a microbial origin. (d) Coccoliths enclosed in the tightly cemented microbialite.
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through their metabolism or the extracellular substances they produce (Riding, 
2000; Arp et al., 2001; Dupraz et al., 2004) instead of calcifying themselves. 
Continuing cementation further tends to obscure direct evidence. The heterogeneity, 
the micritic texture, and the incorporated components in the stromatolites are 
similar to those of modern microbialites (cf. Westphal et al., 2010) and are in 
agreement with, but nevertheless insufficient proof of, microbial activity.

The inferred mode of growth of the stromatolites was by trapping and binding 
of different kinds of particles into gravity-defying attitudes (agglutinated stromato-
lites, Riding, 2000). Trapped sediment particles are remarkably finer-grained and 
better-sorted than those accumulating in the interdome spaces, indicating that the 
process was selective: the microbial mucilages and meshes were able to hold only the 
finer fractions, as only particles entrained in suspension can be shifted to, and 
trapped by, the microbial mats. Tapering, wavy laminae and irregular lamination due 
to laterally variable thickness of the granular laminae are common (Fig. 6a).

Locally, larger particles such as lithoclasts with common peripheral iron 
staining, small nodules, or oncoids, are trapped within the granular laminae. The 
thickness, texture, and composition of the granular laminae probably vary as a 
function of the depositional rate and energy of the hydrodynamical agents.

Evidence of pauses in the growth of the stromatolitic structures is sometimes 
given by interlaminar micro-unconformities interrupting the growth sequence 
and truncating the underlying laminae; these internal discontinuity surfaces are 
commonly micro-bored and iron-stained.

Attached sessile micro-encrusters such as thecideacean brachiopods, ser-
pulid tubes, and crinoid holdfasts rarely appear intergrown between the laminae 
and suggest competition for substrate space with the microbial mats; it is clear, 

Figure 6. (a) Stromatolitic cap developed on an ammonite mould erosionally truncated on the upper 
side. The stromatolitic laminae show high lenticularity. note the polyphasic internal sediments inside 
the ammonite mould, emplaced before its truncation. Rosso Ammonitico Veronese, Covolo di Cam-
posilvano section, Lessini Mountains (Callovian). (b) Differences in the orientation of elongate 
particles within granular and micritic laminae of stromatolites. Random orientations of particles, 
commonly at high angles to the surface of the growing structure, and inverse grading occur in the 
granular laminae, whereas an orientation parallel and tangential to the mat surfaces predominates in 
the micritic laminae. Rosso Ammonitico Veronese, Chiusa section, Lessini Mountains (Oxfordian).
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however, that the latter were ecologically more successful in the Ammonitico 
Rosso environment. The microbial mats were sometimes hosts to organisms that 
appear to have lived inside or between the microbial mats. These organisms have 
caused local embayments or truncation of the laminae. The flexibility of the lami-
nae to these disruptions indicates that the penetration occurred prior to lithifica-
tion. However, these effects of disruption are remarkably subordinate when 
compared to those displayed by the leiolites.

It is generally agreed that the formation of well-laminated stromatolites is 
induced by filamentous forms of microbes (Bathurst, 1971; Hoffman, 1976), 
which commonly occur as colonies of filaments densely arranged in mucilaginous 
films. The filaments consist of the cellular trichome in a thick mucilaginous 
sheath, to which sedimentary grains adhere. Because of their motility, they can 
glide up through a layer of sediment recently deposited on them and re-establish 
a new surface mat. In this way, laminated fabrics can result from concurrent algal 
growth and sediment deposition.

Granular and micritic laminae commonly show remarkable differences in the 
orientation of elongate particles, such as fragments of thin-shelled bivalves 
(Fig. 6b). These particles tend to arrange themselves with random orientations in 
the granular laminae, commonly at high angles to the mat surface, and sometimes 
also edgewise; moreover, the particles in these laminae may show an inverse grad-
ing. In contrast, in the micritic laminae the elongate particles commonly show an 
orientation parallel and tangential to the mat surfaces. A rhythmic alternation of 
trapping and binding mechanisms is suggested in the generation of the granular 
and micritic laminae, respectively, with a change in habit of the mat from erect fila-
ments, with particles entangled in rapidly growing filaments, to a condition of a 
virtually smooth mat. In the first stage, possibly in response to phases of suspended 
sediment input, the growing mat incorporates sediment particles falling in between 
the erect bundles of the mesh of filaments; as a result, the particles rest without any 
preferred orientation or even edgewise, possibly with a selection of sizes leading to 
inverse grading. In the second stage, possibly characterized by reduced input of 
suspended sediment and low growth rates, the mat was presumably in a condition 
of smooth surface (prostrate filaments?), allowing elongate free-falling particles to 
be retained by the sticky surface of the mat. As a result, they are bound with an 
orientation predominantly parallel to the growth surface of the mat. It may be 
envisaged that this alternation results from a rhythmic growth pattern reflecting a 
balance between mat growth and sedimentation rate.

This inferred mode of growth is surprisingly similar to that reported by 
noffke et al. (1997) in the modern siliciclastic tidal flats of north Sea. The 
authors describe small-scale, bipartite depositional units a few millimetres thick. 
These consist of a lower granular part, normally graded, containing randomly 
oriented quartz grains deposited from suspension by flood events of declining 
energy, and an upper organically dominated layer built by microbial mats 

? indicates that it is possible but not proven that this is prostate filaments.
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( cyanobacteria associated with benthic diatoms, sulphur bacteria, and several 
other bacterial groups). Following the decline of the hydrological energy, micro-
phytobenthos colonizes the freshly sedimented layers, forming an organically 
dominated layer, onto which quartz grains settle down and become bound in the 
organic matrix with their long axes parallel to the bedding planes. There is no 
reworking and re-suspension of deposited grains during subsequent periods of 
increased flow, since the microbial mats increase the critical shear stress required 
to re-mobilize the grains, and therefore prevent erosion.

The growth rate of microbialites has been assumed by Martire (1992) and 
Martire and Clari (1994) to have been on average as low as a few millimetres per 
kyr. However, as noted by Jenkyns (1971) and Reid et al. (2000), favourable condi-
tions for stromatolite growth may have occurred only for short periods of time, 
with phases of relatively high growth rates separated by long pauses. It may be 
speculated that fluctuating processes controlling the stromatolite growth are rep-
resented by changes in physico-chemical conditions of the bottom waters, plank-
tonic productivity in the higher parts of the water column, bottom current action, 
sediment contribution, or nutrient supply.

It is likely that microbialites formed a hard, lithified structure in an early 
stage. This is suggested by the local presence of attached sessile micro-encrusters 
and the observation that without cementation the steep walls of the columns and 
domes would have collapsed. The microbial structures do not generally exhibit 
evidence of boring, possibly because of the protective living algal mat cover. In 
addition, microborers appear not to prefer microbialites as substrates, possibly 
because of the highly porous structure of the substrate (Heindel et al., 2009). It 
is suggested that the inherent ability of the microbial community to induce pre-
cipitation of a hard fabric (carbonate cement) could greatly reduce the disruptive 
effect of burrowers and grazers.

Locally, particles in the granular laminae of stromatolites show a re-organization 
and geopetal arrangement, suggesting that the cementation was differential, 
affecting the micritic laminae, while leaving, at least for a certain time, the granu-
lar laminae in an incoherent state. This suggests that a temporary condition of 
alternating lithified and non- or poorly lithified laminae existed, with laminae of 
dense micrite possibly representing biofilm calcification (Riding, 2000). Despite 
the rigidity of the structure, it may be envisaged that the stromatolites could 
develop high porosities and permeabilities, due to the removal of organic material 
through decay and oxidation. As a result, even weak currents can move through 
the structure, and the process may lead to rearrangement of the particles of the 
granular laminae (cf. Bathurst, 1971).

Early cementation of the microbial structures was probably induced by par-
ticular micro-environmental geochemical or biochemical conditions. It was prob-
ably a result of the action of anaerobic bacteria in the lower reducing zones of 
the mat (Bathurst, 1971), most probably sulphate-reducing bacteria (Morse and 
MacKenzie, 1990). This seems to be supported by the local occurrence of fram-
boidal pyrite in the so-called Verdello variety of Ammonitico Rosso.

A combination of  heterotrophic bacterial activities and degradation of 
biofilms rich in extracellular polymeric substance (EPS), releasing Ca2+, has been 
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proposed (Visscher et al., 2000) to lead to typically micritic or slightly coarser 
precipitation (Riding, 2000). Cementation probably occurred mainly during 
hiatal intervals that may be expressed by the omission surfaces regularly occur-
ring at the top of the microbial structures (see below). In modern marine stroma-
tolites, Reid et al. (2000) observed that development of surface films of 
exopolymer and subsequent heterotrophic bacterial decomposition forming thin 
crusts of microcrystalline carbonate mainly occur during discontinuities in sedi-
mentation, and that further modification of the sediment, with formation of 
thicker lithified laminae by climax communities including endolithic coccoid 
cyanobacteria, occur during prolonged hiatal periods.

5.  basic rhythms

In some intervals of the RAV the microbial structures are arranged in small-
scale rhythms that form characteristic couplets ranging in thickness from 6 to 
25 cm (Massari, 1979, 1981; Martire, 1996). A first stage, corresponding to the 
development of the lower unit of the couplet, is characterized by the formation 
of a pavement mostly consisting of nodules, to which other carbonate bodies of 
variable nature may be associated, such as lumps, lithoclasts, ammonite moulds, 
and oncoids. In the second stage, this pavement is stabilized by a microbial cover, 
which represents the upper unit of the couplet (Figs. 2 and 7).

Figure 7. Basic rhythm showing a stromatolite drape “stabilizing” a pavement formed by several types 
of  carbonate particles, among which are nodules, oncoids, and lithoclasts. Rosso Ammonitico 
Veronese, Piccola Mantova section, near Boscochiesanuova, Lessini Mountains (Callovian).
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These rhythms are not ubiquitous and commonly obscured by burial 
compaction and stylolitization; they are most common and eye-catching in the 
lower part of the RAS, where microbialites occur as laterally linked domes growing 
on nodular (lato sensu) pavements. The rhythmic pattern is apparently missing or 
non-apparent (1) where microbial domes are smaller and unlinked or discontinu-
ously linked, and (2) in the most condensed intervals that consist entirely of 
stromatolites.

The followings steps can be reconstructed in the generation of the basic 
rhythms (Fig. 8).

In the initial, soupy/soft state, the sediment areas burrowed by small, mobile 
deposit feeders of the meiofauna are inferred to be the preferential sites of grad-
ual early lithification of the nodules some centimetres below the sediment–water 
interface (Fig. 8a).

Figure 8. The structure of the basic rhythm is illustrated by three sections cut parallel to the bedding 
surfaces (a–c) at progressively higher levels of the rhythm. (a) Loose nodular facies. (b) First stage 
of the mat growth, with vertical Thalassinoides shafts (visible as rounded sections) mostly forced to 
localize in the interspaces between early-lithified parts. (c) Final stage of mat growth, with clusters of 
microbial domes bounded by a polygonal pattern of interspaces and sealing most of Thalassinoides 
shafts. Rosso Ammonitico Veronese, polished slabs from an unidentified quarry of  Lessini Moun-
tains. (d) Basic rhythms in section perpendicular to bedding. Erbezzo section, Lessini Mountains 
(Kimmeridgian) (pencil 14 cm long for scale).
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The following step is the exhumation of the nodules, together with other hard-
ened particles, on the sediment–water interface, probably due to current-induced 
winnowing of the interstitial unconsolidated sediment and/or turnover of the 
sediment by the activity of burrowing organisms. Bromley (1996) supports 
McCave’s (1988) observation that diffusive bioturbation of fine-grained sediment is 
able to displace gravel-sized clasts in an upward direction, due to reduced shear 
strength and confining pressure upwards.

Once the nodules and locally associated hardened particles are exhumed, micro-
bial growth on their top surfaces can take place, producing either oncoids through 
periodic displacements, or simple, upward growing domes in the case of stationary 
cores. At this stage, the bottom consistency is that of a firm ground and Thalassinoides 
burrows, 1–2 cm in diameter, probably produced by dwelling, filter-feeding thalassi-
nidean Crustacea, may begin to create a network (Fig. 8b). The course of the burrows 
is deflected around the already lithified nodules and at the buried hardened surfaces 
of earlier rhythms (stenomorphic burrows in Bromley, 1975).

As above noted, burrowing activity by metazoans could partly continue dur-
ing the growth of microbialites, particularly during the development of leiolite-
type microbialites. Also Thalassinoides systems survived during the first stages of 
the growth of the mats. However, freedom of movement of their trace-makers 
was progressively restricted by the progressing lithification, the vertical shafts 
being mostly forced to localize in the interspaces between single microbial domes 
or clustered domes, although still mostly connected at their top with the sedi-
ment–water interface. With the development of laterally linked domes in the last 
stages of mat growth, the interspaces of smaller domes are bridged due to the 
tendency of the microbial films to extend over larger surfaces (cf. Olivier et al., 
2004). The commonly observed upward-transition from leiolites to stromatolites 
is thought to record a progressive reduction and eventual cessation of bioturba-
tion by metazoans in the upper unit of the basic rhythm. The final stage of mat 
growth is commonly characterized by clusters of microbial domes bounded by a 
polygonal pattern of interspaces (Fig. 8c). Vertical shafts of Thalassinoides are 
mostly sealed by the growing mat, with only a few persisting residual shafts still 
in contact with the sea water. Sealed shafts may appear incompletely infilled with 
sediment, with one or more voids left at the top, later occluded by clear, blocky 
calcite cement. These voids probably result from post-depositional volume reduc-
tion of the sediment fill by dewatering and particle settlement, not by burial 
compaction, prevented here by the rigidity of early-lithified walls. The appear-
ance of the basic rhythms in field outcrops is shown in Fig. 8d.

It is suggested that the transition from the lower to the upper layer of the 
rhythm is accompanied by a change from soupy/soft ground to firm ground and 
eventually hardened bottom in the stage of microbial mat cementation, the latter 
marking a temporary interruption of the sedimentation, i.e. an omission stage. 
The concept of alternating softground and hardground stages was already illus-
trated by Hollmann (1961).

Moreover, the hypothesis of regularly fluctuating hydrodynamic conditions 
as one of the basic factors responsible of the small-scale rhythms of the RAV 
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deserves consideration. The importance of the current activity as a primary con-
trolling factor in the genesis of the Ammonitico Rosso facies has been stressed by 
Jenkyns (1971, 1974), Massari (1979), Ogg (1981), Comas et al. (1981), Clari et al. 
(1984), and Martire (1992). Due to the Bernoulli effect, constriction of bottom 
(tidal?) currents over the shallower floor of the Trento Plateau laterally bounded 
by two basins presumably resulted in an increase in velocity of the flow. This situ-
ation ensured a certain continuity of bottom currents during the rhythm develop-
ment. The evidence provided by the structure of the basic rhythm suggests that 
bottom currents were subject to fluctuating energy. The lowermost energy level 
was probably experienced in the first stage, when the sediment was still in a soupy/
soft state and bioturbated by minute deposit feeders. The limited influx of ter-
rigenous fines and associated input of nutrients in this stage probably resulted in 
a relative increase of the trophic level, although presumably at a low degree.

It may be speculated that in the later stage, the settling of the Thalassinoides 
network and the subsequent bottom stabilization by microbial structures was 
accompanied by enhancement of the bottom current velocity and possibly a cer-
tain increase in bottom oxygenation. Bathurst (1971) found that the subtidal mats 
on the Bahamas can withstand current velocities at least twice as high and in 
some cases five times as high, as those that eroded the unbound sediment. The 
largest values of current velocity may be reached during the omission stage, during 
which the non-deposition was conceivably accompanied by a process of bypass 
or erosion.

Condensed sequences of the Trento Plateau are almost pure limestones, 
whereas coeval basinal deposits are much marlier, suggesting sediment fractiona-
tion with clay minerals swept into troughs (Jenkyns, 1971), where marl-limestone 
rhythms typically formed (e.g., the Sebino trough of the Lombard basin in the 
Kimmeridgian-Tithonian, Winterer and Bosellini, 1981). Ogg (1981) reported the 
presence in the RAS of rhythms with couplets of 20–30 cm thickness, with a 
marlier lower layer with sparse small nodules, grading upwards into a layer 
with larger nodules separated by marl seams, and finally into a limy, stylolitized 
layer. These findings indicate that the nodular-microbial rhythms typical of the 
shallower areas of the Trento Plateau, particularly in the lower part of the RAS, 
passed to marl-limestone rhythms in deeper settings and basinal areas. Marl-
limestone rhythms, occurring in settings deeper than those of coeval nodular 
limestone lithofacies, are reported from the Upper Jurassic of the French 
Subalpine Basin (Dromart, 1989), where the marl interbeds contain oncolites and 
isolated microbial knobs whereas the limestone beds contain columnar stromato-
lites. Based on compositional difference of clay minerals between limestone beds 
and marl interbeds, the author attributes the rhythm to climatic changes that 
influenced the quantity and quality of the clay influx from the land with a perio-
dicity controlled by the precession.

? indicates that the currents are possibly tidal but there is no final proof.
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6.  Discussion

Modern microbialites do not seem to be limited by the low nutrient concentrations 
occurring in their natural habitats (Pringault et al., 2004). In the carbonate-dominated 
Ammonitico Rosso depositional setting, located far from sources of terrigenous 
supply, and arguably characterized by very low nutrient availability, very low aver-
age sedimentation rates, and normal salinity, as faunal evidence clearly indicates, it is 
suggested that microbialites grew in oligotrophic, well-oxygenated waters of normal 
salinity, still located in the photic zone.

An environment not excessively deep is suggested by the fact that the sea 
bottom was occasionally in the reach of major storm-generated flows (Massari, 
1981; Zempolich, 1993). Similar shallow depth and photic zone conditions were 
inferred for the Upper Jurassic red nodular limestones in Rosso Ammonitico 
facies of the Subbetic (S Spain) (Comas et al., 1981).

It may be speculated that the fluctuations recorded by basic nodular to 
microbialitic rhythms are controlled by the precession (cf. Dromart, 1989; Olivier 
et al., 2004). Martire and Clari (1994) calculated a sedimentation rate of 3.2 mm/
kyr for the Rosso Ammonitico Veronese of the Trento Plateau, after evaluating 
both effects of compaction and major sedimentary gaps, i.e. those with duration 
quantifiable on a biostratigraphical basis. In the hypothesis of precessional control 
on the basic rhythmicity, this figure of sedimentation rate would imply an accre-
tion rate of the sea floor by about 6 cm during a single rhythm. Since the thickness 
of basic rhythms in the RAV ranges 6–25 cm, one should conclude (1) that in the 
evaluation of  the sedimentation rate, the time represented by the countless 
omission surfaces bounding the basic rhythms, although of non-quantifiable dura-
tion, should be taken into account, in addition of the time represented by more 
important gaps; (2) that, in this perspective, the sedimentation rate during the 
formation of basic rhythms might have been significantly higher than the value 
calculated by Martire and Clari (1994). This would imply a surprising scenario of 
relatively fast growth of microbialites followed by long omission periods, a possi-
bility already considered by Jenkyns (1971) and Reid et al. (2000).

7.  conclusions

The most important factors allowing for the widespread occurrence of microbi-
alites in the Rosso Ammonitico Veronese is thought to have been the presence 
of hard substrata and a very low average sedimentation rate. It is suggested that 
microbialites grew in oligotrophic, well-oxygenated waters of normal salinity, still 
located in the photic zone.

Concerning the factors involved in the genesis of the rhythmic nodular-
microbial couplets, it may be inferred that the transition from the lower slightly 
clayey, nodular unit, to the upper carbonate, microbial unit may imply increase in 
hydrodynamics and oxygenation at the bottom, and progressive reduction in 
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trophic level and burrowing by metazoans. A precessional control is assumed, 
resulting in short-term climatic variations that influenced the hydrodynamic 
regime of currents and the nature and amount of sediment influx, although fluc-
tuations in the input of fine-grained terrigenous sediments and associated nutri-
ents were arguably very weak during the deposition of the carbonate-dominated 
Rosso Ammonitico Veronese. Previous evaluations of the sedimentation rate of 
this pelagic facies (Martire and Clari, 1994) did not take into consideration the 
time represented by the countless omission surfaces bounding the basic rhythms. 
In the hypothesis of a precessional control of the rhythms, this new perspective 
opens a surprising scenario of relatively fast growth of microbialites followed by 
long omission periods.
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abstract Microbialite units are commonly found within the Mesozoic–Tertiary 
carbonate succession of  the Karst District of  Slovenia and Italy. They record 
environmental conditions, which are linked with both local and global events.

Local events are recorded by scattered occurrences and are mostly related to 
changes in the hydrodynamic regime of the platform and/or synsedimentary tec-
tonics, which are responsible for rapid environmental changes. In addition, fresh-
water stromatolites indicate periodic continental influences. Global events are 
recorded by more or less continuous units of microbialite, which can be related to 
sea-level changes, as documented in the Turonian (regressive oncoid limestones) 
and the Maastrichtian, K/T boundary and basal Danian (peritidal limestones 
linked with Milankovichć cycles). In general, the microbialites provide evidence 
of environments where the higher order organic community declined and disap-
peared, after having tolerated a drastic variability. Below the microbialite units, 
the community was usually poorly diversified and composed of opportunistic 
taxa, such as small foraminifers (agglutinated forms, miliolids, discorbids and 
nonionids), thin-shelled gastropods and ostracods. The same or similar benthic 
taxa appeared again above the microbialite units indicating their ability to rees-
tablish in the environment especially after peritidal conditions. Microbialite depos-
its are more evident and thicker in the Slovenia Karst District (Dolenja Vas and 
Sopada sections) than the Italian part (Padriciano sections).

Keywords Stromatolites • Paleoecology • Paleoclimate • Global events • Creta-
ceous • Tertiary • Karst region • Adriatic platform • Trieste • Italy • Slovenia • 
Komen • Foraminifera • Algae • Meghalaya • India
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1.  introduction

Microbialites comprising the well-laminated stromatolites and the more clotted, 
unlaminated thrombolites are known since the early history of the Earth. The old-
est microbialites span the geological record as far back as 3.45 billion years ago 
(Hofmann et al., 1999; Schopf and Walter, 1983), and they were generally diverse 
and abundant from 2,800 to 1,000 Ma (Riding, 2000). Chela Flores et al. (2011) 
reported that well-preserved fossil bacteria have been found in black cherts associ-
ated with microbialitic carbonates during the Archean and Proterozoic. A high 
diversification of the microbiota occurred during Proterozoic as clearly demon-
strated in Lesser Himalaya, India (Tewari, 2004, 2007; Shukla et al., 2006; Schopf 
et al., 2008). Thus, the microbialites represent one of the first examples of organic 
activity due to cyanobacteria. In shallow-water oxygenated environments, these 
microbes may be classified as aerobic phototropes: they decompose organic mate-
rial to inorganic components by redox processes. This results in progressive deple-
tion in O2, SO4

−, CO2 (see Riding, 2000 and the references therein). Stromatolites 
are typically laminated benthic deposits (Riding, 1991) due to microbial inter-
actions (Gebelein, 1976) and to cycling of microbial communities and lithyfica-
tion (Reid et al., 2000). Moreover, they were and are able to construct differently 
shaped buildups (e.g., domes, columns, reef, crusts) in marine subtidal and inter/
supratidal low latitude settings, in lacustrine and fluvial systems and, also, close 
to hydrothermal springs (hot-spring travertine) and cold seeps. Microbialites are 
also well developed in the carbonate succession of the Karst District (NE Italy 
and SW Slovenia), where the Mesozoic and Paleogene strata are represented 
by carbonate rocks. In the paleogeographic sense, this area was part of the vast 
Adriatic–Dinaric Carbonate Platform and was located between the Belluno Basin 
to the northwest and the Slovenian Basin (Buser, 1989; Buser et al., 2008) to the 
northeast. The Trieste–Komen Platform and the Slovenian Basin continue into 
Adriatic platform as illustrated by Cati et al. (1987), Herak (1987) and Velić et al. 
(2003). Microbialites are found at several levels in the succession spanning from 
early Cretaceous to Danian. This work aims to highlight the role of microbialites 
in the paleoenvironmental evolution of the Karst region, their mode of occurrence 
and the environmental changes related to biotic, abiotic, and climatic changes.

2.  Geological framework

From a geographic point of view, the platform corresponds to the present day 
Southern Prealps and Karst District (Fig.  1), and the Slovenian Basin can be 
related to the Julian Prealps, Tolmin Mountains and Goriška Brda region. The 
Mesozoic and Paleogene carbonate platform succession consists of deposits rang-
ing from Valanginian to early Eocene (Jurkovšek et al., 1996; Jurkovšek, 2008). 
The early Cretaceous succession consists mainly of bedded limestones, dolomitic 
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lenses and intercalations of dolomitic breccias. With the exception of the regional 
platform drowning began at the end of the Cenomanian (“pelagic limestone” with 
Calcisphaerulidae), the Cretaceous section is characterized by prevailing shallow-
water deposits with evident emergent phases at the Aptian–Albian boundary, 
during the late Albian-early Cenomanian, the late Campanian-early Maastrichtian 
(Jurkovšek et al., 1996; Jurkovšek, 2008) and the late Maastrichtian (Drobne 
et al., 1996; Jurkovšek et al., 1996; Jurkovšek, 2008; Pugliese et al., 1995, 2000). 
Paleocene beds, when identified, begin with peritidal deposits (basal Danian), 
followed by and successively with deposits bearing evidence of brackish or even 
freshwater environments, which alternate with shallow marine and low-energy 
environments of  protected shelf  and lagoon. Predominant marine deposits (i.e., 
miliolid limestone, coral-algal limestone and alveolinid-nummulitid limestone) 
continue up to the Middle Eocene recording an increasing depth from shoreline to 
open shelf  followed by turbidites of the Flysch. A reference stratigraphic section 
is presented in Fig. 2. Microbialites are reported from early Cretaceous to Danian 
strata. Thus, our review mainly focuses only this time span.

figure 1. Location map of the Adriatic Platform in Trieste–Slovenia region.
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3.  Microbialites Through Time in the Karst District Region:  
stratigraphy and Paleoenvironments

3.1.  EARLy CRETACEOUS

The early Cretaceous generally consists of blackish grainy dolomites and dark 
limestone beds with dolomite packages and lenses (Jurkovšek et al., 1996; 
Jurkovšek, 2008). Paleosoils, dolomitic breccias and limestone breccias are present 
in the mid-lower part (Aptian/Albian) and mid-upper part (Albian) of the succes-
sion, respectively. The middle part shows thin concentrations of requienids. This 
interval records the first anoxic episode of the carbonate platform responsible for 
the deposition of black limestones. The early Cretaceous succession is terminated 
by a dolomitic breccia.

figure 2. Lithocolumn of the stratigraphic section, Adriatic Platform.
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The outcropping succession in the Italian sector of the Karst ranges between 
the upper part of the Early Aptian and the Upper Albian (Tentor et al., 2000), 
whereas in the neighboring Slovenian region the oldest rocks are be Valanginan 
(Jurkovšek, 2008) and, possibly, Berriasian (Tentor et al., 2002).

3.2.  HAUTERIVIAN–BARREMIAN–APTIAN

Prevailing dolomites and well-bedded limestones characterize this part of the suc-
cession, which is interpreted as deposited in a tidal flat setting as indicated by the 
dominant micritic matrix and fossil assemblages (Jurkovšek et al., 1996). Loferite 
laminae with shrinkage pores are mainly observed in the Hauterivian–Barremian 
interval, where local, short-lasting emersion phases of the platform are documented 
by thin levels of intraformational breccia and veins/small pockets of bauxitic clay. 
Microbialites are not very common, due to the late diagenetic dolomitization that 
obliterates most of the structures and textures typical of supratidal conditions. Other 
successions similar to this part of the Trieste–Komen Karst succession are found on 
proximal sectors of inner platform such as Trnovo forest (Koch et al., 1989) and 
generally on most of the Friuli area such as Cansiglio Plateau, Val Cellina, Bernadia 
Mountains, Iudrio valley (Sartorio et al., 1997). This indicates a general situation 
related to the maximum lateral extent of the platform peritidal facies, which also 
affected the most marginal sectors of the platform in the Friuli region.

3.3.  ALBIAN

In the Italian Karst District, the Microbialites are sporadically present in thin 
laminated layers (microbial laminae), recording local extreme environmental 
conditions for the biota. In particular, the biofacies are characterized by oligo-
typical and opportunistic assemblages (small miliolids and nubeculariids, thin-
shelled ostracods and gastropods). The Microbialites represent a critical interval, 
where faunal diversity was reduced and waited for the restoration of an aquatic 
environment.

Interesting data came out from the recent study of a drilling carried out 
close to Iamiano (Cucchi, personal communication). A thick dolomite-limestone 
breccia bed due to post-sedimentary tectonics and complex diagenetic processes 
is to be found between the Upper Albian and the Middle Cenomanian deposits 
of the Karst District (Tentor et al., 1994; Jurkovšek et al., 1996). This breccia bed 
crops out also in the neighboring Western Croatia, e.g., Čičarija Mountains close 
to Rijeka and in the zones of Cres and Krk islands (Vlahović et al., 2002). In the 
cores from the Iamiano drilling, the breccia bed overlies Upper Albian deposits 
with very poor microfaunal assemblages. The lithologies consist of limestones, 
dolomitized limestones, both late diagenetic and early-diagenetic dolomites and 
of a peculiar, 4-m thick layer of unlithified quartz silt. Shallowing-upward peritidal 
parasequences are rather common in the upper part of the section and these are 
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classic such LLH stromatolites with wavy laminae. The inferred environment is a 
shallow lagoon, likely under-arid or semi-arid climatic conditions.

3.4.  LATE CRETACEOUS

3.4.1.  Late Cenomanian
The oldest localities with fossil fishes in the Karst District are attributed to the 
first interval of the Komen limestone of late Cenomanian (Cavin et al., 2000; 
Jurkovšek and Kolar-Jurkovšek, 2007). The available evidence in the Komen sur-
rounding suggests that the depositional environment of the Komen limestone 
was an intraplatform basin, in the proximity of an exposed area such us tidal flat 
probably other supratidal environments were populated by conifers (Dobruskina 
et al., 1999) and where karstification could occur (Palci et al., 2008). The examined 
micro- and macrofaunal elements from the Moschenizze section (Monfalcone) 
suggest a stressed lagoonal environment, probably due to paleosalinity changes 
(Tentor and Tentor, 2007). Stromatolites and microbial laminae (mm-scale lami-
nations), which are locally disrupted to form flat pebble conglomerates. The 
occurrence of chert nodules and sheets, dark gray and black, is noteworthy: an 
intraformational sponge specule silica source for chert nodules is suggested by 
the presence of  calcitized sponge spicules in the host limestone. The interval 
in question extends laterally but discontinuously between Škrbina, Tomačevica, 
Volčji Grad (Slovenia) and Monfalcone (Italy). Global sea level rise during the 
late Cenomanian has significantly affected the carbonate sedimentation over a 
large part of the Adriatic–Dinaric platform system. The flooding is documented 
by a unit rich in Calcisphaerulidae and planktonic foraminifers (Komen Pelagic 
Limestone according to Jurkovšek et al., 1996; Jurkovšek, 2008). The drown-
ing of the platform is traditionally connected with the Cenomanian–Turonian 
oceanic anoxic event and to the coeval sea level rise (Jenkyns, 1991; Gušić and 
Jelaska, 1990; Jurkovšek and Kolar-Jurkovšek, 2007). Bioclastic facies consisting 
of alternations of floatstone, rudstone, and grainstone with broken, more or less 
abraded but locally intact shells sometimes of Caprinidae (Caprinula boissy) and 
Chondrodonta abruptly overlie the pelagic limestone.

3.4.2.  Upper Turonian (?)–Coniacian
Mudstone/wackestone containing Decastronema kotori, Thaumatoporella and 
scarce benthic foraminifers, often with desiccation structures and vadose crystal 
silt abruptly overlie the bioclastic limestones outcropping in the Northern Karst 
District (Mount S. Michele-Gorizia, Italy). A level of oncoidal limestones overly-
ing the pelagic and bioclastic limestones of the Repen Formation (Jurkovšek et al., 
1996; Jurkovšek, 2008) is present in the Slovenian Karst District and only sporadi-
cally in the Italian sector. The oncoidal level is evident in a quarry close to Slivia 
(Trieste, Italy). Caffau (1997) described the stratigraphic succession including this 
level, which may be referred to the Upper Turonian oncolitic horizon originally 
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found on the Bračć Island (Gušićć and Jelaska, 1990) and mapped by Jurkovšek 
(2008) in the Slovenian Karst. According to the aforementioned Croatian and 
Slovenian workers, this level records the sudden drop of the eustatic sea-level 
(Haq et al., 1987a, b).

The following succession (Upper Turonian?–Coniacian) is characterized by 
prevalent mud-rich sediments at the base which are interpreted as shallow, low-
energy lagoon deposits. Herein laminar, fine-grained intertidal stromatolite-
bearing layers are often observed both on the Italian and on the Slovenian region 
of the Karst District. Thin intercalations of platy, stromatolitic and laminated 
limestones with fossil fish are reported by Cavin et al. (2000), close to the hamlet 
of Kobjeglava, 15 km far from Sežana (Slovenia).

3.4.3.  Santonian
Common lithofacies in this part of the Karst District are represented by peloidal 
mudstone/wackestone with Decastronema kotori and wackestone/packstone with 
abundant benthic foraminifers alternating with rudist floatstone. Large rudist-
rich bodies, which laterally pass into bioclastic grainstone and packstone charac-
terize this unit on the whole. Microbial laminites are scarce and can be observed 
mainly in the lower part of the interval, where fenestrae and dissolution cavities, 
bioturbation and pedogenic alteration are also present. A gradual change during 
Santonian from peritidal/shallow subtidal cycles to predominant subtidal condi-
tions, which reflect a ramp-like open shelf  environment has been postulated by 
Tentor (2007). Two Santonian levels with fossil fish, conifers and other rare fossils 
are well known in literature: i.e., Polazzo (Fogliano-Redipuglia, Italy) and Skopo 
(Slovenia). Close to Polazzo locality (D’Erasmo, 1952; Dalla Vecchia et al., 2001), 
a thin succession, 2 m thick, embedded within rudist-bearing limestones is made 
of laminites and stromatolites. The inferred environment is a very shallow, low-
energy lagoon, where terrestrial influxes are clear. The 4-m thick Skopo succession 
(Ogorelec et al., 1987; Cavin et al., 2000) is represented by alternating beds of 
dark fossiliferous wackestone/packstone, laminites, flat pebble conglomerates and 
stromatolite-bearing layers. Chert nodules and sheets also occur.

3.4.4.  Campanian
On the Italian side of the Karst District, extensive emergence of the platform with 
important erosional phenomena occurred during the Campanian p.p. (pro parte), 
whereas on the Slovenian side, there were large drowned areas (10 km north of 
Sežana), which led to deposition of limestones with ammonites (Jurkovšek et al., 
1996; Summesberger et al., 1996, 1999a, b) and other pelagic fauna (Jurkovšek 
and Kolar-Jurkovšek, 2007). A karstic depression, a few meters deep and some 
some hundreds of  meters long, outcropping close to Cotici-Gorizia (Italy) has 
been recently examined by Venturini et al. (2008). The bed rock is made of bio-
clastic limestones with Keramosphaerina tergestina and is successively by altered 
bioclastic limestone with rudist shell fragments and clearly visible paleokarstic 
phenomena. Karstic limestone breccia at the base of the depression shows a  
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micropaleontological assemblage represented by Scandonea samnitica and 
Scandonea mediterranea. The karstic depression is filled from the base to the top 
with the following: (1) oolitic bauxite, (2) oncolite rudstone with thrombolite 
(thromboids), oncolitic stromatolites and stromatolites (Fig. 3), (3) well-bedded 
mudstone/wackestone with ostracods and charophyte remains at the base and a 
level rich of freshwater gastropods (Viviparus sp.), (4) a few dark mudstone levels 
with brackish facies containing discorbids and more or less abundant molluscs and 
ostracods and characterized by desiccation structures and thin plasticlast breccia 
levels. The depression is covered by light fossiliferous wackestone with Murciella 
cuvillieri, Moncharmontia apenninica, Rotorbinella scarsellai. This sequence sug-
gests a fluctuating internal transgression according to the well-known “blue hole” 
model (Rasmussen and Neumann, 1988). Similar successions to this one were 
recognized in several localities from the Adriatic-Dinaric Carbonate Platform 
(ADCP) such as the Hauterivian–Barremian site of Kolone, Western Croatia 
(Dini et al., 1998) and many Liburnian sections of the Kvarner region and Istria, 

figure 3. (a) Growth laminae of fibrous calcite and homogeneous micrite. Cotici (b) oncolitic rudstone 
with frombolite and sparse, abundant bauxitic oolites. Cotici (c) stromatolitic laminae interspersed 
with Microcodium prisms in Dolenja Vas East section. Dolenja Vas. (d) Stromatolitic bioherm just 
above the K/T boundary, Basovizza. (e) Dome-shaped stromatolite from lacustrine deposits of Cotici. 
Cotici (f) lacustrine cerebroid-type stromatolites.
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Western Croatia (Bignot, 1972; Ćosović et al., 1994; Drobne et al., 1991). The 
presence of fossil charophytes and specimens of Viviparus suggest a shallow lacus-
trine depositional environment for the levels (2) and (3). The stromatolites which 
are 15–20 cm thick are mostly domal in shape and well preserved. They gener-
ally show, at the mesostructural scale, calcite/micrite couplets of growth laminae 
(Fig. 3). Textural and geochemical analysis of stromatolites is currently in way.

3.4.5.  Maastrichtian
During the Maastrichtian, repeated emergence and local floodings are known 
to have occurred over the whole Karst region. The Maastrichtian succession is 
characterized by alternating freshwater, brackish and marine facies, namely the 
Liburnian Formation. The last deposits are typical of a shallow protected lagoonal 
environment (Ogorelec et al., 2001): with stromatolites mostly in the marine facies. 
Wackestone with Rhapydionina liburnica, Fleuryana adriatica, Cuneolina ketini, 
rare lithosomes with rudists (Bournonia) and more common rudist shell concen-
trations (Gyropleura, Apricardia), laminites, stromatolite-bearing layers (Fig. 3), 
mudstone with charophyte and ostracods, wackestone with discorbids, molluscs, 
ostracods and Anomia, coal lenses with Stomatopsis, Cosinia, etc., veins/small 
pockets of bauxite and breccias with plasticlasts have been recognized along the 
classical profiles of Čebulovica, Divača-Kozina, Dolenja Vas, Sopada (Slovenia), 
and Padriciano (Italy) and the stratigraphic section were carefully described by 
various authors, among them Stache (1889), Pavlovec (1963), Bignot (1972), 
Cousin (1981), Drobne et al. (1988, 1989), Pugliese et al. (1995), Jurkovšek et al. 
(1996), Gregorič et al. (1998), Pugliese et al. (2000), Ogorelec et al. (2001), etc. The 
Maastrichtian, particularly the latest Maastrichtian, K/T and Danian beds contain 
the most beautiful examples of the peritidal stromatolites of the Karst District.  
The beds of the interval in question form a thicker, better exposed section in 
Slovenia (Dolenja Vas) than in Italy. However, peritidal cycles including the stro-
matolites seem to be more numerous in the Italian region rather than in the 
Slovenian one. Geochemical analysis on the peritidal cycles highlight the fact that 
the stromatolites often record evident negative shifts of d13C; in particular, the most 
negative values occur close to high concentration of disarticulated fragments of 
Microcodium entrapped by cyanobacterial laminae.

4.  K/T Boundary

Close to Padriciano village (Trieste), Pugliese et al. (1995) identified the K/T bound-
ary within a peritidal succession. The finding followed those of other localities in 
Slovenia (Drobne et al., 1988, 1989; Delvalle and Buser, 1990; Ogorelec et al., 1995, 
2007). The occurrence of  the K/T boundary is documented by paleontological 
data (definitive disappearance of the above reported Maastrichtian taxa and subse-
quent appearance of Paleocene ones – see Pugliese et al., 1995, 2000; Drobne et al., 
1996, 2007), paleomagnetical data with identification of Ch29r (Marton et al., 1995), 
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iridium anomaly (Hansen et al., 1995) and a negative shift of d13C (Ogorelec et al., 
1995, 2007; Dolenec et al., 1995; Riccamboni, 2005; Tewari et al., 2007).

5.  Paleogene

The Danian section is mostly constituted by peritidal carbonates and rarely also 
of shallow open marine facies with the dasycladaceans and coral reefs and patches 
(Barattolo, 1998; Turnšek and Drobne, 1998). The lower part of the Selandian 
interval points out also a lagoon environment characterized by not very common 
passages from the subtidal to the intertidal/supratidal zone. The lower part of the 
Selandian section indicates a moderately high energy open lagoon/coastal marine 
settings (Caffau et al., 2002). Marine coastal settings characterize the Thanetian. 
Stromatolites are widely distributed throughout the Danian but become progres-
sively rare through the Paleocene section. The Paleocene–Eocene algal–foraminiferal 
Lakadong Limestone of the Shillong Plateau, Meghalaya, northeastern India is a 
shallow tidal deposit and eastern extension of the Tethys ocean (Tewari et al., 
2007, 2010).

6.  Danian

Stromatolites are widely distributed in the Danian interval, which is characterized 
by various lithofacies (Drobne et al., 1988; Ogorelec et al., 2001; Caffau et al., 
2002). Fossiliferous mudstone and wackestone are documented by Decastronema 
barattoloi (De Castro) and Bangiana hanseni (Drobne) (Riccamboni, 2005; Ćosović 
et al., 2008; Drobne et al., 2007). These limestones are the most common litholo-
gies alternating with levels indicating short-lasting exposures of the platform. 
They are characterized by flat pebble conglomerates, shrinkage pores, stromato-
lites, emergence breccias and diffuse rhizogenic structures (Ogorelec et al., 2001; 
Košir, 2004). Most sediments have been deposited as mud in a very shallow and 
low-energy environment (e.g., lagoon). Supratidal breccias and paleosoil layers 
indicate emergence in the area while characeans and lagynophores indicate 
episodic paleosalinity fluctuations and the changing of marine to brackish or even 
a freshwater regime (Ogorelec et al., 2001).

7.  Discussion

Stromatolites are relatively abundant in the peritidal successions of the Karst 
District in supratidal/intertidal settings, whereas they are absent in subtidal normal 
marine and in high-energy platform or carbonate ramp environments. Common 
occurrences of microbialite are present in Hauterivian/Barremian, Albian, Upper 
Turonian (?)–Coniacian, and Maastrichtian–Danian strata of the Karst District of 
the Adriatic-Dinaric Carbonate Platform. This area was affected by  synsedimentary 
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tectonic movements close to the Aptian/Albian, Albian/Cenomanian and 
Campanian/Maastrichtian boundaries. As a result of this, large zones of the Karst 
District were affected by tectonic uplift and relatively long-lasting phases of suba-
erial exposure. Subsequently, the peritidal environments were reestablished over 
the area in question. Thus, microbialites reflect the maximum lateral extension of 
peritidal facies over the Karst Platform. Also, temporary flooding of the Platform 
occurred during the latest Cenomanian and this strongly affected the sedimenta-
tion of the internal platform areas of the Karst District. Successively, low-energy 
peritidal facies reappeared across the area.

The stromatolite-bearing layers have been rather precisely situated by us 
within the framework of the stratigraphic section of the Karst District, but, often, 
their lateral extension is limited and discontinuous: this is the case of the late 
Cenomanian localities of Škrbina, Tomačevica etc. and of the Santonian sites of 
Polazzo and Skopo. It is supposed that local tectonics controlled the relationships 
between different areas and the formation of related accommodation spaces. 
Moreover, the presence of a tectonically induced more or less irregular topogra-
phy caused the co-existence of areas characterized by different distribution pat-
terns of the subtidal, flat intertidal, pond and supratidal facies.

So far as the climatic control is concerned, it is speculated that the micro-
bially laminated limestones and/or dolostones with dessication cracks, paleokarst 
structures and paleosoils of late Albian age (e.g., Iamiano drilling) may be 
referred to a semi-arid to arid climatic regime (evaporitic environment?), while the 
Maastrichtian/Danian stromatolites may be attributed to wetter conditions 
(ongoing research). Besides, marine stromatolites are recorded from the succes-
sion of the Trieste–Komen plateau, a recent study documents the presence of 
well-preserved lacustrine stromatolites of late Campanian/Maastrichtian age. 
Oncolites, oncolitic stromatolites and stromatolites overlying an oolitic bauxite 
level filled one karstic depression during an important emergence phase of the 
platform. These stromatolites with well-preserved growth fabrics, textures, and 
probably unaltered geochemical signatures may provide interesting insights 
regarding the physico-chemical conditions of the environment and paleoclimatic 
information from stable carbon and oxygen isotope values (Andrews et al., 1997; 
Nehza et al., 2009). The whole Karst section reveals the continuing importance 
of microbial carbonates throughout much of the Cretaceous until the Danian. 
Successively, microbial carbonates seem to have been absent or very scarce in the 
remaining part of Paleocene, and this decline of the stromatolites from the 
Cretaceous onwards is a global event and previous workers have also mentioned 
about it (Webb, 1996; Riding, 2000).

8.  Conclusions

Stromatolites are commonly found along the carbonate sequence of the Karst District. 
They record environmental conditions, which are linked with both local and global 
events. Local events are supported by scattered findings and are mostly related 
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to changes of the hydrodynamic regime of the platform and/or synsedimentary  
tectonics, which are responsible for rapid environmental changes. Moreover, the pres-
ence of freshwater stromatolites may be included into settings characterized by conti-
nental influence. Global events are indicated by more or less continuous horizons 
of stromatolites, which can be related to sea-level changes. This is the case of the 
oncoid limestones and the peritidal cycles of Maastrichtian, K/T boundary and 
basal Danian. These levels can be related to marine regressions. Moreover, the per-
itidal cycles of Maastrichtian, K/T boundary and basal Danian may be related to 
other causes, including those Milankovich rhythms. Within the cycles, stromato-
lites locally capped by Microcodium, are common and indicate inter-supratidal 
settings. From the paleobiological point of view, the stromatolites provide evi-
dence of environments where the metazoan community declined and disappeared, 
after having tolerated a drastic variability. Below the stromatolitic layers, the com-
munity was usually poorly diversified and constituted by opportunistic taxa, such 
as small foraminifers (agglutinated forms, miliolids, discorbids and nonionids), 
thin-shelled gastropods and ostracods. The same or similar taxa appeared again 
above the stromatolitic layers indicating ability to reenter the depositional envi-
ronment, so evidencing their capability to enter the settings recording a renewal 
of benthic life.
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Velić, I., Tišljar, J., Vlahović, I., Matičec, D. and Bergant, S. (2003) Evolution of the Istrian part of the 
Adriatic Carbonate Platform from the Middle Jurassic to the Santonian and Formation of the 
flysch basin during the Eocene: main events and regional comparison, In: I. Vlahović and 
J. Tišljar (eds.) Evolution of Depositional Environments from the Palaeozoic to the Quaternary in 
the Karst Dinarides and the Pannonian Basin. Field Trip Guidebook 22nd IAS Meeting of Sedi-
mentology, Opatija, September 17–19, 2003, Zagreb (2003), pp. 3–17.

Venturini, S., Tentor, M. and Tunis, G. (2008) Episodi continentali e dulcicoli ed eventi biostratigrafici 
nella sezione campaniano-maastrichtiana di Cotici (Mt. San Michele, Gorizia). Nat. Nascosta 
36: 6–23.

Vlahovič, I., Tišljar, J., Fuček, L., Oštric, N., Prtoljan, B., Velić, I. and Matičec, D. (2002) The origin 
and importance of the dolomite-limestone breccia between the Lower and Upper Cretaceous 
deposits of the Adriatic Carbonate Platform: an example from ćČičarija Mt (Istria, Croatia). 
Geol. Croat. 55(1): 45–55.

Webb, G.E. (1996) Was Phanerozoic reef history controlled by the distribution of non-enzymatically 
secreted reef carbonates (microbial carbonate and biologically induced cement?). Sedimentology 
43: 947–971.

272



V.C. Tewari and J. Seckbach (eds.), STROMATOLITES: Interaction of Microbes  
with Sediments, Cellular Origin, Life in Extreme Habitats and Astrobiology 18, 273–287
DOI 10.1007/978-94-007-0397-1_12, © Springer Science+Business Media B.V. 2011

Biodata of Dr. Atsushi Yamamoto, Emeritus Professor Kwang-Choon Lee, and 
Professor Yukio Isozaki, authors of “Lower Cretaceous Stromatolites in Far East 
Asia: Examples in Japan and Korea”

Dr. Atsushi Yamamoto, currently at the Department of Life Science, Kinki 
University (Japan), obtained his Ph.D. from the University of Tokyo in 2009. 
His research focuses on the morphological evolution of fossil stromatolites with 
respect to recent cyanobacterial biomats, and on the in situ experiments of form-
ing stromatolites from plane cyanobacterial biomats.

E-mail: atsushi@life.kindai.ac.jp

Emeritus professor Kwang-Choon Lee of  Department of  Mineral and Mining 
Engineering at Sangji University (Korea) is currently studying Cretaceous nonmarine 
stromatolites, and caves. Also he is concerned in conservation and sustainable develop-
ment of geological heritage, i.e., designation of natural monument or geopark, etc.

E-mail: kclee@sangji.ac.kr

Atsushi Yamamoto Kwang-Choon Lee

273



ATSUSHI YAMAMOTO ET AL.

Professor Yukio Isozaki of  the University of Tokyo is currently studying the mass 
extinction and relevant environmental changes across the Paleozoic–Mesozoic 
boundary. He and his colleagues clarified that the famous, oldest (Early Archean) 
“stromatolites” from the Pilbara craton (Western Australia) actually occur in 
deep-sea beds deposited around an ancient mid-oceanic ridge with hydrothermal 
activity, denying the long-believed photosynthetic cyanobacterial origin in shallow 
marine settings.

E-mail: isozaki@ea.c.u-tokyo.ac.jp

274



LowEr CrEtACEous stromAtoLItEs In FAr EAst AsIA:  
ExAmPLEs In JAPAn AnD KorEA

AtsushI YAmAmoto1,3, KwAng-Choon LEE2,  
AnD YuKIo IsozAKI1 
1Department of Earth Science and Astronomy, The University  
of Tokyo, Komaba, Meguro, Tokyo 153-8902, Japan
2Department of Mineral and Mining Engineering, Sangji University, 
Wonju-si, Gangwon-do 220-702, South Korea
3Department of Life Science, Kinki University, Kowakae, Osaka 
577-8502, Japan

Abstract The morphology, structure, and mode of occurrence of the Early Cretaceous 
nonmarine stromatolites from the Kanmon Group in northern Kyushu (SW Japan) 
and from the Gyeongsang Supergroup in South Korea are reviewed. These stro-
matolites were formed likely in intertidal–supratidal settings of a large intracon-
tinental lake (the Kanmon–Gyeongsang Basin) that were occasionally exposed to 
arid condition. Seven macrostructures of stromatolite are recognized. In particular, 
three of them are dominant, i.e., flat type, columnar type, and domal type. The 
thickness of clastic layers of the stromatolites and the associated sedimentary facies 
suggest that the flux of terrigenous clastics into the depositional site may have 
controlled the morphological diversity of the stromatolites, i.e., the flat type occurred 
in very shallow nearshore (supratidal), while the domal type in relatively deeper, 
offshore (intertidal).

Keywords Lower Cretaceous • Japan • Korea • Lacustrine • Paleoenvironment 
• Stromatolite • Nonmarine • Intertidal

1.  Introduction

With respect to the Precambrian world, stromatolites are relatively rare in the 
Phanerozoic except some specific intervals such as the Cretaceous (Awramik and 
Sprinkle, 1999; Riding, 2006). The occurrences of Cretaceous stromatolite were 
reported mainly from coral/sponge reefs in the circum-Atlantic regions, such as Spain 
(e.g., Neuweiler et al., 1999) and Mexico (e.g., Beraldi-Campesi et al., 2004). Most 
of them are commonly associated with other calcareous biota, thus do not form 
stromatolite-dominant reefs like the Precambrian examples (Leinfelder and Schmid, 
2000). The Cretaceous stromatolites from Japan and Korea are unique in this regard, 
because they provide rare examples of monotonously stromatolite-dominant units 
within terrigenous clastic packages. Such a pure stromatolite reef might form only in 
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nonmarine settings. Dominant reef builders of Early Cretaceous, such as corals and 
rudists, could not inhabit nonmarine environments. These Cretaceous stromatolites in 
East Asia are analog to the Precambrian stromatolites in morphology and probably 
also in ecology.

The occurrences of Lower Cretaceous stromatolites in East Asia were 
recorded already in the early twentieth century: first from the Jinju area in South 
Korea (Kodaira, 1922) and then from northern Kyushu in Japan (Kobayashi, 
1936). Later, Ishijima (1977) and Seo et al. (1994) added descriptions of the stro-
matolites from northern Kyushu and discussed their fresh-water origin. Also 
in S. Korea, many stromatolite beds were described from the vicinity of Daegu by 
Lee et al. (1991), whose finding was followed up by later studies focused on morphol-
ogy, internal structure, and carbon and oxygen isotopic ratios of the stromatolites 
(e.g., Woo et al., 2002, 2004; Nehza and Woo, 2006; Nehza et al., 2009). Recently, 
Yamamoto et al. (2009) clarified detailed mode of occurrence of the stromatolite 
from northern Kyushu, with special attention to their close association with evap-
oritic sedimentary features and to their branching pattern. By analyzing carbon/
oxygen isotopic ratios in a lamina by lamina manner for the S. Korean specimens, 
Nehza et al. (2009) speculated that seasonal return of arid condition formed the 
rhythmic alternation of the stromatolites. In this short article, fundamental char-
acteristics of these unique Cretaceous stromatolites in Japan and S. Korea are 
reviewed, and their geological implications are briefly discussed.

2.  stromatolite-Bearing Lower Cretaceous strata

The Lower Cretaceous stromatolites occur in nonmarine strata in both N. Kyushu 
and S. Korea (Fig. 1). The Lower Cretaceous rocks in N. Kyushu and western 
Honshu (main island of Japan) are called the Kanmon Group (Matsumoto et al., 
1982), while that in S. Korea the Gyeongsang Supergroup (Chang et al., 2003). 
The nonmarine Cretaceous strata of N. Kyushu and S. Korea, currently sepa-
rated by the Tsushima strait, were likely deposited in the same large fresh-water 
basin (e.g., Kobayashi, 1941; Chough et al., 2000), which is tentatively called the 
Kanmon–Gyeongsang Basin in this article. The Cretaceous rocks in the two areas 
are correlated with each other on the basis of the lithologic similarity and molluscan 
fossils (Hase, 1960; Ota, 1960).

The Kanmon Group consists of two subgroups: the Wakino Subgroup 
(lower) and the Shimonoseki Subgroup (upper) (Fig. 2). The Kanmon Group 
overlies unconformably the basement composed of the Carboniferous high-P/T 
metamorphic rocks (Nishimura and Shibata, 1989), and is in turn covered uncon-
formably by the mid-Cretaceous Yahata Formation (Ota and Yabumoto, 1998). 
The Wakino Subgroup is composed mainly of well-bedded shale, sandstone, and 
conglomerate (e.g., Ota, 1953). The Shimonoseki Subgroup is composed of sand-
stone, tuff, and andesite lava (e.g., Hase, 1960; Ota and Yabumoto, 1998). The 
depositional setting of the Kanmon Group was regarded as a mid-latitude, 
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 intracontinental lacustrine environment under arid to semiarid climate (e.g., Ota 
and Yabumoto, 1998). The stromatolites occur in the Sengoku, Lower Wakamiya, 
and Upper Wakamiya formations of the Wakino Subgroup (Fig. 2; Ishijima, 
1977; Yamamoto et al., 2009).

Figure 1. The Early Cretaceous stromatolite localities in N. Kyushu (Japan) and S. Korea.

Figure 2. Correlation of the Lower Cretaceous strata in N. Kyushu and S. Korea. Stromatolites occur 
from the shaded formations [compiled from Ishijima (1977), Lee et al. (1991), Lee and Woo (1996), 
Seo et al. (1994) and Yamamoto et al. (2009)].
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The Gyeongsang Supergroup in S. Korea is composed of the Sindong, 
Hayang, and Yucheon groups in ascending order (Fig. 2; e.g., Chang, 1975; Choi, 
1985; Huh and Hayashi, 2001). The Sindong Group is composed of shale, sand-
stone, and conglomerate (Chang, 1975). The Hayang Group is composed mainly 
of shale, sandstone, and conglomerate, with minor amount of volcanic rocks that 
range from mafic to felsic in composition (Chang, 1975; Choi, 1985; Huh and 
Hayashi, 2001). The Yucheon Group is composed mainly of felsic lava and tuff  
with subordinate sedimentary rocks (Chang, 1975). The Gyeongsang Supergroup 
was regarded as a lacustrine sedimentary unit deposited in an intracontinental 
basin (e.g., Chough et al., 2000; Nehza et al., 2009) like the Kanmon Group in 
Japan. The stromatolites occur in the Jinju Formation of the Sindong Group (Lee 
and Woo, 1996), and also in the Banyawol, Hwasan, and Sinyangdong Formations 
of the Hayang Group (Fig. 2; Lee and Woo, 1996).

The Kanmon Group and the Gyeongsang Supergroup are mutually corre-
lated (Fig. 2) on the basis of their lithologic similarity and molluscan fossils, such 
as Trigonioididae bivalves (Hase, 1960; Ota, 1960). The Early Cretaceous charo-
phyte, Clypeator jiuquanensis (the Hauterivian to Early Barremian), from the 
Nakdong Formation and the radiometric ages of intrusive rocks (120–82 Ma) 
constrain that the Kanmon Group and the Gyeongsang Supergroup were depos-
ited probably during the Hauterivian to Albian (Early Cretaceous) age (Chang, 
1997; Chang et al., 1997; Matsumoto et al., 1982; Ota and Yabumoto, 1998). The 
Jinju Formation in S. Korea is correlated with the stromatolite-bearing Lower 
Wakamiya Formation in Kyushu.

3.  morphotypes of stromatolites

3.1.  STROMATOLITES FROM THE KANMON GROUP

All the Cretaceous stromatolites from N. Kyushu occur in the black shale 
(e.g., Fig. 4c). The stromatolite-bearing beds are intercalated in the con-
glomerate-dominant sections (Fig. 3a). The Lower Wakamiya Formation 
yields stromatolites in four horizons (Fig. 3a). Stromatolites of  the Lower 
Wakamiya Formation have three macrostructures (Table 1): i.e., flat type 
(Fig. 4a), columnar type (Fig. 4b), and nodular type (Fig. 4c). In particular, 
the former two types are abundant. The flat-type stromatolite is composed 
of  horizontal laminae of  about 0.1 mm thick in average. The columnar-type 
stromatolite consists of  composite columns of  ca. 10 cm height. The 
nodular-type stromatolite is composed of  composite spherical structures 
oriented randomly. The laminae of  both columnar and nodular types are 
about 0.1 mm thick. Among the three, the columnar-type stromatolite is the 
biggest in size that reaches about 30 cm in height. The flat-type stromatolite 
consists of alternating clastic layers and micritic layers. The flat type is unique in 
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Figure 3. Columnar sections of typical 
 stromatolite-bearing strata: (a) the Lower 
Wakamiya Formation [J apan, modified from 
Yamamoto et al. (2009)], (b) the Sinyangdong 
Formation [Korea, modified from Nehza and 
Woo (2006)].
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table 1. Seven macrostructures of the Kanmon and Gyeongsang stromatolites. Flat- and columnar-type 
stromatolites in Japan and domal type in S. Korea are dominant.

Locality macrostructure secondary structure Alternation Abundance

Japan Flat type Smooth lamina Clastics/micrite Abundant
Columnar type Column Siliciclastic-rich micrite/

organic carbon-rich
Abundant

Nodular type Column Siliciclastic-rich micrite/
organic carbon-rich

Rare

S. Korea Stratiform type Column/smooth lamina Fibrous-calcite/micrite Rare
Domal type Column/smooth lamina Fibrous-calcite/micrite Abundant
Oncolitic type Smooth lamina Fibrous-calcite/micrite Common
Rod type Column/smooth lamina Fibrous-calcite/organic 

carbon
Rare

Figure 4. Morphological variation of Kanmon stromatolites: (a) flat type, (b) columnar type. A white 
square indicates the illustrated area of (d, c) nodular type born from the black shale, (d) branching 
observed in columnar type. Arrows show branching points.
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intercalating occasionally siliciclastic laminae of over 0.3 mm thick, whereas the 
columnar- and nodular-type stromatolites lack the clastic layers. The internal 
laminations of  the rest two types consist of  alternating siliciclastic-rich micrite 
lamina and organic carbon-rich micrite lamina. On the basis of  the random 
distribution of  the internal spheres and the types of  alternation, the nodu-
lar-type stromatolites are regarded as broken forms of  the columnar type. 
The micritic laminae of  all three types likely correspond to primary biomats 
(Yamamoto et al., 2009).

3.2.  STROMATOLITES FROM THE GYEONGSANG SUPERGROUP

The stromatolites from the Gyeongsang Supergroup occur in the black shale 
just like those from the Kanmon Group in Japan (Fig. 3b; e.g., Lee et al., 
1991). Nonetheless, in contrast to those of  the Kanmon Group, the stromato-
lite-bearing shales of  the Gyeongsang Supergroup are commonly associated 
with fine-grained sandstone, and never occur with coarse-grained sandstone 
or conglomerates (e.g., Lee et al., 1991). The stromatolites of  the Gyeongsang 
Supergroup have four macrostructures (Table 1), i.e., domal type (Fig. 5a, b, 
e), stratiform type, oncolite type (Fig. 5c), and rod type (Fig. 5d). The Hayang 
Group of  the Middle Gyeongsang Supergroup yields three of  the four types: 
domal type, oncolite type, and stratiform type. The domal type is abundant and 
includes domes with smooth laminae (Fig. 5a) and/or domes with columnar 
laminae (Fig. 5b). The maximum diameter of  stromatolites from the Hayang 
Group reaches 1 m or more (Fig. 5e).

All the stromatolites from the Hayang Group are composed of  alternat-
ing micritic lamina and fibrous-calcite lamina (Woo et al., 2004; Nehza and 
Woo, 2006). The thickness of  each micritic/fibrous-calcite couplet is about 
2–5 mm (Nehza and Woo, 2006). The micrite laminae may have microbial 
origin, whereas the fibrous-calcite laminae might have been chemically pre-
cipitated (Woo et al., 2002). This common character in the alternation sug-
gests that three types of  the Hayang stromatolites were formed under almost 
the same environment. The stromatolites from the Hayang Group are com-
posed of  both micrite and fibrous-calcite laminae that include a minor amount 
of  terrigenous clastics; however, clastic-dominant laminae that are common 
in the Kanmon Group are absent (Nehza et al., 2009; Nehza and Woo, 2006; 
Woo et al., 2002).

The stromatolites from the Jinju Formation (the Sindong Group) are of the 
rod type (Fig. 5d) and unique in having a cavity in the center (Lee and Woo, 
1996). This cavity may have derived from a wood trunk around which the stroma-
tolite columns/laminae grew, and the putative wood itself  may have decayed out 
later to leave a central cavity (Lee and Woo, 1996). The internal columns/laminae 
of the rod-type stromatolites are very similar to the secondary columns/laminae of 
the columnar type of the Japanese stromatolites.
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Figure 5. Morphological variation of Gyeongsang stromatolites: (a) domal stromatolites with smooth 
laminae (Hwasan Formation), (b) domal stromatolites with many columns (Sinyangdong Forma-
tion), (c) oncolitic stromatolite (Hwasan Formation), (d) rod-shaped Jinju stromatolites (overlook 
view), (e) huge domal stromatolites (Banyawol Formation).

4.  Discussion

4.1.  STROMATOLITE-FORMING ENVIRONMENTS

As discussed above, the Lower Cretaceous stromatolites from N. Kyushu and S. Korea 
have several similarities and dissimilarities. Despite the slight difference in age, all 
these stromatolites occur in black shales with mud cracks/gypsum pseudomorphs 
(e.g., Lee et al., 1991; Yamamoto et al., 2009). These sedimentary features indicate 
that the stromatolites have formed in a very shallow-water environment, such as 
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intertidal to supratidal conditions where stromatolites were occasionally exposed 
to arid conditions (e.g., Lee et al., 1991; Nehza and Woo, 2006; Yamamoto et al., 2009).

The occurrence of apparent laminae composed dominantly by terrigenous 
clastics characterizes the stromatolites of the Kanmon Group, whereas those of 
the Gyeongsang Supergroup completely lack them (see Sect. 3). Among the three 
dominant types of the Kanmon and Gyeongsang stromatolites (Table 1), the flat 
type has thicker clastic laminae (sometimes >0.3 mm) than the columnar type, 
and the domal type lacks them. These differences in clastic content among the 
studied stromatolites suggest that morphological variations were controlled by 
the physical distance from the source of terrigenous clastics. The flat-type stroma-
tolites likely formed in the nearest environment to the source with the highest 
clastic flux. The domal-type stromatolite probably formed in relatively offshore 
environments away from the source, because the clastic content is quite small. 
Thus, the successive form change in stromatolites, from the flat type to the colum-
nar type and then to the domal type, probably represents a lateral transition of 
sedimentary facies from nearshore (supratidal) to offshore (intertidal) (Fig. 6). 
Accordingly, as to the stromatolite-bearing beds, the Kanmon Group was depos-
ited in a proximal setting, whereas the Gyeongsang sections in distal setting with 
respect to the provenance of terrigenous clastics. The intimate association of the 
stromatolite-bearing shales and conglomerates in the Kanmon Group (Yamamoto 
et al., 2009) supports the above interpretation.

Previous studies (e.g., Hoffman, 1976) suggest that sedimentation rate and 
location within coastal settings are likely two major controlling factors that affect 
the morphology of modern stromatolites. The domal-type stromatolite com-
monly occurs in relatively offshore environments, whereas the flat-type stromato-
lites in nearshore environments in Shark Bay (Logan, 1961). The distribution of 
the columnar-type stromatolite is restricted between those of the domal type and 
the flat type. According to such relationships among morphology, formed envi-
ronment and sedimentation rate recognized in modern stromatolites, the flat-type 

Figure 6. Estimated environment of abundant Kanmon and Gyeongsang stromatolites. The stroma-
tolites formed in supratidal to intertidal environments. Gyeongsang stromatolites were formed more 
offshore than Kanmon stromatolites. Morphological change of the both stromatolites was probably 
suited to that of modern examples.

283



ATSUSHI YAMAMOTO ET AL.

stromatolites of the Kanmon Group likely formed in a nearshore environment 
with higher sedimentation rate, whereas the domal-type stromatolites from the 
Gyeongsang Supergroup in an offshore environment with lower sedimentation 
rate (Fig. 6).

4.2.  TRANSITION OF STROMATOLITE-FORMING AREA

In Early Cretaceous East Asia, the Kanmon Group in N. Kyushu and the 
Gyeongsang Supergroup in S. Korea likely formed in the southeastern and north-
western parts of the large nonmarine intracontinental Kanmon–Gyeongsang 
Basin, respectively (e.g., Chough et al., 2000). According to the paleogeographic 
reconstruction of Cretaceous East Asia (Fig. 7a; Chough et al., 2000; Maruyama 
et al., 1997), the Kanmon Group was deposited in the southeastern coast of the 
Kanmon–Gyeongsang Basin, whereas the Gyeongsang Supergroup in the north-
western coast. During the Wakino–Sindong time (Fig. 2), stromatolites formed 
probably all around the basin (Fig. 7b) including N. Kyushu and S. Korea. 
On the other hand, during the Shimonoseki–Hayang time (Fig. 2), stromato-
lites occurred only in S. Korea, particularly along the northwestern coast of the 
Kanmon–Gyeongsang Basin (Fig. 7c). This fact may indicate that the preexisting, 
stromatolite-forming stable environments have been modified considerably in the 
beginning of the Shimonoseki–Hayang time (ca. 100 Ma).

In the Early Cretaceous, a large-scale subduction-related magmatism 
occurred in East Asia to form the Ryoke granite batholith belt in SW Japan arc, 
as a result of the subduction of the Izanagi–Pacific mid-oceanic ridge beneath Asia 
(Isozaki and Maruyama, 1991; Isozaki, 1996; Maruyama et al., 1997). In N. Kyushu, 
the Early Cretaceous arc-related volcanic rocks (Kitahikoshima Formation) 

Figure 7. Change of stromatolite-forming area in the Kanmon–Gyeongsang Basin. Stromatolites 
were formed (a) the Kanmon–Gyeongsang Basin in the Early Cretaceous East Asia. The shadowed 
square indicates the area shown in (b and c), (b) Wakino–Sindong time. Stromatolites were formed all 
around the basin, (c) Shimonoseki–Hayang time. Stromatolites were formed only in the west side of 
the basin because of volcanic activities. Dashed lines show previous position of Japanese islands and 
Korean Peninsula [modified from Chough et al. (2000) and Maruyama et al. (1997)].
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formed during the Shimonoseki time (Ota and Yabumoto, 1998). This intensive 
volcanism and associated uplift of the arc complex likely increased the sedimen-
tary flux into the Kanmon–Gyeongsang Basin, in particular to its southeastern 
margin, to change the basin geometry. During the shrinkage of the basin on its 
eastern side (Fig. 7c), the stromatolite-forming environments were destroyed or 
migrated to the west.

5.  summary

1. The Early Cretaceous stromatolites of the Kanmon Group (SW Japan) and 
the Gyeongsang Supergroup (S. Korea) were formed in intertidal–supratidal 
environments, occasionally exposed to arid conditions, along the large-scale 
intracontinental lake margin in East Asia.

2. Three abundant types of stromatolites are recognized, i.e., flat type, columnar 
type, and domal type. The thickness of clastic layers of the stromatolites and 
the associated sedimentary facies suggest that the flux of terrigenous clastics 
into the depositional site may have controlled this morphological diversity of 
the Early Cretaceous nonmarine stromatolites. The flat type occurred in very shallow 
proximal settings, while the domal type in relatively deeper, distal ones.
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MoDern Marine StroMatolitic StructureS: 
the SeDiMent DileMMa

Kathleen M. Browne 
Rider University, 2083 Lawrenceville Road, Lawrenceville, 
NJ 08619, USA

abstract Modern marine stromatolites have been considered for some time as 
“windows” into the past that can potentially reveal information about the circum-
stances in which ancient examples formed. Many studies have focused on lithified, 
laminated examples from Shark Bay Western Australia over the last 50 years and 
from the Bahamas over the last 30 years. The early works provided thorough studies 
of the environments and the stromatolitic structures and discussed many unknowns 
left to be explained. In the last 20 years, significant advancements in the study of 
microbial ecosystems have resulted from innovative methodologies and technologies. 
This paper is a brief summary of recent developments in the research on the forma-
tion of lithified modern normal marine stromatolitic structures from the Bahamas.

Keywords Alkaline lake • Bahamas • Cement • Cyanobacteria • Endolith • EPS  
• Exopolymer • Substances • Laminae • Lamination • Microbialite • Microbial 
mat • Precipitation • Schizothrix • Sediment • Sedimentation • Stromatolite  
• Stromatolitic • Sulfate-reducing bacteria

1.  Bahamian Stromatolites and Microbialites

Lithified subtidal and intertidal structures resembling ancient stromatolites have 
been found in the Bahamas at numerous locations (Dravis, 1983; Dill et al., 1986; 
Dill, 1991; Reid and Browne, 1991; Reid et al., 1995; Ginsburg and Planavsky, 2008; 
Golubic and Focke, 1978). All are located nearby the edge of the eastern side of  
the Bahamian plateau. Subtidal settings are typically high energy sites influenced 
by tidal currents or wave energy in sandy embayments, and intertidal sites are sandy  
beach areas experiencing wave energy typical of the windward site of the plat-
form (Reid et al., 1995). In many cases, well-formed cohesive microbial mats were 
noted on the tops of these structures. The mat on top of the bioherms and the 
structures in the hardened interiors at three localities have been studied closely:  
intertidal stromatolites on the backreef side of an algal ridge fringing reef  
complex at Stocking Island (Reid and Browne, 1991), very shallow subtidal exam-
ples in a similar complex at Highborne Cay (e.g., Reid et al., 2000; Andres and 
Reid, 2006), and deeper subtidal examples in Adderly Channel (Dill et al., 1986; 
Browne, 1993; Feldmanm and McKenzie, 1998; Planavsky and Ginsburg, 2009). 
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Lamination in the hardened parts of the bioherms consists of couplets of cement 
crusts (thin micritic crusts) and thicker weakly lithified fine sand (Fig. 1). There are 
two types of cement crusts: thin micritic crusts (Reid and Browne, 1991; Browne, 
1993; Reid et al., 1995; Golubic and Browne, 1996) and fused grain layers (Reid 
et al., 2000, 2003, 2008). Micritic crusts range from 40 to 100 mm thick in liv-
ing mat samples, and contain very little sediment, silt-sized (Reid and Browne, 
1991; Browne, 1993). The fused grain layers in hardened parts of stromatolites 
can be 1–2 mm thick and more laterally continuous than micritic crusts, and thus 
much more substantial and stronger than the latter (Reid et al., 2008). Weakly lith-
ified porous layers range in thickness from 500 to 3,000 mm; cements typically 
occur as coating grains, at grain contacts and pore-filling micropeloidal clus-
ters. While called stromatolites when first described, closer examination indicates 
that some examples do not contain the millimeter-scale lamination associated with 
stromatolites as a predominant internal structure. For example, subtidal structures 

Figure 1. Photomicrograph of sections from Bahamian stromatolites. (scale). (a) Thin section of lith-
ified layering in intertidal sample, Stocking Island (500 mm). (b) SEM view of section of lithified layer-
ing from subtidal stromatolite, Adderly Channel. Micritic cement crust runs from top right to lower left 
corners. Above and below the cement crust, micropeloidal and grain-coating cements occur (100 mm). 
(c) Thin section of faintly laminated sediment (L) adjacent to pocket of unlaminated (C), coarser 
sediment (separated by dashed white line). Adderly Channel subtidal stromatolites. White arrows mark 
cement crusts (1 mm). (d) This section of unlaminated sediment showing presumably inorganic cement 
coating grains (300 mm).
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found at ~10 m and shallower depths in Adderly Channel contain a mix of  
laminated and unlamented fabrics and have been termed thrombolites (Feldmanm 
and McKenzie, 1998) and most recently microbialites, rather than stromatolites 
(Planavsky and Ginsburg, 2009).

2.  lamination Formation

To understand the origin of the laminated portions of these structures, studies have 
looked to the living community on tops of the bioherms. As would be expected in 
a normal marine setting, diverse, eukaryote-dominated communities can be found 
on some (e.g., Dravis, 1983; Dill et al., 1986). But laminated microbial mats with 
thin micritic crusts, dominated by prokaryotes have been found on the surfaces 
of several of these hardened structures (Reid and Browne, 1991; Browne, 1993; 
Reid et al., 1995; Golubic and Browne, 1996) (Fig. 2). The layering found within 
the mats resembles closely the lamination preserved in parts of the hardened por-
tions of the structures. The motile, filamentous, multi-trichomed cyanobacterium, 
Schizothrix gebleinii, was found to be the dominant microbe in the mats. In a nor-
mal marine environment, the occurrence of a prokaryote-dominated community 
is typically indicative of environmental stress that prohibits most other organisms 
from occurring in abundance (Golubic, 1991). Field observations and sediment 
preserved in mats and lithified portions of stromatolites indicate that the primary 
stress in all the above settings is high sedimentation rates. The mats are periodically 
buried by migrating sand dunes in channels or near shore sand bodies, and when 
not buried are often subjected to high rates of sediment entrainment from sandy 
areas surrounding the stromatolites and microbialites. Examples in intertidal set-
tings may also be influenced by environmental stresses typical in this environment, 
although it should be noted that eukaryote-dominated algal turf communities can 
be found in the nearby Schizothrix mats at equivalent or slightly higher elevations 
in the intertidal and sometimes directly adjacent to sediment sources (e.g., Reid 
and Browne, 1991; Reid et al., 1995).

Schizothrix-dominated mats have been studied extensively in recent years, 
particularly at the very accessible intertidal and shallow subtidal sites at Highborne 
Cay, because the internal layering in the surficial microbial mats is similar to the 
preserved lithified internal parts found beneath the mats. Based on the observa-
tions of mat structure and internal lithified lamination from the many localities 
of stromatolites in the Bahamas, the findings from the Highborne Cay examples 
seem to be applicable for all Schizothrix-dominated mats that produce stroma-
tolitic structures in the Bahamas and as such have been used to make reasonable 
generalizations about lamination formation by this mat. A thorough comparison 
of the intertidal, shallow subtidal (1 m) and deeper subtidal (10 m; Adderly 
Channel) examples would be worthwhile to determine whether there are any dif-
ferences detectable either in the mats or in the lithified products. A brief  summary 
of what is now known about various aspects of the layering in mats is provided 
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here. Reid et al. (2000, 2003, 2008) report on three types of mats from the shallow 
subtidal stromatolites at Highborne Cay, which represent stages in the mat 
development relative to changes in sedimentation rates, as inferred by sediment 
grain size incorporated into the mats and microbe activity. Type 1 mats are 

Figure 2. SEM photomicrographs of  cement crust in living Schizothrix mats. (a) Side view of mat 
sample showing surficial organic film and underlying delicate cement crusts presumably formed by 
earlier biofilms (arrows) (scale = 100 mm). (b) Right side: Side view of mat the bulk of which is likely a 
Type 1 mat showing filamentous organics oriented vertically among abundant sand grains (top indi-
cated by arrow) (scale = 1.5 mm). Box in right photo outlines area magnified on left. Left photo: micro-
peloidal cements within organic matrix (scale = 100 mm).
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sediment rich and dominated by a sparse population of  Schizothrix gebleinii 
oriented vertically around the abundant sand-sized sediment grains (Fig. 2b). 
In this state, evidence indicates that sedimentation rates are high, grains adhere 
to the mat surface due to sticky EPS (extracellular polymeric substances) pro-
duced by Schizothrix, and the motile trichomes are continuously adjusting to the 
newly accreted sediment by moving upward around the grains, abandoning 
sheaths in their wake. The filaments, sheaths and EPS bind the sediment grains 
holding the mat together as the top surface continues to grow upward from addi-
tional sediment accretion. Several studies have noted that there are very few other 
organisms present in this stage of mat development (e.g., Golubic and Browne, 
1996; Reid et al., 2000) indicating that sedimentation rates can very effectively 
eliminate not only eukaryotes but also most prokaryotes. Limited cement precipita-
tion has been found in this mat type occurring as grain contact cements and 
“micropeloidal” clusters (Fig. 2b). Type 2 mats consist of a surficial “biofilm” of 
diverse heterotrophic microbes, copious amounts of amorphous EPS, aragonite 
crystals, and silt-sized grains. Immediately beneath this film is a sparse to 
moderately dense population of Schizothrix, with enmeshed filaments oriented 
randomly. The mats consist of a community that can exist when sedimentation 
rates decrease, as inferred by the incorporation of only silt-sized sediment. At 
such times, heterotrophic microbes become more prevalent and they and their 
products concentrate on the mat surface. In studies of the deeper subtidal exam-
ples, dense mats of horizontally oriented Schizothrix have been found at the mat 
surface (Browne, 1993, Fig. 3.4; Golubic and Browne, 1996, Fig. 6) topping the 
vertically oriented filaments (Type 1), which may represent a transition from Type 
1 to Type 2 mats in Reid et al. (2000), or might be a mat structure more common 
in deeper subtidal mats. Golubic and Browne (1996) did not describe heterotroph 
biofilms in the deeper mats but it is likely that they were simply not detected in 
this earlier work. The heterotrophic biofilms contain micritic cement crusts 
resembling similar features found in lithified portions of the stromatolites (Reid 
et al., 2000, 2003, 2008) (Fig. 2a showing cements free of organics beneath mat 
surface) and may be where similar crusts form in the deeper subtidal mats as well 
(Browne, 1993; Golubic and Browne, 1996). Spherical aggregates 2–5 mm in diam-
eter of 1 mm long aragonite needles have been observed embedded in the EPS 
matrix (Reid et al., 2000, 2003, 2008). Type 2 mats further develop into Type 3 
mats with continued lower sedimentation rates and consist of abundant Solentia 
sp., an endolithic coccoid cyanobacteria; randomly oriented Schizothrix filaments 
occur below the calcified biofilm (Reid et al., 2000). This endolith bores into 
the carbonate grains and bores can quickly infill with carbonate precipitation; 
apparent microbe movement from one grain to another aids in cementing or 
“fusing” grains together (Reid et al., 2000; MacIntyre et al., 2000).

The various mat types noted in Highborne Cay samples point to mat com-
munity maturation or succession as the living surface adjusts to changes in sedi-
mentation rates (see Reid et al., 2000, 2008 for summary diagram). For initial 
substrate colonization, some sort of stable substrate in high sedimentation zones 
appears to be necessary for the first steps in the growth of a stromatolitic mat 
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(Ginsburg and Planavsky, 2008). With substrates present, Schizothrix colonizes as 
a pioneer organism (Reid et al., 2000) and stabilizes sediment that adheres to the 
mat sufficiently to form cohesive sediment-rich mats. Numerous studies (Neumann 
et al., 1970; Stal, 1994; Yallop et al., 1994; Dade et al., 1990) have shown that 
sediment stabilization is accomplished by microbial communities, and cyanobac-
teria in particular are very effective in doing so through the combination of 
cyanobacterial entrapment of sediment and the EPS it adds to the mat. Paterson 
et al. (2008) have shown how effective microbes specifically from Highborne Cay 
shallow subtidal stromatolites are in stabilizing sediment. In addition, experimen-
tal aquarium studies of reconstituted stromatolite mat material have shown that 
Schizothrix can quickly recolonize the sediment surface (~2 days), increase sedi-
ment stabilization over time, and the vertical sequence of microbes in type 2 mats 
can be replicated. In these experiments, the thickness of the mats was significantly 
greater than thicknesses seen in the modern example studies cited in this review. 
And interestingly, the vertical sequence of microbes was recreated without repli-
cating the variety of environmental factors known to occur in the real environ-
ments. These results indicate that certainly more work is needed to understand the 
factors that influence mat formation and community successions.

Once the pioneer Schizothrix mat is established on a stable substrate, the mat 
community appears to adjust as sedimentation rates vary. When sedimentation 
rates are high, grains adhere to the surface and the phototactic Schizothrix adjusts 
by moving upward and binding the grains. Browne (1993) and Golubic and 
Browne (1996) found in some mat samples Schizothrix concentrated on the sedi-
ment surface, producing mat layers with significantly more organic matter, mini-
mal sediment and orientations of Schizothrix filaments that range from horizontally 
oriented to randomly oriented and enmeshed (for example, see Fig. 6 in Golubic 
and Browne, 1996). They proposed that decreases in sedimentation rates might 
be the reason for the development of this denser mat. Type 2 mats described in 
Reid et al. (2000) resemble this stage in mat development; however, their studies 
revealed bacterial biofilms above the Schizothrix dense layers. They described 
this mat type as “hiatal” or discontinuity surfaces, where the community has 
“matured” from the pioneer cyanobacterial community to one in which other 
microbes become more prominent on the surface of the mat community (Reid 
et al., 2000). It is in fact these discontinuity surfaces that define the lamination 
in uncemented mats and are the layers that contain micritic crusts. Type 3 mats 
represent a further maturation of the mat community as sedimentation rates con-
tinue to be low (Reid et al., 2000). The endoliths are able to concentrate and their 
activity alters sediment and cement crusts already incorporated into the mats.

There is only limited information about lateral variations in surface com-
munity at any one time. On a small scale with just the cohesive laminated microbial 
mat, Reid et al. (2000) found that at Highborne Cay, Type 1 mats are significantly 
more common than Type 2 or 3, which makes sense in a high-energy setting, 
if  high depositional rates limit growth of other organisms. If  sedimentation rates 
are important, then occurrence of the three mat types should somehow correlate 
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with variations in sedimentation rates with Type 1 being more abundant closer 
to the sediment source, and Type 2 and 3 further away from the sediment. But if  
the mat surface is not smooth, or flow is variable over the mats then distribution 
of mat types might be complex. Further complicating the issue may be seasonal 
fluctuations in Type 2 and 3 mat types at least in intertidal and shallow subtidal 
mats (Foster et al., 2009). Additional research is needed to tie the proposed sedi-
mentation rate controls to mat type occurrences.

Finally, much progress has been made in identifying the organisms in the 
microbial mats responsible for the creation of stromatolitic bioherms. In earlier 
studies, organisms in these microbial mats were identified by morphological studies 
primarily. Through various methodologies recently developed (e.g., fluorescence 
in situ hybridization, combined cultivation and molecular techniques), it has been 
determined, not surprisingly, that there are more organisms in these cohesive mats 
than were originally identified (Baumgartner et al., 2006; Havemann and Foster, 
2008; Foster et al., 2009). This is an exciting development in that it enables 
researchers to investigate the roles other organisms may play in stromatolite 
growth and preservation. At the moment, it is unclear how prevalent many of the 
newer species discovered in the mat are, and what, if any role they play in the various 
processes involved in lamination accretion. Interestingly in studies of the micro-
bial mats described above by Foster et al. (2009), Schizothrix gebeleinii was not 
found in any of the cultivars possibly due to the difficulty in recovering cells 
encased in thick polysaccharide sheaths and protected by calcium-enriched EPS 
during the nucleic acid extractions (Foster et al., 2009). The authors point out 
that their findings should compliment earlier morphological studies until more is 
learned about this organism. Similar analyses to distinguish the mat communities 
in Type 1 mats versus Type 2 mats would also be quite interesting, although likely 
extremely difficult. It is possible that the filamentous cyanobacteria prevalent in 
these mats could be renamed at some point in time through more modern tech-
niques. But whatever its name, it plays a key role in formation of these biosedi-
mentary structures.

3.  Microbial Mat Mineral Precipitation

Numerous studies have focused on mineral precipitation in the microbial mats for 
several reasons: lithification of  the microbe-constructed structures is essential 
for preservation in the sedimentary record; the micritic crusts and fused grain 
layers actually define the layering in the bioherms; the mineralization phenomena 
in and of itself  is worthy of research and explanation; and the sub-millimeter 
micritic laminae most closely resemble lamination in most ancient stromatolites. 
When cement crusts were first noted in subtidal living Bahamian Schizothrix mats 
from Adderly Channel, metabolic processes within the Schizothrix mats (meaning 
the community of organisms, not any one organism), such as photosynthesis or 
sulfate reduction, were hypothesized to be driving precipitation (Browne, 1993; 
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Golubic and Browne, 1996 and further described in Seong-Joo et al., 2000) given 
notable work cited in these studies. Researchers focusing on mineral precipitation 
suggested decomposition by sulfate-reducing bacteria (SRB) specifically as the 
cause of carbonate precipitation in microbial mats (see summary in Sprachta et al., 
2001). However, cement precipitation in stromatolites has been very difficult to 
study for several reasons. The microbes, the vertical thickness of mat communities 
they create, and the areas where mineral precipitation has been observed are very 
tiny. Also undetermined in these earlier studies were the members of the microbial 
communities beyond what appeared to be dominant organisms. Without the use 
of fine-scale instrumentation and more knowledge about many of the organisms 
involved, studies of metabolic activity the chemical changes caused by metabolic 
processes were extremely difficult. Innovative methodologies and tools have been 
used since the work cited above to help with these efforts.

Through numerous recent efforts that have systematically addressed various 
aspects of the mat biology and chemistry, there is much evidence to show that 
SRB in the Type 2 biofilm and extracellular polymeric substances (EPS) do in fact 
play an important role not only in sediment accretion but also in mat mineraliza-
tion (e.g., Reid et al., 2000, 2008; Stolz et al., 2001; Decho et al., 2005; Visscher 
and Stolz, 2005; Andres et al., 2006; Stolz, 2008; Dupraz et al., 2008; RIBS-http://
www.stromatolites.info). This is another exciting development in understanding 
the mats involved and the structures they produce. A brief  summary, not at all 
indicative of the work involved to come to these conclusions, is provided here; 
readers should consult Dupraz et al. (2008) and references cited within their work 
for a comprehensive summary. In Type 2 mats, which are characterized by the 
presence of micritic crusts within the living mat, it appears that degradation of 
EPS drives CaCO3 precipitation in the mats. The micritic crusts occur, where copi-
ous amounts of EPS are found (Reid et al., 2000) and maximum SRB activity 
occurs (Visscher et al., 2000). EPS is secreted by Schizothrix to stabilize cells,  
create a chemically protective microenvironment for cells, and to bind calcium to 
protect cells from CaCO3 precipitation (Decho and Kawaguchi, 2003, 2008). EPS 
can be produced and broken down very quickly. Initial degradation of EPS 
matrix by inorganic and/or organic processes can release low molecular weight 
organic carbon (LMWOC) along with calcium bound in EPS polymers; SRB 
break down the LMWOC increasing alkalinity. The combined increase in calcium 
and alkalinity increases the calcium carbonate saturation index and precipitation 
results. Isotopic analyses of the micritic crusts support this explanation; the crusts 
are slightly depleted in 13C suggesting precipitation from heterotrophic processes 
(Andres et al., 2006). Most recently, Aloisi (2008) has argued through geochemi-
cal modeling that calcium binding by EPS has a minimal effect on prohibiting 
mineral precipitation during photosynthesis. Calculations include large calcium 
fluxes between the mat and surrounding waters. If  this model accurately repre-
sents the real mat systems, then it is more likely that precipitation is driven by 
photosynthesis rather than sulfate reduction (Aloisi, 2008). Andres et al. (2006) 
argue, however, that the isotopic composition of the crusts along with chemical 
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gradients found in the mats indicate the mat waters are not in equilibrium with 
seawater and isotopic signatures reflect local microbial processes within the mat. 
Additional research is needed to resolve this debate.

When endolithic organisms join the community and form Type 3 mats, their 
activity further enhances the layering by altering and welding together sediment 
grains originally trapped in the mat (see MacIntyre et al., 2000 for a summary of 
this process). Thus, the cyanobacteria play a critical role in accreting sediment. 
They trap sediment during high sedimentation events. When sedimentation rates 
decrease, the cyanobacteria adjust their activity but continue to add EPS to the mat 
and bind the sediment, and a film of SRB can establish itself on the stabilized sedi-
ment/mat surface, which plays a critical role in creating micritic crusts by breaking 
down the EPS. At this point in their development, the mats function as “geochemi-
cal bioreactors” with the combined community acting as an “alkalinity engine” by 
changing calcium and carbonate concentrations within the EPS matrix and provid-
ing mineral nucleation sites (Visscher and Stolz, 2005; Dupraz et al., 2008).

4.  Preservation

Preservation of the laminated fabric in the Bahamian mats ultimately requires suf-
ficient lithification for the structures to survive erosion as well as limited exposure 
to alteration processes. The cement crusts and fused grain layers described above 
are key features in defining lamination and preserving it. Micritic crusts and fused 
grain layers form laterally along a roughly horizontal plane within Type 2 and 
3 mats. Each micritic cement crust is thought to be a record of a depositional 
hiatus but because there must be lateral variation in the maturity of the surface 
mat across the top of the stromatolite, there would also be lateral variation in 
cement crust formation, producing essentially a patchy occurrence. In hardened 
portions of the stromatolitic bioherms, this patchiness appears as laterally discon-
tinuous crust and fused grain layers in thin sections of the layering. Cementation 
in between these crusts can also be important. Note the peloidal micrite between 
grains mentioned in Reid and Browne (1991) and in Fig. 2.

It is unclear how much of the various cements described above are needed to  
prevent the structure from crumbling apart once organic materials decay. But the 
very subtle definition to laminae in some thin sections of hardened parts of the 
bioherms, and the limited intragranular cements indicate that it does not take a 
tremendous amount. The fused grain layers when present are certainly significantly 
stronger than the micritic crusts. Intragranular cements must also be sufficient to 
preserve the spacing of grains; otherwise, when the organic materials decay away, 
the sediment trapped by the Type 1 mats would simply fall to the top of the under-
lying cement crust. Note, for example, that pore space in the thin section photographs 
of hardened parts of intertidal stromatolites (Reid and Browne, 1991; Fig. 5a and 
Reid et al., 1995; Plate 7, Fig. 1a, b), and in this paper (Fig. 1a, c), that some areas 
of sediment are very loosely packed with very limited grain to grain contacts.
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There is some indication that a maximal thickness of the couplet of sediment-rich 
layers and capping dense microbial layer/biofilm (combined Type 1 and 2/3) for 
preservation to occur. Sections of  hardened stromatolite lamination show a 
relatively consistent millimeter-scale lamination thickness. Field observations of 
sediment accretion and mat development on deeper subtidal stromatolites, how-
ever, suggest there could be greater variation in the thicknesses of the Type 1 and 
2/3 sequence in the surficial mat than the same couplet preserved within the hard-
ened parts of the bioherms, although more data would be needed to test this 
statistically (Browne, 1993; personal observation). Recent findings suggest, how-
ever, that the differences between layer thickness in mats and lithified lamination 
seen in earlier studies may be an artifact of observation techniques. In the inter-
tidal and shallow subtidal mat samples, EPS in mats can prevent one from seeing 
subtly defined laminae but thin sections of the mat material reveal layering where 
it is not visible in vertical sections of the matt (Reid, personal communication). 
Alternatively, it may be that the layering differences noted deeper subtidal exam-
ples do occur in this deeper setting; these mats may need to be reexamined using 
updated techniques. Assuming the earlier observations of the deeper subtidal 
mats are accurate, thicker sediment-rich layers could be explained by prolonged 
periods of high sedimentation. Even with sufficient micritic crusts, the thicker 
layers may simply be too thick for the very limited micropeloidal cements in the 
sand-rich layers to hold them together. If thinner couplets are more likely preserved, 
then the hardened structures preferentially preserve layering produced under those 
circumstances, whatever they are. More work is definitely needed here.

Beyond the microbial mat cementation, the internal parts of the stromatolite 
can be further lithified through inorganic cementation (Planavsky and Ginsburg, 
2009; Fig. 1d). In addition, large sections of the subtidal examples from Adderly 
Channel show that eukaryotes can modify the original structure effectively by 
destroying some of the original laminated structure (the microbialites of 
Planavsky and Ginsburg, 2009). Certainly, field observations of these subtidal 
microbialites show numerous examples of eukaryote-covered tops, with commu-
nities including a wide range of prokaryotic and eukaryotic microbes as well as 
macro plants and animals; the composition of this community has been described 
by Dill et al. (1986). Microbial communities still occur among macroeukaryotes 
but typically consist of a much more diverse population of eukaryotes and 
prokaryotes and as a result, are significantly less cohesive and not laminated 
(Browne et al., 2000). Essentially, they produce a loosely bound fluffy coating of 
organisms and sand-sized sediment. Small patches of cohesive mats typically 
coating high knobby points can still be found, however, and likely continue lami-
nation accretion. Why these small cohesive mat patches occur among a more 
diverse community is also less certain. There is some indication that the fluffy 
diatom coatings might aid sediment accretion by trapping grains, and underlying 
cyanobacteria moving upward through that loosely trapped sediment to bind it, 
allowing thicker layers to accrete (Reid et al., 2008). Alternatively, they may simply 
be remnants of mats formed at a previous time when sedimentation rates limited 
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colonization to the low diversity microbe communities. The eukaryote community 
might be considered a later stage in the succession of organisms on these hard-
ened structures. Assuming sedimentation rates are the only control in the occur-
rence of well-formed microbial mats, if  the bioherms are left exposed with their 
tops high above the sediment surrounding them for extended periods of time, 
eukaryotic plants and animals would have opportunity to colonize the surfaces. 
A diversity of microbes would dilute the cohesiveness of the community and 
prohibit the formation of laminated sediment. A diversity of plants and animals 
could disrupt sediment accumulation and some can contribute significantly to 
bioerosion of the structure they have colonized. Larger bioherms may be more 
altered by eukaryotes since their tops would stand higher above the sediment 
surface longer than would be the case for smaller bioherms. An extreme example 
of bioerosion was described by Dill et al. (1986) in a setting where sediment no 
longer surrounds “relict” bioherms. Further work is clearly needed to better 
understand the most diverse communities found on microbialite tops.

The model to explain variations in the communities that are found on the 
tops and sides of the Bahamian microbialites is a relatively simple model that 
relies on sedimentation rate changes. Field observations in the real setting reveal 
notable variation in the community covering the tops of stromatolites even when 
the tops are nearly buried by passing sand dunes. It is highly unlikely that the 
proposed community succession from microbial mats to the eukaryotic commu-
nity is well synchronized with variations in sedimentation rates. Thus, any single 
observation would show the surface community in some instances not yet 
adjusted to newly established sedimentation conditions. Surface communities 
probably do not always have enough time to adjust to changes and may be out of 
synch with sedimentation change at times. More work monitoring the changes 
that individual bioherms experience relative to sedimentation rate changes is 
needed here as well.

5.  Discussion

The progress that has been made in understanding stromatolite layering in modern 
marine examples over the last 2 decades is impressive. For many years, microbial 
mat chemistry has been suspected to be the driving force behind not just the lith-
ification and preservation of modern marine stromatolitic fabric, but contributes 
significantly to the formation of lamination. Without a doubt, learning the details 
of this early stage cement precipitation will expand the abilities of geologists to 
understand ancient examples, perhaps from many environmental conditions. 
With all this progress, however, some of the finer details of when, where, how, 
and from what exactly the early cements form still require discovery and explana-
tion. Ideally, catching the cementation in the act within a living microbial mat 
should reveal quite a bit assuming the technology available provides the necessary 
evidence to tie that precipitation to specific processes. Given the progress made,  
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it may be that the tools to measure microscale biogeochemical phenomena exist 
now and the larger challenge may be in either replicating the natural surround-
ing environmental conditions for experimental studies, or collecting data in situ. 
Another challenge may be in applying techniques used in studies of more acces-
sible intertidal and shallow subtidal Bahamian examples (e.g., Highborne Cay) 
to deeper, less accessible examples (e.g., Adderly Channel). Identifying distinctive 
mat characteristics and preserved evidence of different depositional environments, 
if  they exist, would surely be useful to geologists studying ancient examples. It 
seems likely that such results will be forthcoming. And when they come, it is also 
likely that they will reveal possible connections to similar, or not so similar, sys-
tems where other microbialites form. There are some lingering questions beyond 
the lithification and layering origins of stromatolitic deposits that seem to warrant 
further investigation. What are the limits to Schizothrix mat’s ability to create lam-
inated structures? To what degree does sedimentation really drive the formation 
of the stromatolitic layering in modern normal marine settings? Given answers to 
these questions, what exactly can be applied to ancient examples?

5.1.  WHAT ARE THE LIMITS TO SCHIzOTHRIx MAT’S ABILITY 
TO CREATE LAMINATED STRUCTURES?

Recent developments have shown that there are many more microbes in the 
Schizothrix mats from Bahamian stromatolites and that some, specifically SRB, 
play a critical role in driving cement crust precipitation. It remains to be determined 
what roles all the other microbes discovered play. All evidence thus far points to 
Schizothrix serving as a pioneer organism setting up the circumstances to allow 
sediment to be trapped and stabilized by the mat (with all its co-habitants), for the 
cohabitating SRB in more mature Schizothrix mats to break down the EPS added 
by Schizothrix and SRB, altering the mat chemistry to cause cement precipitation, 
and for an endolithic cohabitant, Solentia, in even more mature mats to contrib-
ute further to lithification and to alteration of the carbonate grains in the mats. 
Schizothrix is present because it can not only survive but also prosper in appar-
ently high sedimentation-rate settings. But with other filamentous cyanobacteria 
recently identified in the mats, it may be time to reconsider whether some of these 
cohabitants also play a role in constructing and/or lithifying the sediment-rich 
structures.

Regardless of contributions made by each microbe present, we can certainly 
say that collectively organisms in the Schizothrix mat are very effective in making 
millimeter-scale microbial lamination, contributing to lithification of the layering 
and bioherms, and incorporating structures that closely resemble many ancient 
stromatolites in some ways. Since it appears that sedimentation rates are a con-
trolling factor that allow these mats to form in a setting where a diverse popula-
tion of microbes and macro plants and animals occur, it makes sense that even 
slight variations in sedimentation rates would cause shifts in the mat community. 
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In both intertidal and subtidal stromatolites settings, it appears likely that when 
sedimentation is not a controlling factor, many other organisms would dominate 
the setting, or at least grow in large enough numbers to prohibit Schizothrix from 
making laminated cohesive mats cement crusts and fused grain layers. Schizothrix 
is motile and produces abundant EPS making sticky mats. Sediment dropped by 
currents onto this mat get stuck and Schizothrix trichomes shaded by the grains 
move out of their sheaths around the grains into more sunlight. But are there any 
intrinsic factors in the mat that influence construction and preservation of these 
structures? How quickly, for how long, and when within a day/night and/or sea-
sonal cycle can Schizothrix adjust to sediment? What sedimentation rate is too 
much for Schizothrix to keep up? Are there other factors or conditions that would 
cause it to change movement in response to sedimentation, or change the sticki-
ness of the mat? What might be the reasons for the possible seasonal variations 
in mat types noted in Foster et al. (2009)? As reported in Dupraz et al. (2009), 
periodic burials may serve as selective pressure that favors the bacterial communi-
ties, in particular cyanobacteria (Andres and Reid, 2006; Kromkamp et al., 2007; 
Perkins et al., 2007). But what happens when burial does not occur, a stromatolite 
surface is covered by a eukaryotic community and then sedimentation rates 
increase? Are the eukaryotes systematically eliminated from the community as 
conditions worsen for them and Schizothrix recoat the surface, or is burial needed 
to catastrophically wipe out the eukaryotic community? When a Schizothrix mat 
is well formed, what happens over time in terms of community succession when 
sedimentation rates decrease for extended periods of time, or permanently? Do 
eukaryotes simply take over or does the Schizothrix mat somehow prohibit colo-
nization by small or large eukaryotes making it difficult for colonization? Do 
community successions occur even during prolonged high sedimentation rates? 
Are there detectable differences in the mats from the intertidal, shallow subtidal, 
and deeper subtidal stromatolite mats? What are the impacts of prolonged burial 
on microbial mats? [Kromkamp et al., 2007 and Perkins et al., 2007 have 
addressed this area to some degree; their results are discussed in Reid et al. (this 
volume).] How long can a microbial mat-covered surface stay buried before the mat 
dies? What happens when/if  a mat dies during burial; is cementation enhanced? 
Answers to some of these questions could have implications for the next questions 
posed here.

5.2.  TO WHAT DEGREE DOES SEDIMENTATION REALLY  
DRIVE THE FORMATION OF MODERN MARINE 
STROMATOLITIC LAYERING?

For whatever the reasons, Schizothrix-created mats do not appear to form in 
settings with low sedimentation rates. So sedimentation rate does drive at least 
part of the process. In all studies of these mats, it has been assumed that denser 
mats (biofilms) form when sedimentation rates drop. There is, however, only 
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limited evidence that shows a correlation between the occurrences of specific mat 
stages with higher sedimentation rates (thus, the reason for some of the questions 
above). Browne (1993) and Browne et al. (2000) proposed that higher sedimenta-
tion rates occur when crests of dunes and ripples superimposed on large sand 
dunes pass by microbialite structures in deeper subtidal settings. Similarly, Reid 
et al. (2000) suggest that Schizothrix is on the move leaving vertically oriented fila-
ments and empty sheaths among abundant ooid sand (Type I mat) when the sur-
rounding sediment surface is nearby the tops of structures coated with Schizothrix 
mats. The occurrence of Schizothrix mats on low relief  stromatolites and mac-
roalgae on high relief  examples reported at many locations supports this idea as 
well (Reid et al., 1995). Reid et al. (this volume) report on variations of burial and 
exposure rates for stromatolites and thrombolites in the shallow water setting at 
Highborne Cay at numerous locations within the reef complex; their results make 
it clear that just the simple process of burial and unburial does not simply explain 
variations in internal structures of the microbialites. Finer-scale observations that 
look at small-scale (centimeter and smaller) variations in the mats relative to sedi-
ment dynamics are needed to tie the mat types to actual sedimentation. Beyond 
confirming the proposals made by above authors, more detailed studies may also 
reveal indirectly whether there are other factors or conditions that would cause 
the formation of  the Type 2 and 3 mats. The decreased sedimentation rates 
are inferred from changes in size of grains incorporated in the mats; could there 
be some other reason that smaller and fewer grains are incorporated in the Type 2 
mats? Reid et al. (2003) suggest that trapping of sediment could be biologically 
controlled through the stickiness of EPS (most likely), growth rates, motility and 
response to light, or chemical cues, or in other words, by biological intrinsic vari-
ables. Foster et al. (2009) indicate that Type II and III mats “incur fluctuations 
in their abundance throughout the year” suggesting seasonal influences on mat 
occurrence, thus even if  there are intrinsic factors, extrinsic factors still appear to 
be important. If  there are intrinsic factors, what are they and to what degree are 
they imprinted into the preserved layered fabric of the hardened structures? If  
it is the case that there are no other factors or conditions controlling mats other 
than sedimentation, then predominant sedimentary processes would be the driver 
controlling lamination formation. For example, if  sediment is consistently and 
sufficiently supplied to the entire mat surface, then it might be possible that every 
spot would be in Stage I development. If  sedimentation decreases consistently 
across the mat surface with an increase in distance from the sediment source, then 
Type 2 and 3 mats could conceivably develop and cement crusts form pervasively. 
Does this happen? If  there is variation in flow across the surface and/or availabil-
ity of sediment, then the mat surface could be in varied stages of development, 
along with the layering it forms, at different locations. Flow experiments con-
ducted by the RIBS research group have shown that microbe distribution around 
a hemispherical shape changes with different flow velocities, and without sediment 
stressing the mats (http://www.stromatolites.info, cyanobacterial ecology page in 
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lab investigations section). If  this is true in the natural setting, then flow without 
sediment should be considered here. If  there are both sedimentary and biologic 
controls on the mat transitions from Type 1 to Type 2 and 3 mats, what are their 
respective contributions to the final laminated structures produced? And finally, if  
it turns out that the transitions from one mat to another are purely biologic, then 
is the sediment important only to exclude other organisms that would otherwise 
dilute the Schizothrix-dominated mats, and more mature variations of them?

5.3.  IN COMPARING MODERN STROMATOLITES WITH ANCIENT 
ExAMPLES, WHAT DO WE DO WITH THE COARSE SEDIMENT?

Researchers of modern stromatolites argue that the mats producing stromatolites 
today are analogs for ancient stromatolites in that they enable us to study the 
role of the bacterial community in carbonate precipitation of micritic laminae 
(e.g., recently Dupraz et al., 2008; Paterson et al., 2008). Without a doubt there is 
much to be discovered still about the processes involved in stromatolite formation 
and lithification and applied to ancient examples. Numerous studies (e.g., as sum-
marized in Vasconcelos et al., 2006) suggest that “many of the early biochemical 
reaction pathways, which are basic to life, such as anaerobic sulfur metabolism, 
can be considered to have been dynamically conserved in the evolutionary process 
over billions of years” and that “phylogenetically deep-branching microorgan-
isms…are still important players in contemporary ‘relic’ ecosystems” (p. 180). So, 
what we see in modern stromatolites may provide a window into the past. But 
does the sediment fog up the window? Since laminae in most ancient examples 
consist of thin micritic crusts without apparent sediment grains, they are more 
likely the result of direct precipitation, inorganic or organically mediated, rather 
than trapping and binding of sediment (Altermann, 2004). Dupraz et al. (2008) 
argue that “the ecological model of lamina formation associated with the cycling 
of bacterial communities at the surface of the [modern] build-ups can possibly be 
transposed in the fossil record and provides an important conceptual model for 
the fossil counterparts.” The challenge now is to apply the model to see what else 
we can learn about ancient stromatolites.

Micritic crusts do form in the Bahamian mats but sedimentation is a critical 
process in the lamination formation and a notable difference in the structures 
produced by the mats. Can we simply ignore the sediment in modern structures in 
comparing them to ancient examples? Interestingly, if  one did just theoretically 
remove the sediment grains, the texture that would remain would roughly resem-
ble ancient laminae: thin continuous micritic crusts alternating with more porous 
peloidal micrite (the rare micropeloidal precipitates in Type 1 mats). Perhaps sedi-
mentation was a factor in Precambrian examples but the grains were simply not 
incorporated into the structures. Or perhaps sediment was incorporated in more 
examples than we have been able to tell but finer grains sizes, or diagenetic processes 
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and/or recrystallization have hidden the detrital components (Allwood, 2008). 
Through modeling Dupraz et al. (2006) show that by adjusting intrinsic and 
extrinsic variables, and specifically sedimentation, morphologies and branching 
patterns similar to those found in Precambrian stromatolites can be produced. 
But their models do not yet address lamination. Maybe sedimentation controlled 
large scale morphologies but had no impact on the small-scale lamination. 
Or perhaps as Dupraz et al. (2008) suggest, other microbial processes could have 
played an important role in the Precambrian. If  so, what do we know about mod-
ern examples that can help us better understand ancient examples?

The sediment dilemma seems significant enough that some Precambrian 
stromatolites researchers have begun to shift attention to modern laminated struc-
tures produced in alternative settings. Stromatolites can be found in modern highly 
alkaline lake settings that are thought to more closely resemble Precambrian seas 
(e.g., Kazmierczak et al., 2004). Microbialites found in such settings contain 
structures similar to those found in Precambrian deposits (Kazmierczak et al., 
2004; Kazmierczak and Kempe, 2006). In the quasi-marine caldera lake on 
Satonda Island, Indonesia, for example, an apparently monospecific mat of coc-
coid pleurocapsalean cyanobacteria produces well-laminated sub-millimeter fab-
rics that contain no sediment (Kempe and Kazmierczak, 2007). Stromatolites 
described from the sodium carbonate-dominated, highly alkaline caldera lakes of 
Niuafo’ou Island, Tonga contain many internal structures similar to those found 
in Precambrian deposits, although the lake waters do not appear to support stro-
matolite formation at this point in time (Kazmierczak and Kempe, 2006). 
Alternatively, carbonate laminae from hypersaline lagoonal settings with seasonal 
fluctuations in water chemistry may help us understand some ancient examples. 
Vasconcelos et al. (2006) describe living mats from the hypersaline Lagoa 
Vermelha, Brazil that contain Ca–Mg carbonate laminae. They suggest that the 
anaerobic sulfur cycling organisms in these mats may offer a “unique natural 
laboratory in which to study early biochemical processes involved in carbonate 
formation.” (p. 181).

Better explanations of ancient stromatolite examples may require research-
ers to look at the normal marine examples combined with high alkaline and/or 
high salinity examples as those settings have conditions similar to ancient seas 
that overlap to some degree. In normal marine settings where there are less chemi-
cal fluctuations, stromatolites occur that possess internal layering resembling 
ancient examples if  the sediment was not present. In isolated settings, water bod-
ies that more closely resemble alkaline Precambrian seas contain on their shore-
lines stromatolitic structures with sediment-free layering that more closely 
resembles some ancient examples. Perhaps we can learn something from both 
marine and alkaline settings that, combined, will help us understand ancient 
examples. Undoubtedly, the developments in each research effort will continue to 
inform each other. And with Precambrian geologists continuing to look for the 
best modern analogs as geomicrobiologists develop the methodologies and tools 
to study modern examples, many questions will be answered.
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6.  conclusions

The review provided here makes it clear that significant progress has been made 
in understanding how modern normal-marine stromatolitic structures are cre-
ated. We have a better idea of which organisms are involved, how successions 
in mat community members play a role in the formation of a laminated fabric, 
the likely microbial activity and biogeochemical processes that cause cementa-
tions and fusion of sediment grains that define layering, and a bit about proposed 
sedimentation variations that may in part cause mat community successions. This 
progress has been achieved despite the small scales involved in these systems (size 
of microbes and cements, mat thicknesses, changes in mat chemistry) and the 
complex interactions of stromatolite communities with varying environmental 
conditions. Evolving innovative methodologies and tools, and persistent studies 
have been critical to this progress. There are still, of course, many unanswered 
questions, with some posed above. Perhaps one of the most significant in terms of 
better understanding the geologic rock record is what these modern examples can 
tell us about ancient stromatolites. Learning about the differences in stromatolite 
formation in subtly different depositional environment as well as dramatically dif-
ferent depositional environments (intertidal vs. subtidal normal-marine and either 
of the normal marine settings vs. hypersaline or alkaline lake environments) may 
broaden our perspective and better enable us to see how each example can assist 
geologists in studying ancient examples.
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1.  Microbial Mats as Precursors of Stromatolites

Since James Hutton established the principle of uniformitarism in 1788, direct 
comparisons between ancient and present processes have been key elements in geo-
logical and paleontological observations. Lyell and Darwin successfully applied 
uniformitarism using reasoning and inference to obtain the missing data from 
incomplete evidence (Gould, 1983). This actualistic approach has also permeated 
the study of stromatolites and their living analogs, modern microbial mats. As 
early as 1908, Kalkowsky (1908), who coined the term stromatolites, recognized 
not only the organic nature of stromatolites, but also the participation of micro-
bial life in their construction (Riding, 2008, and references therein), as he wrote: 
‘stromatolites have a fine more or less even layered fabric....and the participation of 
simple plants gave rise to limestone precipitation’ (translation from Prof. J. Paul, 
2008). The structural similarity between algal mats and intertidal stromatolites 
was documented since the beginning of the twentieth century; Walcott (1914) 
even presumed the participation of cyanobacteria by then (Awramik and Grey, 
2005). The early observations of Black (1933) also included the participation of 
cyanobacteria in the modern marine microbialites from the Bahamas. The pre-
cipitation of calcium carbonate, erosive boring, and binding of sediments were 
identified as main processes in these algal carbonates (Fritsch, 1945; Pettijohn, 
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1957; Sharp, 1970). Later Logan et al. (1964) proposed a popular general classification 
system to group the main morphologies found in ‘algal stromatolites’ when he 
analyzed recent stromatolites from Shark Bay in Australia.

Confronted with an incomplete fossil record, the approach normally applied 
to establish the relation between stromatolites and microbial mats is to use recent 
microbial mats to infer past processes and fossil stromatolites to reconstruct 
paleoenvironments. If  microbial mats are the morphological precursors of stro-
matolites, their detailed analysis should provide the basis for understanding  
stromatolites, establishing the multiple relations between sedimentological and all 
other geobiological interactions.

The most popular definition states that stromatolites accrete by the continuous 
processes of trapping, binding and/or precipitation of sedimentary particles by 
microbial communities (Awramik, 1977) followed by cementation (Knoll, 2008). 
From these three accretion mechanisms, the most compelling to decipher in the sedi-
mentary record is precipitation, and whether this precipitation is abiogenic or bio-
genic. Krumbein (1983) used a more flexible concept, defining stromatolites as 
organosedimentary laminated calcareous rocks (fossil or not) with an origin related 
to microbial life (but see review in Riding (2008)). Other types of microbial carbon-
ate rocks are grouped together with stromatolites in the general definition of micro-
bialites (Burne and Moore, 1987). According to Semikhatov et al., (1979), a 
stromatolite is an attached, laminated, lithified sedimentary growth structure accret-
ing from a point of limited surface of initiation, where their diagnostic and unifying 
character is their laminated fabric, although general observations on how they grow 
and lithify are diverse (Grotzinger and Knoll, 1999). Paleontological evidence has 
shown that microbial behavior can be recorded in sediments and that variations in 
morphology may results from variation in both microbiota and depositional envi-
ronments (Sumner, 2000); therefore, understanding stromatolites implies to under-
stand the microbial community proliferating on a given substrate, their accretion 
mechanism, and their diagenetic history within an integrated context.

Classically stromatolites have been considered to be organosedimentary 
structures resulting from lithified microbial mats where cyanobacteria are main 
contributors; in fact, the few examples of extant stromatolites show well-developed 
cyanobacterial mats; most Proterozoic stromatolites probable accreted by micro-
bial trapping and/or binding (Knoll, 2008); in contrast, some Archean stromato-
lites show a fabric where precipitation has been the main process, and therefore 
the analysis of each stromatolite occurrence should be individually analyzed 
(Knoll, 2008). Owing to their great morphological similarity, most described 
Precambrian microfossils have been interpreted as cyanobacteria (Golubic, 1991; 
see discussion in Golubic et al. (2000) and in Knoll (2008)). But microfossiliferous 
stromatolites are rather rare, and, in case of any microfossil occurrences in 
Archean stromatolites, the size of cyanobacterial microfossils would be difficult 
to reconcile with the very fine lamination in Archean stromatolites. On the other 
hand, cyanobacteria display a significant morphological and metabolic versatility 
(Stal, 1991), two attributes that confer them with a great adaptation capacity that 
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position them as key precursors of early ecosystems. Whether cyanobacteria were 
Archean builders remains questionable, but their geobiological impact on Earth 
history has been unique and crucial: at some point during the Precambrian, they 
released the poisonous and now vital oxygen, changing forever the course of geo-
biological evolution on Earth (Fig. 1).

2.  the Persistent Cyanobacteria

Unlike any other biological group, cyanobacteria triggered major evolutionary 
events that shaped the biosphere that we see today: cyanobacteria were the first 
organisms to employ oxygenic photosynthesis, being responsible of the Earth’s 
atmosphere transition from anoxic to oxic (Ehrlich, 1981); cyanobacteria are 
considered modern representatives of the evolutionary ancestors of  chloroplasts 
in plants too (Olsen et al., 1994; Wang et al., 1999; Cavalier-Smith, 2003). 

figure 1. Examples of stromatolites from different strata. (a) Classical stromatolite from the Kalkowsky 
locality in Lower Saxony, Germany. (b) A close-up reveals that stromatolitic laminations are covered 
by regular-sized oolites. (c–i) Diverse macrostructures found within Cretaceous stromatolites from the 
Tarahumara Formation in Sonora, Mexico.
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Paleoecologically they are important because of their role as primary producers 
and were likely the main builders of ancient ecosystems on Earth (Rothschild and 
Mancinelli, 1990).

2.1.  CyANOBACTERIAL ATTRIBUTES

Cyanobacteria are photosynthetic prokaryotic organisms that taxonomically 
group within eubacteria. They use basic growth requirements such as light, CO2, 
and H2O for energy, carbon, and electron sources, respectively (Stal, 1995). Other 
species are facultative photoheterotrophs, utilizing light as energy source and 
organic compounds (glucose, sucrose or fructose) as carbon source (Castenholz, 
2001). In darkness, they gain energy by respiring endogenous carbohydrates 
produced during light time (Stal, 1995).

Cyanobacteria are known to occur in oxic as well as anoxic environments 
(Castenholz, 1973) and only a relatively small number may perform anoxygenic 
photosynthesis using sulfide as electron donor (Schmidt, 1988). In a few cases, 
cyanobacteria are also capable of chemoheterotrophic growth in darkness, when 
both energy and carbon are derived from organic compounds (Smith, 1982). 
Some species use various nitrogen sources (NO3, NH4

+), although they have a 
preference for ammonium (Guerrero and Lara, 1987). They can use inorganic 
phosphorous available in the environment, and some of them posses phosphatase 
to utilize organic phosphorous (Grossman et al., 1994).

Cyanobacteria are a singular group since they have the ability to perform a 
photosynthesis similar to that found in eukaryotic algae and vascular plants 
(Whitton, 1992), but their structural organization and biochemistry correspond 
to Gram-negative bacteria (Stanier and Cohen-Bazire, 1977). As a group they 
exhibit a great diversity in morphology and organization; they may be found as 
unicells (e.g., Chroococcus in Fig. 2a) and filaments (Fig. 2b, c) that may present 
true or false branches (Fig. 2e, f, respectively). True-branching cyanobacteria are 
characterized by the presence of branching point cells in contact with three dif-
ferent neighboring cells, where longitudinal, oblique, and transverse cell divisions 
occur (Gugger and Hoffmann, 2004), giving rise to main branching types y, T, 

figure 2. Morphological diversity in cyanobacteria from different localities around Mexico. (a) Exam-
ple of unicellular cyanobacteria, Chroococcus sp. from sulfurous mats of Baño de San Ignacio [BSI], 
in Linares, NL, México; note the small hormogonium (arrow). (b) Simple uniseriate filament from 
[BSI] identified as Johannes sp., surrounded by a mucilaginous sheath (arrow). (c) Phormidium sp. 
derived from [BSI] showing carbonate precipitates along the filament. (d) Hyella sp., a typical  
cosmopolitan endolithic cyanobacteria (e) Mastigocladus sp., example of filamentous cyanobacteria 
with true branches (arrow) from Agua Salada, Morelos, México. (f) Example of false-branching in 
Tolypothrix (arrow). (g) Tapered filament from a marine cultivated Calothrix. (h) Typical trichome 
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figure 2. (continued) in Rivularia and (i) Calothrix sp. both derived from Laguna Atotonilco. (j) A fossil 
tapered filamentous remain from the Rivularaceae family preserved in the Huepac chert. (k) Hetero-
cyst in Anabaena sp. (l) Aphanizomenon sp. showing an elongated akinete from Laguna de Atotonilco. 
(m) Hapalosiphon sp. showing an enlarged heterocyst (arrow). (n) Intercalary heterocysts devel-
oping in Nostoc sp. (o) Hormogonium from [BSI]. (p) Population of vertically-oriented filaments of 
Heteroleiblenia sp.
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and V (Golubic et al., 1996). On the other hand, false-branching cyanobacteria 
show intervening cells (intercalary heterocyst) or cells produced by the fragmenta-
tion of the trichome within the sheath, followed by elongation of the newly gener-
ated trichomes ends and the protrusion of one of them through the sheath 
(Adams, 2000).

Certain species of filamentous cyanobacteria exhibit characteristic tapered 
filaments (Fig. 2g–j). In some cases, the apical cells become narrowed and color-
less, forming multicellular hairs (Fig. 2h); typically the cells lose their chlorophyll 
and thylakoids split apart to form liquid-filled vacuoles. Apparently these apical 
hairs develop in response to phosphorous limitation, though shorter hairs can be 
produced experimentally under iron deficiency (Douglas et al., 1986). These are 
characteristic of environments with variable phosphorus levels and where phos-
phorous limitation is produced in intermittent periods (Pentecost and Whitton, 
2000).

Within cyanobacteria a number of morphophysiological strategies evolved 
that protected nitrogenase from oxygen, including a temporal separation of oxy-
genic photosynthesis and nitrogen fixation, occurring during day and night, 
respectively (Bergman et al., 1997). Some filamentous cyanobacteria exhibit the 
differentiation of a specialized cell, the heterocyst, providing a suitable micro-
aerobic environment for the nitrogenase activity (Giovannoni et al., 1988). Well-
developed heterocysts are shown in Fig. 2f, k, m, n. The heterocyst differentiation 
is irreversible and they develop when a suitable source of combined nitrogen 
becomes limited (Whitton, 1992). Heterocysts, unlike vegetative cells, have a very 
thick cell wall that decreases gas diffusion, including oxygen (Cardemil and Wolk, 
1981). Species of cyanobacteria inhabiting well-oxygenated environments are able 
to fix atmospheric nitrogen inside the heterocyst (Wolk et al., 1994); the most 
representative is Nostoc (Fig. 2n) where intercalary heterocysts are found along 
the filament. There are other arrangements, such as in Rivularia (Fig. 2i), where 
there is just a single terminal heterocyst. The shape, number, and position of  
heterocysts along a filament are basic taxonomic characters used in the tradi-
tional classification systems (Komárek and Anagnostidis, 1989). Many hetero-
cystous cyanobacteria also form a second cell type known as akinete, which is a 
specialized spore-like cell formed under unfavorable environmental conditions, as 
showed in Fig. 2l, and thus, they are able to survive cold and desiccation much 
better than vegetative cells (Adams and Duggan, 1999). Under suitable condi-
tions akinetes germinate to produce new filaments (Herdman, 1987; Adams, 
1992). Those cyanobacterial species that form true filaments all form hormogonia 
(illustrated in Fig. 2g, o), which are modified filaments that play crucial roles in 
number of important physiological processes in cyanobacteria (Tandeau de 
Marsac, 1994). Their main function is reproduction (Fay, 1983) but they are capable 
of  mobility too (Whitton, 1992). Hormogonia are generally differentiated in 
filamentous cyanobacteria; they form from one or more collapsed intercalary cells 
known as necridium, or by the separation between two adjacent cells; in both of 
cases their formation depends on environmental conditions (Wood et al., 1986).
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2.2.  ENVIRONMENTAL RANGE OF CyANOBACTERIA

Cyanobacteria, as an evolutionarily ancient group, have acquired multiple strategies 
that enable them to continuously adapt to the dynamic physical environment 
(Dvornyk and Nevo, 2003). Because of their versatile metabolism and their adap-
tation ability, they have colonized almost all habitats on Earth. They are found in 
terrestrial and aquatic environments of freshwater and marine waters, where they 
may be found as benthic, planctonic, and intertidal populations (Fay, 1983); they 
even occur in extreme environments such as hot desert soils or in polar regions 
(Stal, 2000).

Cyanobacteria frequently inhabit freshwaters and soils with higher pH val-
ues. Many cyanobacteria display a temperature-optimum for growth (Castenholz, 
2001). Some species tolerate even higher temperatures, up to 74°C (Castenholz, 
1984), and they proliferate in hot springs (Dillon and Castenholz, 2003; Steunou 
et al., 2006), terrestrial rocks, and hot desert soils (García-Pichel et al., 2003; 
Nagy et al., 2005), and are ubiquitous in polar ponds (Vincent et al., 1993).

In nature cyanobacteria may be found as single filaments and diverse type 
of mats, but generally tend to cluster forming characteristics colonies, such as 
those formed by Nostoc showed in Fig. 2m; Nostoc may equally be found as 
extensive soft mats, as illustrated in Fig. 3c. Cyanobacteria may also associate 
with other microorganisms in microbial mats (Fig. 3a, b) or form symbiotic asso-
ciations with variable eukaryotic partners, including plants (Rasmussen and 
Syvenning, 2001), fungi and invertebrates (Wilkinson, and Fay, 1979), fuelling the 
cycling of nutrients in terrestrial ecosystems.

Many of the free-living cyanobacteria and those engaged in symbiotic asso-
ciations with other organisms have contributed significantly to the productivity of 
aquatic and terrestrial habitats, including cultivated lands, particularly in the 
tropics (Whitton and Potts, 2000). Additionally cyanobacteria are of considerable 
importance in the natural environment as initial colonizers of arid land and as 
primary producers of organic matter (Fay, 1983). The abundant microbial life 
found in the Dry Valleys from Antarctica provide examples of how primary pro-
ducers adopt different habits, including development of epilithic, edaphic, hypo-
lithic, and endolithic communities, and microbial mats in wetter habitats, such as 
lake margins and in stream beds where cyanobacteria often dominate with 
eukaryotic algae or with other picoplancton components (Howes, 1989; Elster 
and Komarek, 2003; Ivanikova et al., 2007).

In general, cyanobacteria resist desiccation very well, playing a key role in 
the stability of the surface crusts of semi-deserts and in the fertility of soils used 
for farming in arid regions (Whitton, 2000). Their tolerance to high salinities and 
fluctuating conditions allows them to dominate in many hypersaline marine 
lagoons and inland saline lakes too (Javor, 1989; García-Pichel et al., 1998; 
López-Cortés et al., 2001).

Equally, adaptation to low light is an important factor in modern picocy-
anobacteria (Paerl, 1990) and in some lakes (Stockner et al., 2000). Furthermore, 
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figure 3. Examples of some extreme environments from Central Mexico. (a) Locality of Los Azufres 
where thermal sulfurous springs bathe vivid cyanobacterial mats in Michoacan, Mexico. (b) A close-
up of in situ-silica precipitating sites where cyanobacterial mats at temperatures around 67°C. (c) 
Nostoc sp. colonies from La Huasteca Potosina. (d) Volcanic maar of Rincon de Parangueo [RP] with 
stromatolitic mounds. (e) Domal stromatolitic mounds ranging from a few centimeters up to 15–20 cm 
in diameter occurring around the crater-lake. (f) Microbial mats associated to ephemeral lakes in [RP]. 
(g) Dissecation sedimentological pattern in [RP]. (h) The presence of  a red ponds is often observed. 
(i) Internal section of saline crust covered by endoliths. (j–k) Thin section of the stromatolitic micro-
fabric of domal bioherms. (l) Petrographic thin-section showing the alternate stromatolitic lamination 
of interpreted microbial origin. (m–p) SEM micrographs showing pinnate diatoms covered by muci-
laginous material, cyanobacterial filaments, and coccoidal structures.
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some cyanobacteria display a high tolerance to ultraviolet radiation types UVA, 
UVB and UVC (García-Pichel et al., 1992) ; Dillon and Castenholz, 1999; Dillon 
and Castenholz, 2003). This ability may have been a particularly important 
advantange during the early evolution of cyanobacteria (García-Pichel et al., 
1992), back in Precambrian times, when the UVC levels were higher and before 
the oxygen blocker (Dillon and Castenholz, 1999).

Such a wide tolerance range may be accomplished by different cyanobacte-
rial strategies: by synthesizing internal compounds such as mycosporine-like 
amino acids, by switching DNA reparation mechanisms, gene regulation, and by 
gliding motility in soft microbial mats to escape the high irradiance intensities 
(Castenholz, 2004).

3.  Cyanobacterial Microbial Mats

As mats cyanobacteria are found in a broad range of environments too, some of 
which can be considered extreme, such as hypersaline ponds and lakes, thermal 
springs, dry and hot deserts, extremely cold environment of polar regions, and 
even in hypersaline and acidic pools (Stal, 2000). They develop as mat covers on 
solid surfaces of abiogenic and biogenic substrates, in aquatic or semi-aquatic 
habitats, and they can grow and expand on sediments of shallow waters with low 
energy and little grazing, their ecological tolerance of cyanobacteria being a key 
factor in the development of a mat.

Microbial mats are dense communities of vertically stratified microorgan-
isms that proliferate on the surface and on the shallow subsurface of sediments 
(Stolz, 2000). These mats typically consist of a matrix of mucilage in which 
cyanobacterial trichomes and other algal cells are embedded together with other 
heterotrophic and chemoautotrophic microorganisms and diverse inorganic 
materials as sand grains. These microorganisms secrete extracellular polymeric 
substances (EPS), which enhance the stability of sediments (Gerdes et al., 2000; 
Sarkar et al., 2008). The morphology, structure, and color of microbial mats are 
determined by the dominant species, sediment features, and other environmental 
factors (Stal, 2000).

Cyanobacterial mats exhibit marked depth-related light and chemical gradients, 
where pH and concentrations of dissolved inorganic carbon (DIC) and O2 (DO) 
daily oscillate, allowing a wide variety of metabolic diversity to be represented and 
stratify accordingly (Des Marias, 2003). In fact, the oxic zone reflects a dynamic 
balance between photosynthetic production and consumption of oxygen by a host 
of sulfide-oxidizing and heterotrophic bacteria (Des Marais, 2003). Together with 
other bacteria cyanobacteria degrade organic matter generating microchemical 
gradients concentrated at the sediment-mineral interface, leading to lithification in 
decaying mats (Stolz et al., 2001). In some cases, the precipitation of CaCO3 is 
associated with the photosynthetic uptake of CO2 (Pentecost and Bauld, 1988; 
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Ludwig et al., 2005); in others the carbonate-precipitation-promoting process 
has been more related to cyanobacterial degradation of EPS (Dupraz et al., 2006), 
to sulfate-reducing bacteria (Visscher et al., 2000; Dupraz and Visscher, 2005) and 
to the thermodynamics of  the microenvironments in mats (Arp et al., 2003) 
and their interactions with cyanobacteria and heterotrophic bacteria (Altermann 
et al., 2006).

Microbial mats display special physical characteristics that confer them to 
behave as structural units: mechanical integrity, stability and cohesiveness and 
they are embedded within extracellular polymeric substances or EPS (Weckesser 
et al., 1979; Costerton et al., 1995), composed of highly organized polymers such 
as cellulose and of small molecules such as uronic acid and amino acids among 
others (Decho and Kawaguchi, 2003). This EPS accumulates outside the cells, 
forming an organic matrix to which microbes attach. They function as biosystems 
with a daily recycling of O, C and S, where photosynthesis, aerobic respiration, 
fermentation, sulfide oxidation, sulfate reduction, and methanogenesis overlap 
(Fenchel et al., 1998). Some recent studies have stressed the importance of light 
as a key factor in the generation of microbialites for the stabilization of a mat, 
arguing that photosynthesis was the key in the proliferation and persistence of 
Precambrian microbial mats (Andres and Reid, 2006; Paterson et al., 2008). In 
some cases, the cohesive nature of the mucopolysacharides of cyanobacterial 
sheaths is an essential factor to trap sedimentary particles (Stoodley et al., 2002). 
Microbial baffling and trapping concentrate sedimentary particles, stabilize them 
against erosion, increasing their preservation potential (Noffke and Paterson, 
2008). Grotzinger and Knoll (1999) identified three laminae forming processes: 
mat growth, sedimentary deposition, and mineral precipitation, which played a 
significant role in the accretion of Precambrian stromatolites. Quantitative data 
from modern microbialites have also shown the importance of early lithification 
in these processes (Dupraz and Visscher, 2005). Among the main factors involved 
during mat development are the following: a founder community that starts the 
colonization of the substrate, a source of energy supply and a continuous supply 
of organic and inorganic metabolites. Once a surface is colonized, the develop-
ment of the whole community continues to stabilization (Reid et al., 2000).

Microbial mats occur worldwide and those developing under extreme envi-
ronments are particularly interesting because they may be more related to primi-
tive environment analogs. Along the Mexican Volcanic Belt (MVB), diverse 
mesophilic and thermal environments occur; especially beautiful are the sulfurous 
hot springs from Los Azufres, Michoacan (Fig. 3a, b), where microbial mats 
developing under turbulent waters and silica sinter precipitation along a well-
defined temperature gradient (from 67°C to 26°C) may be found. Most of these 
recent mats are formed by cyanobacteria (Chroccoccus and filamentous morpho-
types) along with other eukaryotic microorganisms, such as chlorophytes and 
penate diatoms (Morales-Puente et al., 2002). In fact, the presence of green algae 
and diatoms in modern microbialites is rather common (Chacón-Baca, 2002).
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The other ephemeral microbial mat formed under highly alkaline conditions 
is the maar lake of Rincon de Parangueo, in Valle de Santiago (Malda et al., 
2002). Small microbialites occur around the former crater-lake (Fig. 3d–h), show-
ing a coarse fabric and a 1-cm-thick-finely laminated-layer at the top with the 
typical stromatolitic fabric as seen in petrographic thin-section (Fig. 3i–l). Among 
the main biotic component in these microbialites are penate diatoms, filamentous 
and coccoidal cyanobacterial, and in minor proportions, other unidentified bac-
teria (Fig. 3m–p). A multidisciplinary research in this locality is currently under 
progress (Aranda et al., 2009); although the main analysis focus in cyanobacteria 
derived from this environment, it is clear that archaeal groups and other eubacte-
ria are present as well.

3.1.  WHO CAN BUILD STROMATOLITES?

The generalized view holds that cyanobacteria are major builders in modern 
microbial mats (Awramik, 1977; Jing et al., 2005; Roeselers et al., 2006; Lau 
et al., 2009), a paradigm that has been promoted by the orthodox methodologic 
approach, and by our familiarity with cyanobacterial morphotypes (Westall, 
2005). Microbial communities of green and sulfur purple bacteria, including 
chemoorgano-heterotrophs, fermenters, chemoorganoautotrophos and iron and 
sulfate reducing bacteria, are important structural and functional components of 
modern microbial mats (Baumgartner et al., 2006).

Besides microscopic methods, modern tools currently employed in polyphasic 
approaches to study microbial mats include the following: (a) Molecular methods, 
such as terminal restriction fragments analysis and 16S rRNA gene sequencing, 
DGGE (denaturing gel electrophoresis), DNA sequencing analysis, and ARISA 
profiles (automated ribosomal intergenic spacer analyzer) (Havemann and Foster, 
2008; Sompong et al., 2008; Miller et al., 2009; Dillon et al., 2009; Leuko et al., 
2007; Lau et al., 2009; Allen et al., 2009), and (b) Biochemical Methods, including 
the analysis of phospholipid fatty acid (PLFA) profiles, isolation and culturing, 
nanoSIMS and CARD-FISH approach (catalyzed reporter deposition-fluores-
cence in situ hydridization; Fike et al., 2008; Shiraishi et al., 2008) as well as the 
distribution and isotopic composition of lipids derived from mats (Jahnke et al., 
2001, 2008 and references therein; Orphan et al., 2008; Schouten et al., 2007), 
from different environmental samples (van der Meer et al., 2005), and the charac-
terization of hopanoids biomarker that may represent a link to link stromatolites 
and modern microbial mats (Jahnke et al., 2004). Modern analytical tools for 
dissection of mats and biofilms are reviewed by de Beer and Kuhl (2001) and in 
the updated review on Molecular ecology and polyphasic approaches by García-
Pichel (2008). During the last few years, modern molecular tools are increasingly 
showing that although cyanobacteria are indeed a major biomass component, 
principally in the first upper millimeter of  some mats (Ley et al., 2006), they 
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comprise a small proportion of the total diversity (Papineau et al., 2005). Also 
they have showed that a significant diversity and abundance of other noncyano-
bacterial populations exist at different depths of the vertical profile of mats, as 
probably they must have been in the past (Jørgensen, 1982; Ward et al., 1992). 
Recent works actively documenting the community composition from a wide 
range of environments include the microbial mats at the Black Sea, where the 
anaerobic oxidation of methane is a significant process (Krüger et al., 2005), the 
noncyanobacterial mat-forming microbial communities dominated by the anoxy-
genic phototrophs GNSB (green nonsulfur-bacteria) such as filamentous 
Chloroflexi (Ley et al., 2006), which is able to form laminated mats too (Boomer 
et al., 2009) and found in diverse hot springs (Schouten et al., 2007). a- and 
g-proteobacteria were among the most abundant groups in thermophilic mats, 
followed by Chlorobi, and less frequently by other phototrophs such as Chloroflexi 
and Cyanobacteria (Lau et al., 2009).

On the other hand, estimations on the cyanobacterial isolates from Hamelin 
Pool in Shark Bay stromatolites include Microcoleus, Euhalothece, Chroococcus, 
Spirulina, Lyngbya, Pleurocapsa, Stanieria, Chroococcidiopsis, Xenoccocus, and 
Halothece among others (Brendan et al., 2004). A more recent molecular 
analysis of  the hypersaline smooth and pustular microbial mats communities 
from the lagoon of  Shark Bay indicated the predomination of  Actinobacteria, 
Bacteroidetes, Chloroflexi, Cyanobacteria, Gemmatimonas, Planctomycetes, 
Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria (Allen et al., 
2009), while the analysis of  intertidal columnar stromatolites (considered as 
analogs to the oldest stromatolites) revealed a high diversity of  microbial 
populations being the most abundant sequences of  alfa and gamma proteobac-
teria and cyanobacteria from the genera Euhalothece, Gloeocapsa, Gloeothece, 
Chroococcidiopsis, Dermocarpella, Acaryochloris, Geitlerinema, and Schizothrix, 
besides other noncyanobacterial communities characterized by sequences related 
to the halophilic archaea (Goh et al., 2009).

In spite of this increasing acknowledgment of the plurality of microbial 
populations in mats, cyanobacteria continue to be key factors in the development 
of microbialites, mainly during the colonization of the sedimentary substrate, the 
accretion of lithified mats, and because oxygenic photosynthesis is the main 
source of primary productivity (Papineau et al., 2005). Particularly interesting are 
microbial mats from the hypersaline basin of Guerrero Negro; previous microbio-
logical studies showed that cyanobacteria dominated surface layers along with 
other five phyla: Chloroflexi, Spirochaetes, Proteobacteria, Bacterioidetes, and 
Firmicutes (Nübel et al., 1999); today at least 42 phyla have been reported (Ley 
et al., 2006). Molecular analysis in diverse hot springs revealed the following 
cyanobacterial species: Synechococcus spp., Phormidium cf. boryanum, and 
Leptolyngbya spp. in hot springs (Sompong et al., 2008).

The new awareness of microbial diversity and their daily biogeochemical 
oscillations in modern mats (Krüger et al., 2005; Allen et al., 2009; Lau et al., 
2009; Schouten et al., 2007; Dillon et al., 2009) clearly raises the probability that 
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cyanobacteria may have not been the first, nor the only one stromatolite builder 
back in the Early Precambrian (Olson, 2006). Sulfate reducing bacterial (SRB) 
communities also form microbial mats; they are abundant and active in the oxic 
zones of mats, and tolerate oxygen and in the lithified zones; they could also be 
considered as early stromatolites builders (Baumgartner et al., 2006); addition-
ally, other paleontological evidence suggests their presence in the early Archean 
fossil record (Westall, 2008).

3.2.  WHAT DOES IT TAKE TO BUILD A STROMATOLITE?

The generation of stromatolites involves complex and multiple factors and interac-
tions over time and under constant changing environmental conditions. According 
to their synoptic relief, stromatolites may occur as bioherms (a mound-like 
domelike, lenslike, or reeflike rock developed in situ), or as biostromes (a distinctly 
bedded laterally extended rock). Some of the factors influencing their morpho-
genesis include the microbial community, geochemical environment, sedimentary 
input, current conditions, wave energy, underlying substrate, climate, depth of 
formation, light abundance and levels of nutrient availability (Planavsky and 
Grey, 2008). Stromatolites may accrete through the continuous trapping, bind-
ing and/or precipitation of sedimentary particles, or by the relative contribution 
of these processes, sometimes in parallel with dissolution by endolitic microor-
ganisms that promote lithification by forming well-indurated stromatolitic layers 
(Macintyre et al., 2000), being calcification the most complex issue in stromatolite 
accretion. Microbial precipitation primarily results from two major processes: (1) 
‘biologically induced’ precipitation, where microbial activities generate biogeo-
chemical conditions that facilitate precipitation; and (2) ‘biologically influenced’ 
precipitation, where passive interactions of extracellular biopolymers and the 
geochemical environment drive precipitation (Frankel and Bazylinski, 2003). 
A common location for such biopolymers is the microbial ‘biofilm’ (i.e., cells sur-
rounded within a matrix of extracellular polymeric substances or EPS; Douglas, 
2005), a key factor for accretion. The EPS is a highly hydrated biopolymer that 
microorganisms secrete outside their cells embedding the organism into a biofilm 
or mat. Its composition includes high-molecular-weight mucous secretions from 
cells to the extracellular matrix as well as small organic and inorganic molecules 
(Kawaguchi and Decho, 2002). Among the macromolecules identified are pro-
teins, carbohydrates, glycoproteins, and uronic acids. In this way, the EPS creates a 
microenvironment for sessile cells conditioned by the chemical nature of the EPS 
matrix (Flemming et al., 2007). The EPS production is crucial to development 
of the mat and it is not exclusive from cyanobacteria, other microorganisms may 
produce EPS. Sometimes EPS can be interchanged with terms such as slime or 
mucilages or even cyanobacterial sheaths, according to their association with cells; 
slimes never have a direct contact with cells, and it is used to describe a soluble 
or nonmembrane-bound looser binding to the bioaggregates in comparison to 
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capsules; their description is according to the extraction procedure (Nielsen and 
Jahn, 1999), also including all polymeric material not directly anchored in cell 
wall. Sheaths are bound-cell components and mucilages is a general term applied 
mainly to the EPS of plants, but its composition is similar (95–97% carbohydrates 
and 5–3% aminoacids), with uronic and ferulic acids as well (Knee et al., 2001).  
A review of EPS is found in Wingender et al. (1999), its role in biofilms (Flemming 
et al., 2007) and in mats (Decho et al., 2005). Dupraz et al. (2006) have taken 
a holistic approach to detail the factors at the micro, meso, and macroscales. 
Among the extrinsic factors are substrate, sedimentation, alkalinity, salinity, 
nutrients, temperature, hydrodynamics, and competition, while the intrinsic fac-
tors involved are CO2, CaCO3, recycling of elements, EPS cohesion, metabolic 
pathways, and EPS, among others. Other important observations indicate that 
light enhances stromatolite cohesion and EPS production, stabilizing the mac-
rostructure (Paterson et al., 2008). Besides these factors, it is clear that a copious 
production of EPS in microbial mats provides an ecological advantage to micro-
bial communities that have to cope with UV irradiation, dehydration and even as 
defense against grazers in Phormidium (Pajdak et al., 2001). At the biochemical 
level, the EPS helps to maintain the structure and facilitates the extracellular enzy-
matic activity and chemical signaling (Xavier and Foster, 2007), specifically the 
process is known as quorum sensing (QS), which probably plays a significant role 
in microbial biofilms and mats (Decho et al., 2008, 2009). Briefly, QS refers to a 
density-dependant behavior as a response to the extracellular concentration of  a 
small chemical molecule that induces a concerted or coordinated response (Gera 
and Srivastava, 2006); this social behavior displays a concerted response including 
changes in gene expression, levels of secondary messengers (metabolites) or pro-
tein modifications (Galperin and Gomelsky, 2005). This communication among 
cells relies on the production and release of small signaling molecules called auto-
inducer, which allows to respond to changes in growth conditions, most often in 
response to population density, a process called QS (Whitehead et al., 2001). Once 
an extracellular threshold concentration of the autoinducer molecule or com-
pound has been reached, a set of genes are coordinately activated or repressed 
within the bacterial population (Dove et al., 2003). This unified response is an 
emergent property related to nutrient acquisition (Park et al., 2003) and to the 
regulation of phenotypes (Gera and Srivastava, 2006). QS also regulates surface 
topology (Park et al., 2003), microbial competition and motility (Dingding et al., 
2006), and it is a general response displayed by many diverse microbial communi-
ties, including Gram-negative and Gram-positive bacteria (Gera and Srivastava, 
2006). Decho et al. (2009) have extracted some basic autoinducers molecules from 
natural marine microbial mats, and have suggested that QS mechanisms may have 
evolved early in stromatolitic microbial mat communities, where periodicity is 
determined in part by diel geochemical gradients. The QS mechanism could also 
help to explain some macroscopic accretion patterns in stromatolites, for instance 
the change of  hemispheroidal morphology to branching, the upward protrusion, 
and the change of accretion patterns over infinitely long-distance (in microns) 
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among the building microbial populations during stromatolite morphogenesis.  
Notably well-developed branching patterns and multiple branching stages 
observed in ancient stromatolites are an open question (Planavsky and Grey, 
2008); one might further speculate that these branching-patterns would require a 
well-concerted and coordinated response of ancient microbial communities to a 
specific environmental autoinducer in fluctuating concentrations of oxygen?

In recent stromatolites from Highborne Cay, Reid et al. (2000) identified at 
least three main components: Schizothriz, heterothrophic bacteria, and endolithic 
cyanobacteria, including Solentia. Cyanobacteria are the main producers of 
organic matter that will be consumed by sulfate-reducing bacteria that in turn will 
sustain a wide variety of phototrophic and chemotrophic bacteria in mats (Des 
Marais, 2003), and may be quantitatively important in terms of biomass. 
Nonetheless, cyanobacterial mats may not be the only potential morphological 
precursors for stromatolites. Theoretically, any microbial population able to precipi-
tate and trap minerals facilitating nucleation could form microbialites (see examples 
in Douglas, 2005); for instance, microbial mats composed of green sulfur bacteria, 
which have the ability to operate as photoheterotrops and phototrophs (Schouten 
et al., 2007). The precursors of stromatolites would be structures like layered mats 
lithified at the base and soft at the top, such as those reported from Bahamas.

The transition from microbial mat to stromatolites would be represented by 
the lithified layered cyanobacterial microbial mats but other nonlaminated mat 
could be producing microbialites. In fact any microbial mat capable of trapping, 
binding and/or precipitating minerals, and able to undergo lithification and fos-
silization may produce a variety of carbonate precipitates (Benzerara et al., 2006). 
Within the mat the uppermost surficial layer (a few mm in thickness) is the bio-
logically active accreting portion of the stromatolites that results from responding 
microbial communities (Awramik, 1992; Chacón-Baca, 2002). A further stage in 
stromatolite development would be the partially lithified microbial mats. Detailed 
studies on modern stromatolites from Highborne Cay have shown that they grow 
by the continuous trapping of oolitic sands, formation of micritic crust, and for-
mation of fused-grain laminae (Stolz et al., 2001). Carbonate minerals such as 
calcite and aragonite commonly precipitate within the amorphous exopolymer 
matrix of EPS, rather than onto the surface of cyanobacterial sheaths (Reid et al., 
2000). Another key observation has been the occurrence of lithified laminae in 
their texture (Visscher et al., 1998, 2000). Not only the formation but also the 
persistence of microbial mats is essential for stromatolite development; mats have 
been proven to be resistant to hydrodynamic forces, and they are stable through 
time by the precipitation of microbial CaCO3 (Visscher and Stolz, 2005).

In clear contrast to the general model for stromatolites formation, other 
complex communities of algae and cyanobacteria occur, which do not form a 
typical microbial mat, but rather are responsible for the formation of stroma-
tolitic structures in calcareous streams of central Mexico (Osorio-Santos, 2007). 
In such cases, the initial stages of these structures include the colonization of a 
round substrate (generally a pebble), one or two dominating cyanobacterial 
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species belonging to the genera Romeria and Leptolyngbya that establish on the 
substrate and that have a high capacity of trapping and binding carbonates. After 
this initial colonization, this new, hard, and porous substrate is covered by a rich 
and complex community, which includes algae and cyanobacteria (Fig. 4). Nearly 
30 species have been identified in mature communities, most of them correspond 
to cyanobacteria and diatoms among them Hyella, Pseudanabaena, Phormidium, 
Homoeothrix, and Oscillatoria, among other. Less commonly, rhodophytes may 
be found, and even when they are not very diverse they are abundant, occurring 
as juvenile stages named ‘chantransia’. All preliminary results suggest that this 
community is responsible for the typical lamination of the oncolite without devel-
oping from a layered mat precursor (Osorio-Santos, 2007).

figure 4. Microbial fabrics. (a) Hand-sample of  a Triassic stromatolite from Southern Germany. 
(b) Microstructure in the stromatolite shown in (a) showing nonlinking micritic columns with variable 
width. (c–d) Cretaceous stromatolites from Huepac in outcrop (c) and fine-grained irregular lamina-
tion as seen by SEM (d). (e) Petrographic thin-section of the Huepac stromatolites showing a more 
or less flat and even lamination with a small increase in convexity. (f) Sparry and fine-grained (dark) 
lamination as preserved in the associated chert. Note the similarity with lamination found in Conophy-
ton gargaricum discussed by Riding (2008). (g) Recent thrombolite from Cuatro Cienegas showing a 
clotted fabric (i) and a regular convex lamination pattern of sparry calcite and a clotted fabric (j). (h) 
Oncolite from la Huasteca Potosina showing well-laminated layers dominated by two cyanobacterial 
species and an internal clotted fabric.
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4.  Concluding Remarks

Ever since Kalkowsky stromatolites research has continuously been expanded 
from different methodological perspectives; a century later stromatolites continue 
to be actively investigated to document the early history of life on Earth (Awramik, 
2006; Awramik and Grey, 2005). Stromatolites provide an indirect and complex 
evidence of early life on Earth, and today they represent a crysol of biosignatures 
in which much of the modern research is focusing (Banfield et al., 2001; Cady 
et al., 2003; Brendan et al., 2004; Seckbach and Walsh, 2008). Microbial mats 
represent vast living reservoirs of diverse information and a potential window 
to the past, providing good models for the generation of stromatolites regarding 
the processes and mechanisms of accretion, as well as the variety of factors in 
play, according to a specific environmental setting. Their persistence through time 
suggests emergent properties in mats, since they respond and cope as an integral 
unit, and their study should be the first stages to decode stromatolites but with 
limitations, since the translation from mats to stromatolites is not direct. However, 
modern cyanobacterial mats may be more related to thrombolitic microbialites 
than to Archean stromatolites. Although their analysis has increased our general 
understanding about microscopic interactions between mineral particles and the 
extracellular matrix (EPS), their gross microstructure does not support a direct 
analog to the fine lamination observed in ancient stromatolites. Probably modern 
studies are just the tip of the iceberg in reference to what microbial mats diversity 
and dynamics imply. New and detailed biogeochemical information must reside 
inside other prokaryotic mats from anaerobic or harsh environments, such as 
those forming at Guerrero Negro or at the Black Sea, where anaerobic oxidation 
of methane prevails or microbial mats under continuous and desiccation cycles 
that resist most severe fluctuating conditions and show well-developed lamination 
of diverse taxonomic groups. In spite of the vast information about the geomi-
crobiological interactions of microorganisms through evolution and the greater 
resolution of analytical tools, stromatolites continue to be a puzzling and crucial 
piece in the map of life.
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1.  modern Living Stromatolites

An abundance of stromatolites throughout the Earth’s geological records has 
been widely documented. The oldest examples of these preserved stromatolites 
are dated to more than three billion years of age (Byerly et al., 1986; Lowe, 1980; 
Walter et al., 1980). It is under debate whether they are of abiogenic or biogenic 
origin (Schopf et al., 2002), since geological processes of sedimentation can mimic 
the layering caused by microbes (Grotzinger and Knoll, 1999). However, recent 
studies have also reflected a growing acceptance of the oldest stromatolites from 
the Pilbara as biogenic (Allwood et al., 2006). This revealed that through the 
examination of different stromatolite morphologies and their similarities to mod-
ern microbially mediated carbonates, these formations were not purely the result 
of an abiogenic phenomenon. However, evidences of metabolic processes and bio-
geochemical cycles occurring in stromatolites are rarely preserved in these fossil-
ised stromatolites. Modern stromatolites can thus be viewed as analogues to their 
fossilised counterparts for studying early life on Earth (McNamara and Awramik, 
1992). In Western Australia, both living and fossil stromatolites have been identi-
fied (Fig. 1). It is also one of the locations where some of the oldest examples of 
fossil stromatolites are found and proven to be of biogenic origin (Allwood et al., 
2006; Byerly et al., 1986; Lowe, 1980; Summons et al., 1999; Walter et al., 1980). 
Until the discovery of small lithified subtidal columnar stromatolites in the 
Bahamas (Steppe et al., 2001), the only subtidal marine examples known to be 
living and undergoing lithification were those in Hamelin Pool at Shark Bay, 
Western Australia. Hamelin Pool in Western Australia spans an area of ca. 
1,220 km2 with an average tidal range of ca. 60 cm (Logan and Cebulski, 1970). 
High net evaporation rates and average water temperatures throughout the year 
between 17°C and 27°C create a hypersaline environment with at least twice the 
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salinity of seawater (Arp et al., 2001). The stromatolites and microbial mats are 
widespread in intertidal and inner sublittoral platform areas. However, in most 
areas the living stromatolites are also accompanied by dead forms in the supratidal 
zone (Playford and Cockbain, 1976). Stromatolites in Hamelin Pool have a mor-
phological diversity and abundance comparable to that of Proterozoic and early 
Paleozoic stromatolites. These factors make them one of the best examples of liv-
ing stromatolites to study. There are two major types of marine stromatolites: (1) 
coarse-grained eualgal–cyanobacterial stromatolites, and (2) fine-grained 
cyanobacterial stromatolites (Awramik and Riding, 1988). The latter is found in 
intertidal columns, and early studies have suggested they are built by two com-
munities of cyanobacteria, Entophysalis and Schizothrix, along with numerous 
other cyanobacteria, while the eualgal-cyanobacterial stromatolites are found in 
the subtidal columns (Awramik and Riding, 1988).

2.  assessment and comparative analyses of microbial Populations  
of Shark Bay Stromatolites and Surrounding Seawater

A number of studies have been conducted on the living stromatolites and micro-
bial mats found in open marine waters in the Bahamas, revealing a great deal 
of information on processes involved in the formation of  these geobiologically  

Figure 1. Location of stromatolites in Western Australia (Picture obtained from Australian Geological 
Survey). Blue dots are the location of living stromatolites, red dot is the location of 3.45 billion-year-old 
egg-carton stromatolites and black dots are the location of fossil stromatolites. Inset: stromatolites 
from Hamelin Pool, Shark Bay Western Australia.
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significant formations (Decho et al., 2005; Dupraz et al., 2004; Dupraz and 
Visscher, 2005; Paerl et al., 2001; Pinckney et al., 1995; Reid et al., 2000). Studies 
have shown that carbonate precipitation occurring in the Bahamian stromatolites 
are due to a combination of microbial metabolic processes such as photosynthesis, 
sulphate reduction, and anaerobic sulphide oxidation (Visscher et al., 1998). The 
association of cyanobacteria, heterotrophic bacteria, and sulphate-reducing bac-
teria (SRB) with the lithification of the Bahamian stromatolites has been docu-
mented (Reid et al., 2000; Visscher, 2000), and the roles of these microorganisms 
are related to grain or sediment trapping and/or carbonate dissolution and car-
bonate precipitation.

These studies also revealed that in the Bahamas, stromatolite formation was 
balanced between sedimentation and intermittent lithification by several commu-
nity types (Reid et al., 2000). Filamentous Schizothrix sp. was involved in the bind-
ing and trapping of sand grains, and, subsequently, a heterotrophic bacterial 
biofilm with abundance of extracellular polymeric substances (EPSs) was formed. 
In this step, calcium carbonate precipitation and dissolution was closely regulated 
by sulphate reduction, sulphate oxidation, EPS production, and EPS degradation 
(Decho et al., 2005; Kawaguchi and Decho, 2002; Visscher, 2000). In the biofilms, 
cyanobacterial photosynthesis also creates diel fluctuations of geochemical gradi-
ents (Jørgensen, 2001). High concentrations of oxygen produced during the day 
that results in large amounts of organic carbon (Revsbech et al., 1983). This carbon 
source is then utilised by the sulphate-reducers. Several other cyanobacteria, such 
as Leptolyngbya, Symploca, Phormidium, Gloeocapsa, and Trichodesmium sp. have 
also been cultivated from the Bahamian stromatolites and are likely to be involved 
in such a mechanism (Foster et al., 2009). Microboring activities of coccoid endo-
lithic cyanobacteria, e.g., Solentia sp., have also resulted in the formation of micri-
tised grains, which assisted the growth of stromatolites and subsequently stabilised 
and preserved the structure (Macintyre et al., 2000). Information on mat lithifica-
tion and stromatolite formation from the Bahamas has thus provided an important 
knowledge base for subsequent studies on the Shark Bay stromatolites.

The geology and environment of the Shark Bay stromatolites has been char-
acterised in some detail, and studies on microbial composition as determined by 
microbial isolation and molecular techniques have also been undertaken (Neilan 
et al., 2002; Burns et al., 2004; Papineau et al., 2005; Goh et al., 2009). Although 
there is evidence of some flagellates in Shark Bay (Al-Qassab et al., 2002), much 
of the work on both the Bahamian and the Shark Bay stromatolites has shown 
that eukaryotes are relatively rare (Reid et al., 2000; Burns et al., 2004; Papineau 
et al., 2005). The higher salinity in Shark Bay may lead to an exclusion of most 
of the higher organisms, particularly those that may graze on stromatolites. 
Secondary metabolic production has also been shown to occur in cyanobacteria 
isolated from these Shark Bay stromatolites (Burns et al., 2005). Many organisms 
are known to produce bioactive secondary metabolites in response to environmental 
stresses (Baker et al., 1995), and the stromatolitic microorganisms thriving in the 
hypersaline reaches of Shark Bay may have developed similar defense mechanisms. 

347



FALICIA GOH

Such analyses provide invaluable information to enhance our understanding of this 
system and help in the conservation of this World Heritage Site.

Early studies suggested the Shark Bay intertidal stromatolites were domi-
nated by only few microorganisms, mainly cyanobacteria such as Entophysalis sp. 
and Schizothrix sp. (Awramik and Riding, 1988). Recent studies have character-
ised in-depth the Shark Bay communities using both molecular and microbial 
culturing approaches (Neilan et al., 2002; Burns et al., 2004; Papineau et al., 2005; 
Goh et al., 2009). These demonstrated that the microbial communities present in 
these stromatolites are not simply comprised of cyanobacteria but include a range 
of phylogenetically distinct bacteria and archaea.

2.1.  CyANOBACTERIAL COMMUNITIES

By using molecular nucleic acid tools, the Shark Bay stromatolite cyanobacterial 
16S rDNA sequences were shown to be affiliated to the orders Pleurocapsales, 
Chroococcales, and Oscillatoriales. Sequences from seawater surrounding the 
stromatolites were also reported recently, and these sequences were mainly related 
to Chroococcales and Oscillatoriales (Goh et al., 2009). No sequences from the 
Nostocales order was identified in any of the studies conducted. Recently, similar 
molecular studies were conducted on the Bahamian stromatolites and the same 
orders of cyanobacteria (Pleurocapsales, Chroococcales, and Oscillatoriales) were 
identified and the absence of Nostocales (known nitrogen fixers) sequences or 
isolates were confirmed (Foster et al., 2009). These authors have suggested that 
unicellular pleurocapsales cyanobacteria such as Stanieria sp. might be involved 
in nitrogen fixation and iron sequestration.

The intertidal Shark Bay stromatolites were characterised by Chroococcid
iopsis, Dermocarpella, and Pleurocapsa from Pleurocapsales (Goh et al., 2009). 
Under the order Chroococcales, Gloeocapsa, Gloeothece, Cyanothece, and 
Euhalothece were identified, and the presence of these mirrors the composition of 
other hypersaline ecosystems (Garcia-Pichel et al., 1998; Nübel et al., 2000). 
Within the Oscillatoriales, the study by Burns et al. (2004) revealed that most 
sequences of the filamentous cyanobacteria belonged to Symploca, Plectonema 
and a novel clade of filamentous cyanobacteria. A recent study by Goh et al. 
(2009) showed that oscillatoriales sequences were from the genera Leptolyngbya, 
Schizothrix, and Geitlerinema, while Papineau et al. (2005) identified Microcoleus 
sp. from the same environment. These studies all described different oscillatori-
ales species identified from these Shark Bay stromatolites. Thus, the diversity of 
cyanobacteria in this environment is greater and far more complex than previ-
ously described and results from these various studies are best combined to facili-
tate a better understanding of the overall diversity present (Table 1).

As shown by confocal microscopy (Fig. 2a), unicellular cyanobacterial species 
were located in the uppermost layer of the Shark Bay stromatolites and displayed 
endolithic properties (Goh et al., 2009). Although the endolithic unicellular 
cyanobacterium Solentia sp. involved in the formation of the Bahamian marine 
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table 1. Representative cyanobacterial 16S rRNA gene sequences identified from clones or isolates 
of the Shark Bay stromatolites and the seawater collected from surrounding the stromatolites.

Samples
analysis of 16S Dna sequences
nearest relative in GenBank accession no. references

Stromatolites Clones Cyanothece sp. PCC 7424 AF132932 Goh et al. 
(2009)Cyanothece sp. ATCC 51142 AF132771

Gloeocapsa sp. KO38CU6 AB067575
Synechococccus sp. HOG AF448075
Acaryochloris sp. Awaji-l AB112435
Euhalothece sp. strain  
MPI95AH13

AJ000710

Cyanothece sp. ATCC 51142 AF132771
Gloeocapsa sp. PCC 73106 AF132784
Geitlerinema sp. PCC 7105 AF132771
Xenococcus PCC 7305 AF132783
Lyngbya hieronymusii AF337650
Chroococcidiopsis sp.  
PCC 6712

AJ344557

Dermocarpella incrassata AJ344559
Gloeothece sp. KO11DG AB067577

Clones Microcoleus sp. PCC 7420 X70770 Papineau 
et al. (2005)Pleurocapsa sp. X78081

Clones Prochloron sp. X63141 Burns et al. 
(2004)Cyanothece sp. SKT4126 AB067581

Euhalothece sp. AJ000713
Chroococcidiopsis sp.  
PCC 6712

AJ344557

Symploca sp. PCC 8002 AB039021
Gloeocapsa sp. PCC 73106 AF132784
Plectonema sp. F3 AF091110
Stanieria cyanosphaera AF132931
Phormidium sp. E18 AF263339
Microcoleus sp. X70770

Isolates Symploca sp. PCC 8002 AB039021
Uncultured cyanobacterium  
FL06705

AF446264

Leptolyngbya sp. PCC 7104 AB039012
Plectonema sp. F3 AF091110
Cyanothece sp. SKTU136 AB067581
Pleurocapsa minor AJ344564
Synechococcus sp. PCC 8807 AF448076
Xenococcus sp. PCC 7305 AF132783
Microcoleus sp. X70770
Nostoc sp. PCC 7120 AP003598

Seawater Clones Uncultured Chroococcus sp. DQ058856 Goh et al. 
(2009)Euhalothece sp. strain  

MPI96N304
AJ000713

Chroococcidiopsis sp. DQ914863
Uncultured Gloeobacter sp. DQ058873
Gloeocapsa sp. KO38CU6 AB067575
Uncultured cyanobacterium  
clone

AM177414

Thermosynechoccoccus  
elogatus BP-1

AP005376
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Figure 2. Krypton–Argon confocal images of smooth mat and stromatolites from Hamelin Pool, 
Shark Bay, Western Australia. (a) Stromatolite vertical surface dominated by unicellular cyanobacte-
ria. Scale = 10 mm, (b) Top layer of mat (scale = 20 mm), (c) cross-section of mat showing binding and 
trapping sand grains (scale = 20 mm) and (d) black layer of the mat consisting of endolithic cyanobac-
teria (scale = 10 mm).

stromatolites (Macintyre et al., 2000) was not identified in Shark Bay, the 
 unicellular cyanobacteria detected here appeared to display similar traits. 
Endoliths in the Bahamian marine stromatolite type-3 mats (Reid et al., 2000) 
contributed to the fusion of sand grains, and confocal microscopy images of 
smooth mats occurring in close proximity to the intertidal Shark Bay stromato-
lites revealed the same process present in these mats (Fig. 2b–d). Scanning elec-
tron microscopy also revealed boring activities in the Shark Bay intertidal 
stromatolites (Goh et al., 2009). The uppermost layer of  the Shark Bay stroma-
tolites had a distinctive black colouration and pigment analysis identified the 
presence of  scytonemin (Goh et al., 2009). This layer has previously been linked 
with Gloecapsa sp., a unicellular cyanobacterium also cultivated and identified 
from the Shark Bay stromatolites (Dupraz et al., 2004). Scytonemin quenches 
light and has a protective effect against ultraviolet (UV) radiation (Lewin, 2006), 
and this may be significant in protecting community members in the high UV 
environment of  Shark Bay (Palmisano et al., 1989). The differences in microbial 
diversity observed between various studies on the Shark Bay stromatolites 
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(Burns et al., 2004; Papineau et al., 2005; Goh et al., 2009) may be due to various 
environmental challenges such as fluctuations in the salinity of  the water in 
Hamelin Pool and therefore lead to microbial succession. Microbial succession 
has also been shown to occur in the Bahamian stromatolites (Reid et al., 2000). 
Whether this is an underlying mechanism in the Shark Bay stromatolites, how-
ever, remains to be established.

2.2.  HETEROTROPHIC BACTERIAL COMMUNITIES

Based on the molecular analysis of 16S rRNA genes from total genomic DNA 
extracted from Shark Bay stromatolites, the most abundant sequences were novel 
proteobacteria (Papineau et al., 2005). In an analysis by Burns et al. (2004), cul-
turable bacteria from this environment were dominated by Bacillus sp. (Low G + C 
Gram-positive bacteria). Recently, Barabesi et al. (2007) also identified a gene 
cluster involved in calcium carbonate precipitation in Bacillus subtilis, and this 
group could therefore also potentially contribute to carbonate precipitation in 
Shark Bay. The data from molecular analysis of bacterial 16S rDNA sequences 
also revealed the presence of 15 other groups belonging to a-proteobacteria, 
g-proteobacteria, d-proteobacteria, acidobacteria, Bacteriodetes/chlorobi, two 
unknown clades, candidate division OP-11, firmicutes, candidate division TM6, 
planctomycetes, actinobacteria, chloroflexi, Deinococcus, and thermotogales 
(Goh et al., 2009). Interestingly, it is known that Deinococcus are able to with-
stand ionising radiation and thus survive prolonged desiccation (Mattimore and 
Battista, 1996), and the stromatolites in Shark Bay are often exposed to extended 
periods of desiccation. The Shark Bay intertidal stromatolite sequences related 
to proteobacteria/purple bacteria, firmicutes/Gram-positive bacteria, cyanobac-
teria, and green sulphur bacteria have also been identified from other living stro-
matolites (Bauld et al., 1979; Visscher et al., 1999). The a and g-proteobacteria, 
Bacteriodetes/chlorobi, planctomycetes, chloroflexi, and cyanobacteria were also 
identified from the seawater surrounding the Shark Bay stromatolites (Goh et al., 
2009). The dispersal of microorganisms from biofilms is a common phenomenon 
in the environment (Characklis, 1990; Brading et al., 1995), and these results 
suggest this may potentially be occurring in Shark Bay.

SRB, such as Desulfovibrio sp. and Desulfobacter sp. (Visscher et al., 1998), 
and facultative phototrophs such as Rhodospirillium and Rhodobacter (Steppe 
et al., 2001), have been associated with precipitation processes in stromatolites. 
Both of these groups were also identified from the Shark Bay stromatolites. The 
process of sulphate reduction by the SRB can mediate calcium carbonate precipi-
tation (Visscher et al., 1998). Fluorescence in situ hybridisation (FISH) has also 
been used on the Bahamian stromatolites to show that these SRB are located at 
the oxic zone of the stromatolite surface and that they intermingle with the pho-
totrophic cyanobacteria (Baumgartner et al., 2006), also shown in the Shark Bay 
stromatolites (Goh et al., 2009). In addition to SRB, sulphide-oxidising bacteria 
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(green sulphur bacteria) were also identified. Studies on the Bahamian stromatolites 
have shown that hydrogen sulphide is reoxidised by the sulphide oxidising bacte-
ria resulting in calcium carbonate dissolution (Visscher et al., 1998). It has also 
been shown by Decho et al. (2005) that uronic acid monomers of cyanobacterial 
exopolymeric substances (EPSs) were mineralised by the same group of bacteria. 
Thus, the close interactions between these two groups of microorganisms indicate 
that they have strong metabolic associations in these ecosystems.

In addition to the phototrophic bacteria, stromatolite formation is also 
dependent on both aerobic and anaerobic heterotrophic bacteria. As all aerobic 
heterotrophic bacteria respire, they use the oxygen provided by the phototrophic 
bacteria during photosynthesis and in turn provide the carbon dioxide to be used 
by the phototrophic bacteria (Visscher et al., 1998). This is limited to the day as 
photosynthesis can only occur in the presence of light, and therefore oxygen levels 
are insufficient for heterotrophic respiration during the night. It has therefore been 
suggested that sulphate reduction is another mechanism to respire in the absence 
of oxygen (Visscher et al., 1998). Sulphate reduction can also occur in the presence 
of oxygen but at a lower rate (Canfied and Des Marais, 1991).

Pinckney et al. (1995) proposed that calcium carbonate precipitation 
occurred through cyanobacterial oxygenic photosynthesis and subsequently dis-
solved during aerobic heterotrophic respiration. Thus, photosynthesis and aero-
bic respiration have opposite effects on calcium carbonate precipitation. No net 
lithification occurs when the rates of photosynthesis and aerobic respiration were 
the same. However, since photosynthesis supports both aerobic and anaerobic 
respiration, some net carbonate precipitation could occur (Visscher et al., 1998). 
As photosynthesis occurs during the day, there is typically no oxygen evolved 
from this process at night for aerobic heterotrophic respiration (Visscher et al., 
1998). In addition to this geochemical cycling, EPS produced by cyanobacteria 
and other microbes under certain conditions also play a crucial role in mineral 
precipitation either as a site for nucleation or through binding of calcium ions 
(Arp et al., 1999; Decho and Kawaguchi, 1999). This inhibits calcium carbonate 
precipitation. However, degradation of the EPS by heterotrophic bacteria or UV 
light releases calcium ions, which then facilitates calcium carbonate precipitation. 
EPS is likely to play a crucial role in stromatolite formation, though the extent is 
currently unknown.

2.3.  ARCHAEAL COMMUNITIES

A diverse community of  archaea, particularly halophiles, were also documented 
in the Shark Bay stromatolites (Burns et al., 2004; Papineau et al., 2005; 
Goh et al., 2009). Sequences related to Crenarchaeota were identified across 
these studies. However, the roles of these archaea in the stromatolites remained 
unknown. Michaelis et al. (2002) have shown that the association of SRB with 
archaea can result in carbonate precipitation due to the coupling of  methane 
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oxidation with sulphate reduction. Some halophilic archaea are also capable of 
fixing carbon dioxide (Javor, 1988). At this moment, we can only speculate on 
the possible role of archaea in carbonate precipitation. Images from FISH con-
ducted on a cross-section of Shark Bay stromatolites also showed a close interac-
tion between the archaea and cyanobacteria (Goh et al., 2009). A novel halophilic 
archaeon, Halococcus hamelinensis, has also been isolated from this environment 
(Goh et al., 2006). Further studies on this microorganism could potentially reveal 
an important role for archaea in these geobiological structures. The presence of 
halophilic archaea could also be explained by the high salinity and drastic fluctua-
tions in salinity of Hamelin Pool. It has been shown that in hypersaline environ-
ments, increase of biodiversity favoured the growth of halophilic microorganisms 
(Abed et al., 2007; Wieland and Kuhl, 2006). Consequently, mechanisms of adap-
tation to a hypersaline environment are also likely to be important functions of 
both stromatolite archaea and other microorganisms.

3.  adaptation of Stromatolite microorganisms to a hypersaline environment

Microorganisms develop various mechanisms for their survival under extreme 
environmental conditions related to temperature, pressure, salinity, pH, radiation, 
desiccation, oxygen, and other extreme circumstances (Rothschild and Mancinelli, 
2001). These mechanisms allow tight biological control of the microenvironment 
in stromatolites, thus ensuring the survival of the microbial communities (Paerl 
et al., 2000). Environmental fluctuations such as diel, tidal, and seasonal changes 
influence light intensity, salinity, temperature, and nutrient availability, and there-
fore will affect the microbial communities present. Thus, the macromorphology 
of stromatolites is affected by current velocity, sediment grain size distribution, 
mat community diversity, and carbonate saturation. An excellent example of this 
is seen in the studies conducted on the Bahamian stromatolites whereby the mac-
romorphology was observed to be influenced by various physical environmental 
factors (Andres and Reid, 2006). Dupraz and Visscher (2005) showed that the 
calcium carbonate saturation indices also change the carbonate alkalinity and 
pH, thus affecting the microbial lithification of the stromatolites. The buffering 
capacity of alkaline water of an environment also prevents carbonate dissolution 
(Arp et al., 2003; Dupraz et al., 2004). Thus, the maintenance and stability of stro-
matolites are dependent on a balance between the microbial diversity, geochemical 
cycling and the prevailing environmental factors.

Hypersalinity, in particular, is likely to be a crucial factor in determining the 
dominant physiologies that may be present in the Shark Bay stromatolites. Salinity 
gradients are formed due to tidal flows and the evaporation of seawater, leading to 
the presence of diverse microbial species adapted to different ranges of salinity. 
Previously, low diversity of bacterial and archaeal communities at higher salinities 
has been observed in microbial mats in other locations previously (Benlloch et al., 
2002; Jungblut et al., 2005). However, recently, it has been shown that Guerrero 
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Negro hypersaline mats contained a high diversity of both bacteria and archaea, 
of which a high percentage of these rRNA gene sequences were unrelated to 
known organisms (Ley et al., 2006; Robertson et al., 2009). This high diversity of 
bacteria and archaea were also observed in the Shark Bay stromatolites. As men-
tioned earlier, EPS produced by cyanobacteria or other bacteria serves as matrices 
in facilitating or inhibiting calcium carbonate precipitation, trapping nutrients, 
preventing desiccation, protecting against UV radiation, and providing water 
channels for the transport of metabolites and signal molecules (Decho, 2000). 
However, when EPS-producing bacteria were exposed to stress conditions, the 
concentration of uronic acid in the cells and the amount of EPS increased 
(Uhlinger and White, 1983). This subsequently affected calcium carbonate precipi-
tation or dissolution. Cyanobacterial photosynthesis is also known to be impaired 
by salinity, due to the high accumulation of oxygen (Garcia-Pichel et al., 1999; 
Wieland and Kuhl, 2006). However, such inhibition is removed in microbial mats 
from hypersaline conditions that tend to be slimy, less compact, and less densely 
colonised. These conditions lead to lower accumulations of oxygen, thus creating 
conditions more favourable for photosynthesis to occur. This inhibition of photo-
synthesis can be reduced by adding the osmolytes sucrose or EPS to cultures of 
cyanobacteria (Chen et al., 2003). Thus, although salinity has a strong limiting 
effect on microbial activity, the physiological adaptation of resident microorganisms 
can overcome these stresses. This is an area of on-going research in Shark Bay.

In the Shark Bay stromatolites, the production of osmolytes such as sucrose 
and trehalose by the archaea, cyanobacteria, or bacteria could counteract envi-
ronmental metabolic inhibition by the hypersaline environment. The presence of 
these compatible solutes is likely to allow organisms to survive and thrive under 
conditions of high salinity and desiccation. Cyanobacteria are also known to 
accumulate carbohydrates such as dissacharides under osmotic stress (Stal and 
Reed, 1987; Warr et al., 1985). Osmolytes such as sucrose, trehalose, glycine 
betaine, and various oligosaacharides (pentasaccharides and trisaccharides) were 
identified from the Shark Bay stromatolite community (F. Goh, unpublished 
data). Disaccharides such as trehalose and sucrose are protectants against desic-
cation by maintaining membrane integrity during cycles of drying and wetting 
(Leslie et al., 1995). These oligosaccharides can also be an important carbon 
source for other microorganisms (Sakugawa et al., 1990). Oligosaccharides syn-
thesised by cyanobacteria and utilised by other organisms in a close niche envi-
ronment such as the stromatolites may represent an example of mutualism.

Few studies have investigated the metabolic processes occurring in Shark 
Bay stromatolites or the changes that may occur in community composition over 
time. Studies on the Shark Bay stromatolites have indicated the presence of 
cyanobacteria, aerobic heterotrophs, anoxygenic phototrophs, sulphate reducers, 
sulphide oxidisers, and halophilic archaea. The likely roles of these groups of 
microorganisms in geochemical cycling in the Shark Bay stromatolites include 
carbon and nitrogen fixation and sulphur cycling. Furthermore, depending on 
the species of aerobic heterotrophs present, links with processes of fermentation, 
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respiration, and the cycling of other nutrients can also be made. The functional 
groups identified here are similar to those dominating many hypersaline micro-
bial mats. In addition to the effects of  microbial populations and salinity on 
stromatolite formation, other environmental parameters should be considered. 
The microbial population can sustain itself  by possessing specific individual strat-
egies or having different but complementary metabolic processes in the various 
groups of microorganisms present. The effects of  these metabolisms are reflected 
in the geochemical cycle. Hence, it is a challenge to understand the events occur-
ring in stromatolite ecosystems, and the presence of diverse metabolic groups of 
microorganisms strongly suggests a high level of  biological complexity in this 
ecosystem.
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1.  introduction

Siliceous stromatolites embody important records of past biological activity. The 
biogenic–mineralogical laminated structures form within a range of geothermal 
settings and physicochemical, hydrodynamic, and biological regimes. Silica provides 
an excellent medium for cellular preservation, due to its capacity to permineralize 
or encase microbial cells with an X-ray amorphous cement (Francis et al., 1978). 
As such, it has rendered some of the best microfossils in the geologic record. 
In particular, the Early Devonian, hot spring-related Rhynie and Windyfield cherts 
(Scotland) contain exceptionally clear and comprehensive examples of fossilized 
early terrestrial plant, animal (arthropod), and microbial life, including detailed 
preservation of internal structures, in addition to paleoenvironmental information 
(Trewin, 1994; Fayers and Trewin, 2004). Although not displaying the same level 
and extent of exemplary preservation, the internally laminated structures and/or 
filamentous character of Devonian-aged Drummond Basin (Australia) siliceous 
hot spring deposits (sinters) do exhibit a remarkable resemblance to microfacies 
commonly found in contemporary hot spring environments, e.g., high-temperature 
columnar and spicular and lower-temperature stratiform, streamer, and pseudo-
columnar stromatolites (Walter et al., 1996, 1998). However, the interpretation 
of ancient siliceous deposits becomes increasingly uncertain with the destructive 
effects of extensive diagenetic overprinting on microfossils (e.g., Walter et al., 
1980) and is generally biased toward the more enduring microfossil preservation in 
stromatolitic sinters formed in lower-temperature systems, where relatively large, 
sheathed cyanobacteria or diatoms dominate today. This review explores methods 
for detecting biogenic participation in modern or ancient siliceous stromatolites 
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that are applicable to sinters formed over a range of environmental regimes and 
includes a brief  overview of the physicochemical, hydrodynamic, and biogenic 
factors involved in siliceous stromatolite formation and diagenesis.

2.  Mechanisms of formation and Diagenesis

2.1.  ENVIRONMENTAL EFFECTS ON SILICA CHEMISTRy/
MINERALOgy

Silica precipitates from hot spring waters as X-ray amorphous opal-A. The depo-
sition of soluble silica (or monomeric or polymeric silica) forms a dense, glass-like 
“vitreous” sinter fabric, common in near-vent settings or acidic fluids (e.g., Handley 
et al., 2005; Schinteie et al., 2007); whereas, porous granular sinter textures form 
where fast rates of polymerization and/or aging are sufficient for colloid forma-
tion and deposition (White et al., 1956; Rothbaum and Rohde, 1979; Mroczek 
et al., 2000). Higher silica saturations promote the formation of smaller, more 
numerous colloids (Makrides et al., 1980). In mixed solutions, dense, cemented 
granular sinter develops by the precipitation of soluble silica at the point where 
colloids join, where the negative radius of curvature has a low interfacial energy 
(Iler, 1979; e.g., Rodgers et al., 2002). gels can form and settle in hot spring waters 
by aggregation of colloids into networks either at alkaline pHs in the presence of 
salts or at acidic pHs where the ionic charge of colloids is small (Iler, 1979; e.g., 
White et al., 1956).

Precipitation occurs owing to gravitational settling of large or aggregated 
colloids, silica supersaturation, or the availability of substrates with small interfa-
cial energies that lower the activation energy required for nucleation. Aggregation 
of colloids may occur through Brownian motion and London Forces (Hunter, 
1993). Both precipitation and polymerization of monomeric silica to form colloids 
also are driven by evaporation and cooling in menisci, subaerially wicked water, 
and other subaerial water films or pooled water influenced by hydrodynamic 
activity, such as splash or spray (Hinman and Lindstrom, 1996; Lowe et al., 2001; 
Mountain et al., 2003). The rate of silica polymerization is pH dependant and is 
inhibited at pHs £5 and severely inhibited at pHs ³9 (e.g., Brown and McDowell, 
1983). Polymerization is enhanced by the presence of silica or heterogeneous nuclei 
in solution (White et al., 1956; gallup, 1998). The rate and shorter induction peri-
ods before the onset of polymerization are also favored at large silica saturation 
ratios (silica concentration/equilibrium concentration) (Krauskopf, 1956; White 
et al., 1956; Makrides et al., 1980), and this is influenced little by the saturation-
independent effect of temperature on polymerization rates (Rothbaum and Rohde, 
1979; Makrides et al., 1980). Saturation increases rapidly with decreasing tempera-
tures [e.g., Eq. (1), Fournier and Rowe, 1977; T is absolute temperature].

   ( ) 731/ 4.52

Equilibrium concentration ppm 10
− += T  (1)
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2.2.  ROLE OF BIOLOgICAL TEMPLATES AND FOSSILIzATION

Surfaces wetted by hot spring waters are invariably coated either by visible and 
typically colorful, mesophilic, and thermophilic photosynthetic mats at tem-
peratures below ~73°C, or by microscopic thermophilic and hyperthermophilic 
biofilms above this temperature (e.g., Fig. 1; Brock, 1978; Cady and Farmer, 
1996). Microbial biofilms are pivotal in both stromatolite laminae accretion and 
macrostructure development.

Microscale stromatolitic laminations are formed by changes in the rates or 
nature of microbial growth and silicification, while macroscale stromatolite mor-
phologies are controlled to a large extent by microbial colonization patterns (e.g., 
Walter et al., 1972; Brock, 1978; Jones et al., 1998; Handley et al., 2005; Schinteie, 
2005). In the latter case, the volume and spatial distribution of silica deposited is 
influenced by the high surface area of cell scaffolds upon and within which silicifica-
tion occurs, and the cluster patterns of cells. The voluminous gelatinous matrix of 
exopolymeric substances (EPS) that biofilm- and mat-forming microbes secrete 
around themselves (Hall-Stoodley et al., 2004) is also prone to fossilization (e.g., 
Fig. 2; Weed, 1889; Westall et al., 2000; Handley et al., 2008).

The affinity silica exhibits for biofilms appears to be passively induced, 
owing to either smaller interfacial energies than the solution or protonated func-
tional sites on cell walls (or sheaths) and within EPS (Urrutia and Beveridge, 
1993; Westall et al., 1995). Even so, a synchrotron-based Fourier-transform infra-
red study of cyanobacteria undergoing silicification demonstrated a physiological 
response to mineral encrustation, involving a thickening of the polysaccharide 
sheath (Benning et al., 2004a, b). Higher rates of silicification can arise during 
cellular lysis, where cell wall deterioration increases the availability of functional 
groups as cytoplasmic material is released (Ferris et al., 1988). Silicification of 
biofilm components can result in the long-term preservation of either physical 
microfossils by encrustation, permineralization, or replacement of cell walls and 
cytoplasmic material (Westall et al., 1995; Toporski et al., 2002), or chemical or 
biological signatures (e.g., lipids).

2.3.  PHySICOCHEMICAL AND HyDRODyNAMIC EFFECTS  
ON STROMATOLITES

Siliceous stromatolites in hot springs form distinct structures according to physi-
cochemical and hydrodynamic regime (Mountain et al., 2003; Lowe et al., 2001), 
and corresponding changes in microbiota, which can shift abruptly as conditions 
alter from subaqueous to subaerial or with distance from vent, such as water cool-
ing along outflow channels (e.g., Figs. 1 and 3; Cassie and Cooper, 1989; Walter 
et al., 1998; Lowe et al., 2001; Fernandez-Turiel et al., 2005; Childs et al., 2008). 
Neutral and alkaline pH waters tend to be dominated by photosynthetic or non-
photosynthetic prokaryotes, while acidic waters (<pH ~3) tend to be inhabited by 
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figure 1. Examples of vent-to-marsh biota-sinter gradients in discharge aprons of nearly neutral, 
alkali chloride hot springs from yellowstone National Park (yNP, Wyoming, USA) and the Taupo 
Volcanic zone (TVz, New zealand). (a) Sinter mound build-ups in Sentinel Meadows, Lower geyser 
Basin, yNP. Top of Steep Cone in foreground hosts a circular, gently surging, boiling spring with 
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acidophilic algae, such as Cyanidium caldarium, and acidophilic prokaryotes (e.g., 
thermophilic Alicyclobacillus, Sulfobacillus, and Acidimicrobium bacteria) (Cassie 
and Cooper, 1989; Jones et al., 2000; Johnson et al., 2003; Jones and Renaut, 2006; 
Schinteie et al., 2007). Stromatolites formed from acidic waters are characteristi-
cally finely laminated with dense, vitreous sinter (Jones et al., 2000; Mountain 
et al., 2003; Jones and Renaut, 2006; Schinteie et al., 2007).

Commonly observed associations among stromatolite structures, microbiota, 
and temperature are defined by changes in photosynthetic bacteria at £73°C (for 
neutral-alkaline pHs; cf. Walter et al., 1972, 1998; Brock, 1978; Walter, 1976a; 
Cady and Farmer, 1996; Jones et al., 2002; Lynne and Campbell, 2004; Fernandez-
Turiel et al., 2005). Low-temperature (<45°C) waters and distal (from vent) 
marsh settings form clotted to peloidal sinter fabrics rich in oncoids, plant matter, 
animals, and diatom frustules (e.g., Figs. 1f, g and 3j, k; Walter, 1976a; Cassie and 
Cooper, 1989; Renaut et al., 1996; Campbell et al., 2001; Schinteie et al., 2007; 
Owen et al., 2008). Coarsely filamentous Calothrix-dominated cyanobacterial 
mats (brown to gray-green; Fig. 1c, e, f) also commonly form stratiform palisade 
(Fig. 4a, d) or shrubby structures (Fig. 3g, h) in distal sinter aprons. At mid-
temperatures (~35–59°C), finely-filamentous Phormidium-dominated cyanobacterial 

figure 2. Scanning electron microscope (SEM) images of biofilms from a high-temperature stromatolitic 
sinter, Champagne Pool, Waiotapu, New zealand. (a) Unsilicified cells (arrows) and desiccated sheet-like 
(center) and fibrillar (across top) EPS overlying sinter. Silica spherules of exposed sinter are visible along 
the bottom. (b) Silicified fibrillar EPS (fine filaments, arrows) and cells (thick, small black arrows).

figure 1. (continued) narrow, steep geyserite rim (cf. Braunstein and Lowe, 2001). (b) Detail of 
nodular and spicular geyserite rim at boiling pool margin, Sentinel Meadows. (c) Sinter apron on fault 
scarp at Orakei Korako, TVz, showing discharge channels with mid-temperature (~50°C, orange) and 
low-T (~35°C, brown) cyanobacterial mat communities. (d) Mid-T pool with thick summertime over-
growth of cyanobacterial mats on Rainbow Terrace, Orakei Korako. Arrow over subaqueous colum-
nar stromatolite. (e) Low-T (~35°C) distal sinter apron with brown-coated terracettes of Calothrix 
cyanobacterial mats at grand Prismatic Spring, Midway geyser Basin, yNP. (f) Low-T (~30°C to 
ambient) distal discharge area on golden Fleece Terrace, Orakei Korako, with Calothrix mats and 
marsh plants adjacent to golden Fleece Fault (scarp in background). (g) Dry golden Fleece Terrace 
surface with loose sinter fragments and silica-cemented oncoids and plant stems.
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mats (yellow orange to greenish; Fig. 1c, d) tend to prevail and are associated with 
the formation of columns (Fig. 1d, arrow), conical tufted (Fig. 3e, f), fenestral 
“bubble mat” (Fig. 3c, d), or palisade stromatolites (Fig. 4b, c). At moderately 
high-temperatures (~60–73°C), laminated stratiform or pustular structures typi-
cally develop from mats populated by Chloroflexus and Synechococcus (e.g., 
Fig. 1a yellow discharge channel adjacent to vent). Nonphotosynthetic biofilms 
at high-temperatures (>73°C) form knobby, columnar, or spicular structures 
(Figs. 1a, b and 3a), otherwise known as “geyserite,” which were thought to be 
abiogenic (Castenholz, 1969; Walter, 1976b) until more recent work revealed 
microscopic biofilms (e.g., Cady and Farmer, 1996). The lamina thickness between 
mat- and biofilm-forming stromatolites differs between visually recognizable in 
the former (i.e., <73°C) to micron-scale in the latter (i.e., >73°C), and sinter is 
more likely to be dense and vitreous when precipitated at high temperatures 
(Weed, 1889; Walter, 1976b; Cady and Farmer, 1996; Braunstein and Lowe, 2001; 
Handley et al., 2005).

Stromatolite type is further controlled to a significant degree by a wide range 
of potential hydrodynamic settings (Lowe et al., 2001). Splash, spray, or fluctuating 
water levels (surging or even gentle ripples), for example, are most frequently associ-
ated with proximal vent sites, including geyser vents and spicular or columnar 
“geyserite” (e.g., Fig. 1a, b; Walter, 1976a; Jones et al., 1998; Braunstein and Lowe, 
2001; Mountain et al., 2003). Free-forming pisoliths, ooids, and oncoids are a com-
mon subaqueous feature of turbulent geyser/vent pools, generated by multidirec-
tional rolling motion (Walter, 1976a; Jones and Renaut, 1997). Oncoids also form 
under low-temperature wetting and drying conditions on some distal aprons (e.g., 
Renaut et al., 1996; Campbell et al., 2004), forming concentric silica laminae 
around plant fragments, invertebrates, or microbial filaments (e.g., Fig. 3j). In out-
flow channels, stromatolites are affected by flow rates. Mid-temperature columnar 
stromatolites will form at relatively deep water depths (e.g., Fig. 1d, arrow; Walter 
et al., 1972). Calothrix mats are apt to form coarsely filamentous palisades with thin 
sheet flow (Figs. 1e and 4a) but develop pustular mats with shrub-like structures in 
deeper water (Fig. 3g; Walter et al., 1998). On the other hand, at a range of tem-
peratures, higher velocity flow can result in the formation of substrate-attached, 
streamer fabrics that comprise massive collections of silicified filamentous forms 
elongated in the direction of flow (Fig. 3i; Walter et al., 1998; Smith et al., 2003).

figure 3. (continued) channel at Orakei Korako, trapping and silicifying bubbles from photosynthetic 
outgassing. Photo by Sue Turner. (d) Several fossilized bubbles (white ovate areas) partially filled in and 
surrounded by silicified, gray-green filamentous microbes from Tahunaatara sinter (~15 kyr BP, TVz). 
Photo by Tim Buddle. (e) “Phormidium” cyanobacterial tufts silicifying in a drying pool, Sentinel Mead-
ows, yNP. (f) Narrow, steep conical tufts (arrows) in Miocene Kohuamari sinter (Coromandel). (g) Calo-
thrix “puff balls” (arrows) in still, low-T terrace pool (~35°C), Fountain Paint Pots, yNP. (h) Shrubby, 
fossilized puff balls (arrows); Broken Hills sinter. (i) Well-developed streamer fabric in high velocity out-
flow channel of Steady geyser, Firehole Lake Drive, yNP. (j) gastropod encased in filamentous oncoid 
(arrows), within clotted, peloidal fabric typical of geothermally influenced marsh facies; HB2 sinter core 
(<60 years BP), Tokaanu, TVz. Photo by Kirsty Nicholson. (k) Pinnate diatoms (small, gray rods) set 
among large, brown amygdaloidal peloids in marsh facies, Tokaanu. Photo by Kirsty Nicholson.
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figure 3. Detail of typical siliceous sinter fabrics from modern and fossil, nearly neutral, alkali chlo-
ride hot springs in yellowstone and New zealand. (a) Spicular geyserite cross-section (Holocene, Te 
Kopia, TVz); Cady and Farmer (1996) illustrated filamentous biofilms forming upon similar high-T 
substrates from yNP. (b) Digitate microstromatolites (white) growing atop plant debris; Broken Hills 
sinter, Miocene Coromandel volcanic arc, New zealand. (c) Mid-T cyanobacterial mat in discharge  
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figure 4. Silica encrustation and patchy diagenesis of  filamentous palisade fabrics from Holocene 
sinters of the Taupo Volcanic zone, New zealand. (a) Recently silicified, coarsely filamentous mat 
(<60 years old) from HB2 spring, Tokaanu. Filaments (arrows) still preserve orange-brown organic 
pigmentation despite being silicified and covered by detritus. Photo by Kristy Nicholson. (b) SEM 
image of finely filamentous mat encrusted by opal-A microspheres. HB2 spring, Tokaanu. Image by 
Kristy Nicholson. (c) Finely filamentous palisade fabric with trapped gas bubbles (white) and erect fila-
ment horizons separated by prostrate filament laminae. Tahunaatara (~15 kyrs). Photo by Tim Buddle. 
(d) Patchy quartzose diagenesis (white solid areas) of coarsely filamentous thick palisade laminae from 
the Holocene (~4,700 years BP) Umukuri sinter (Campbell et al., 2001).

2.4.  DIAgENESIS

Similar to wood petrification and diagenesis of siliceous marine sediments (e.g., 
Wise and Weaver, 1974; Oehler, 1975; Stein, 1982), siliceous sinter undergoes a 
series of mineralogic and morphologic changes once deposited (Herdianita et al., 
2000a). Fresh sinter comprises noncrystalline microspheres of opal-A, which 
transform to noncrystalline, aligned nanospheres-upon-microspheres of opal-A/
CT, then to paracrystalline lepispheres or dumbbells of opal-CT, various types 
of nanostructures of opal-C, and eventually to blocky, microcrystalline quartz 
(e.g., Herdianita et al., 2000a, b; Campbell et al., 2001; Lynne and Campbell, 
2004; Lynne et al., 2007; Jones and Renaut, 2007). Silica residues, also found in 
some acidic geothermal areas, are destructional rather than constructional in ori-
gin and form smaller, irregular microspheres of opal-A, owing to acidification 
and remobilization of silica from surrounding country rock (Rodgers et al., 2002, 
2004). Using electron backscatter diffractometry, Lynne et al. (2007) have shown 
that crystallographic restructuring of sinter occurs before the silica mineral phase 
transformations, which, in turn, precede nano- to micron-scale morphological 
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changes within the sinter matrix. In other words, crystallographic axes realign at 
a fine-scale in the direction of the next most mineralogically mature silica phase 
prior to any sign (by XRD or SEM imaging) that the deposit is transitioning to 
the next phase. The spectrum of opal to quartz steps that occur during diagenesis 
is now understood to proceed at variable rates depending on environmental con-
ditions, including changes in the water table, pH, heat, and composition (e.g., 
organic content, carbonate, iron, etc.) (Herdianita et al., 2000a, b; guidry and 
Chafetz, 2003; Lynne et al., 2006, 2007).

Diagenesis affects microbial fabrics in at least two main ways. First, if  silici-
fication is early, and subsequent diagenetic modification not too severe, rapidly 
mineralizing hot spring deposits can serve as excellent archives for biological 
signatures in the geologic record and even form lagerstätte (e.g., Trewin, 1996; 
guido et al., in press). Second, recrystallization and reprecipitation of silica 
phase minerals from opal to quartz can easily obscure and even destroy biofabrics 
(e.g., Cady and Farmer, 1996; Walter et al., 1996; Campbell et al., 2001; Lynne 
and Campbell, 2003; Jones et al., 2004). Trichome and sheath diameters of cyano-
bacteria, for example, fill in or become encrusted with silica minerals, such that 
fine filaments from mid-temperature sinter aprons are difficult to distinguish from 
coarse filaments of low-temperature apron areas. However, many sinter deposits 
do not undergo diagenesis uniformly (e.g., Campbell et al., 2001; Lynne et al., 
2008). “Patches” of original macrofabrics are good targets to search for micros-
cale preservation of biosignals in sinters, including microbial microtufts, laminae, 
filaments, and microbubbles from photosynthetic degassing within stromatolitic 
macrostructures (e.g., guido and Campbell, 2009; guido et al., in press). Current 
research is focused on identifying the (micro)environmental factors that contribute 
to the rate at which diagenesis proceeds and the causes of spatial variability in the 
quality of sinter fabric preservation in the geologic record (e.g., Campbell and 
Lynne, 2006).

3.  Analytical techniques

3.1.  SAMPLINg AND PRESERVINg FRESH SINTER DEPOSITS

A large part of the ability to interpret stromatolites preserved in the geologic record 
derives from understanding modern systems. Numerous sedimentological and 
microbiological studies document the geochemical and hydrodynamic conditions 
affecting growth in relation to the mineralogical and microbiological textures formed 
(Walter et al., 1972; Walter, 1976a; Cady et al., 1996; Hinman and Lindstrom, 
1996; Jones and Renaut, 1997; Jones et al., 1998), aiding interpretations of relict 
deposits (e.g., White et al., 1989; Walter et al., 1996, 1998; Campbell et al., 2001). 
The approach to understanding actively forming siliceous stromatolites includes a 
small subset of experimental growth studies designed to examine the transitional 
phases in stromatolite accretion. Doemel and Brock (1974, 1977) conducted light 
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filtration experiments and added silicon carbide to the surfaces of nodular mats 
(alkaline hot spring waters, 46–70°C, yellowstone National Park) to demonstrate 
the mechanism of stromatolite formation in siliceous hot springs. Rapid lamina 
accretion occurred owing to upward migration of phototrophic Chloroflexus 
aurantiacus. Hinman and Lindstrom (1996) used silicon carbide markers to dem-
onstrate seasonal effects on the silicification of photosynthetic bubble mats. Other 
studies have employed artificial substrates to gauge stromatolite growth rates (e.g., 
Mountain et al., 2003; Handley et al., 2005). Furthermore, multiple time point 
sampling enabled tracking of the formation of microstromatolitic spicular sinter 
from Champagne Pool (75°C; New zealand), from its origins as microcolonies 
of filamentous thermophilic prokaryotes, and its development through recurrent 
recolonization (Handley et al., 2005). By examining varying effects of water level 
and hydrodynamics (ripples) on substrates, the study also demonstrated the subtle 
balance between silica deposition and microbial growth rates required for spicule 
formation.

An important consideration for field sampling is the ability to capture the 
transient nature of stromatolite surfaces, and hence the different laminae-forming 
events, which typically alternate between porous (microbe-rich) and nonporous 
(evidently microbe-poor/abiotic) sinter development (e.g., Cady and Farmer, 
1996; Mountain et al., 2003). The outcome of studies in which freshly deposited 
sinters are imaged also depends strongly on the choice of method used for sample 
preservation and analysis. Simple air drying of sinter samples post-collection and 
without fixation is sufficient to preserve large numbers of (silicified) microbial 
cells at sinter surfaces (e.g., Jones et al., 1997). Occasionally, localized films of 
desiccated EPS are also apparent (e.g., Jones et al., 1997). However, these biofilms 
are generally present in an altered state, owing to cellular decay, dehydration, and 
potential microbial contamination (e.g., fungal overgrowths) such that it is not 
possible to fully and accurately interpret their impact on stromatolite formation. 
The choice of biological fixative also has an effect on overall biofilm integrity. 
garland et al. (1979) found that a combination of fixative and mucopolysaccha-
ride stain resulted in better preservation of EPS and hence also retention of cells 
bound by the EPS, although the choice of stain/fixative clearly influenced the 
polysaccharide morphology.

3.2.  ANALySIS OF FRESHLy DEPOSITED SINTER

Multiple imaging methods have been employed to examine (sub)micron-scale 
textures and microbial–mineral associations in siliceous stromatolites. For freshly 
deposited sinter, the effect of the analytical technique on biofilm integrity and 
the nature of the target data (i.e., textural versus compositional) are important 
considerations. Scanning electron microscopy (SEM) is the core tool for examin-
ing textures and fabrics at a high resolution. Many, although not all, biological 
features are clearly distinguishable from the mineral matrix. The vacuum under 
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which samples are placed in traditional SEM causes the collapse of poorly or 
unsilicified microbial cells, owing to the evaporation of water. This problem can 
be overcome by first substituting water for a fluid with a low surface tension prior 
to drying, such as liquid CO2 via the critical-point drying method or hexamethyl-
disilazane (Anderson, 1951, 1952; Fratesi et al., 2004). Critical-point drying has 
been used to preserve the three-dimensional character of microbial cells on freshly 
deposited sinters from a range of physicochemical regimes, notably assisting in 
cell identification and interpretation of their roles in forming high-temperature 
and acidic microstromatolites (Cady and Farmer, 1996; Handley et al., 2005; 
Schinteie et al., 2007).

Other techniques are better suited to imaging the biofilms in their natural or 
near-natural form. Both cryo-SEM and environmental SEM (ESEM) enable 
analyses of cells and EPS in a hydrous three-dimensional state, through either 
flash-freezing biofilms and maintaining them at liquid nitrogen temperatures or 
analyzing them under a pressurized and humid atmosphere of air. In cryo-SEM 
studies of partially silicified cyanobacterial mats from Orakei Korako, New 
zealand, morphologically well-preserved cells were shown not only to be bound 
together in a tight fibrillar mesh of EPS but also to contain fibrillar cytoplasmic 
material (Fig. 5a, b; Lynne and Campbell, 2003). In ESEM, the gelatinous char-
acter of EPS is readily apparent (e.g., estuarine biofilm, Little et al., 1991; various 
terrestrial biofilms, Douglas, 2005; sinter surface biofilm, Handley et al., 2008). 
Cryo-SEM tends to illustrate the polysaccharide backbone of EPS and can dem-
onstrate the succession of structures formed throughout matrix desiccation and 
contraction, i.e., (1) the three-dimensional matrix, (2) two-dimensional films, and 
finally, (3) fibrillar (e.g., Handley et al., 2008). Real-time dehydration studies of 
the EPS matrix also can be undertaken by sublimation of ice in cryo-SEM 
(Fig. 5c, d) or by evaporation through decreasing the atmospheric pressure in 
ESEM (Handley et al., 2008, Fig. 5a–d). In this manner, effects of natural and 
post-collection dehydration can be simulated, and features typically obscured by 
EPS may then be exposed.

Transmission electron microscopy (TEM) permits visualization of the 
ultrastructural level detail of extra- and intracellular components. In sinter studies, 
TEM has been performed at ambient temperatures following alcohol dehydration, 
embedding, and ultrathin-sectioning (although forms of  cryo-TEM are also 
possible) to examine the nature of cellular-level silicification and the process of 
microfossil formation. Results have indicated that the pattern of  microfossil 
formation is dependent on the microbial community membership and thereby also 
the geothermal setting. For example, cells within a Chloroflexus mat, which had 
been undergoing silicification in a hot spring in Strokkur, Iceland, were encrusted 
extracellularly by silica spherules and within the cytoplasm only when cells appeared 
to have lysed (Konhauser and Ferris, 1996). In a similar TEM study, sheaths of the 
cyanobacterium, Calothrix, were shown to effectively exclude silica, resulting in 
extracellular silicification (Phoenix et al., 2000). In comparison, Handley et al. 
(2005) showed small, unsheathed filamentous cells from a thermophilic hot spring 
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biofilm tended to be silicified both intra and extracellularly. Both these silicified 
cellular fractions remained clearly distinct from one another. Nonetheless, Lalonde 
et al. (2005) revealed a curious lack of cell-associated silicification in experiments 
with the thermophilic Aquificales bacterium Sulfurihydrogenibium azorense. Silica 
aggregated within the protein-rich EPS that was expressed in response to environ-
mental silica but was not associated with cell surfaces.

In addition to textural characterizations are methods that enable clear iden-
tification of mineralogical (discussed below) and biofilm compositions. Confocal 
laser scanning microscopy (CLSM) combines two- or three-dimensional imagining 
with target-specific fluorescent staining (e.g., DNA, RNA, EPS) or autofluores-
cence (e.g., silica). One recent study of siliceous stromatolites employed CLSM to 
obtain compositional data and to examine spatial associations of sinter and bio-
film components in their hydrated state (Handley et al., 2008). Use of CLSM 
illustrated the prevalence and wide distribution of biofilm EPS, supporting obser-
vations from SEM analyses that mineralization of EPS creates silicified films at 
the sinter surface or fibrillar structures that contribute to stromatolite formation 
and textures.

figure 5. Cryo-SEM images of bacteria and associated EPS. (a) Cyanobacterial filament (center) from a 
mid-temperature mat at Orakei Korako, TVz, surrounded by fibrillar and sheet-like EPS partially silici-
fied by opal-A spherules (arrows). (b) Cross-section of a cyanobacterial filament (Mid-T, Orakei Kor-
ako), clearly depicting as yet unsilicified cytoplasmic material (arrow) encased in a sheath. (c) Cells (not 
visible) of the marine bacterium Marinobacter santoriniensis embedded in partially dehydrated sheet-like 
EPS. (d) Rod-shaped cell morphology of M. santoriniensis evident after further ice sublimation.
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Molecular phylogenetic techniques have largely replaced phenotypic analyses 
in order to investigate the complexity of bacterial and archaeal community com-
positions and identify uncultured organisms. The use of both techniques has 
revealed correlations between phylogeny and geothermal regime, and hence stro-
matolite type, and tentatively imply function where closely related cultivated 
representatives exist. This is particularly important for diverse nonphotosynthetic 
communities, where phylogeny cannot be determined by light microscopy. 
Nonphotosynthetic, thermophilic communities identified on sinters deposited 
from several thermal springs in yellowstone National Park, Iceland, and New 
zealand, based on 16S rRNA gene analyses, for example, were found to be abun-
dant in unclassified bacteria (i.e., with no near relatives in culture); organisms 
related to Thermotogales, Thermus spp., Saccharomonospora glauca, gammapro-
teobacteria, and the Aquificales bacteria Thermocrinis ruber and Aquifex 
pyrophilus (H2, S2O3

2− and/or S0 oxidizing); and the archaea Sulfolobales, 
Thermoplasmatales, Thermoproteales, and Desulfurococcales (Reyesenbach et al., 
1994; Huber et al., 1998; Inagaki et al., 2001; Blank et al., 2002; Meyer-Dombard 
et al., 2005; Benning and Tobler, 2008; Childs, 2008). Smith et al. (2003) used 
molecular phylogenetic techniques to identify bacteria responsible for forming 
large swaths of siliceous streamer fabric in a geothermal power station effluent 
drain. The community was found not to be dominated by a single organism but 
to contain a variety of bacteria, including relatives of the thermophilic betapro-
teobacterium, Hydrogenophilus sp. (H2-oxidizing), Chloroflexi, and cyanobacte-
ria. Bacterial communities have also successfully been identified from within 
sinter deposited years previously using 16S rRNA gene analysis (e.g., Neilan 
et al., 2002).

In environmental microbial ecology, there is also increasing accessibility and 
application of metagenomics, transcriptomics, and proteomics, as well as specific 
gene expression studies to community analysis, permitting detailed assessment of 
community structure and gene and protein expression (Maron et al., 2007; Bertin 
et al., 2008). Research groups have already begun applying these powerful tech-
niques to microbial mats in hot spring systems. In a study by Bhaya et al. (2007), 
genomic sequencing of two dominant but ecologically dissimilar Synechococcus 
strains (i.e., ecotypes) from hot springs in yellowstone National Park revealed 
differences in phosphate and nitrogen pathways, indicating that the strains had 
developed different nutrient requirements. In comparing these sequences to 
metagenomic data from mats, the authors also found greater strain-level variation 
in the Synechococcus populations at lower rather than at higher temperatures and 
identified a distinct population with genes for Fe(II) uptake and assimilation. 
In another study, the expression of oxygenic versus anoxygenic photosynthesis 
and nitrogen fixation genes was examined in a thermophilic microbial mat (Tibet) 
(Lau and Pointing, 2009). Results showed a clear vertical transition from 
sequences that indicate phototrophic and nitrogen-fixing chemolithoautotrophic 
bacteria at the surface to those indicating anoxygenic phototrophs with depth. 
In a similar study, Steunou et al. (2006) determined gene sequences specific to 
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Synechococcus ecotypes in a microbial mat (Octopus Spring, yellowstone 
National Park). From these, they tracked the expression of the Synechococcus 
genes through day and night, depicting, for example, a decline in photosynthesis 
and respiration in the evening and an increase in nitrogen fixation toward the end 
of the day as photosynthesis declined and anoxia encroached in the mats.

3.3.  ANALySIS OF MODERN TO FOSSIL TERRESTRIAL  
HOT SPRINg DEPOSITS

Certain analytical techniques are equally applicable to both modern and ancient 
sinters, such as mineralogical analyses of sinter and textural characterizations of 
sinter and microfossils. X-ray diffraction, used primarily in this context to differ-
entiate between silica polymorphs, is complemented by Raman spectroscopy and 
thermal analysis in tracking sinter crystallinity and maturity (Herdianita et al., 
2000a, b; Lynne et al., 2005, 2008). As for freshly deposited sinter, SEM underpins 
textural characterizations of fossil stromatolitic laminae and microbes. Optical 
light microscopy of thin sections of (micro)stromatolite cross sections is impor-
tant for obtaining a well-contrasted overview of microstromatolitic laminations 
and microfossils – particularly laminae-forming microfossils – from low- or mid-
temperature deposits (e.g., Braunstein, 1999; Jones et al., 2000; Campbell et al., 
2001; Lynne and Campbell, 2003; Handley et al., 2005; guido and Campbell, 
2009; guido et al., in press) and to reduce misidentifications of what may, in 
fact, be pseudofossils (cf. Buick, 1991). Microfossils can also be detected in high-
temperature deposits by light microscopy where cells have been enlarged by silica 
encrustation but only to a very limited extent (Handley et al., 2005). SEM is par-
ticularly important when imaging the small diameter cells typical of (hyper)ther-
mophiles (e.g., Cady and Farmer, 1996).

Refractory lipids provide a long-surviving source of information on mem-
bers of eukaryotic, bacterial, and archaeal microbial assemblages as opposed to 
DNA, which is more readily degraded. Studies of modern and recently relict sin-
ters prove the efficacy of the method for interpreting lipid signatures in ancient 
sinters and exploring differences in lipid preservation. Up to genera-level resolu-
tion of bacteria has been inferred from lipid compositions in modern hot spring 
settings, based on lipid profiles of pure cultures. Analyses of various refractory 
polar lipids (e.g., monoglycosyl, diglycosyl, and sulfoquinosovyl diglycerides, and 
phosphatidyl glycerol, 2b-methylbacteriohopanepolyols, and methylalkanes) have 
been used to distinguish among bacterial genera present in a modern thermophilic 
cyanobacterial mat at Octopus Spring, yellowstone National Park (Ward et al., 
1994; Jahnke et al., 2004). Meanwhile, lipids indicative of novel organisms, ther-
mophiles, archaea, bacteria, and the bacterial genus Roseiflexus and order 
Aquificales were identified from silicified microbial communities within several 
high-temperature sinters from the Taupo Volcanic zone, New zealand (Pancost 
et al., 2005). Kaur et al. (2008) examined concentrations of bacterial and archaeal 
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diether lipids of a similar chemical structure and expected level of preservation to 
determine temporal changes in community structures in a sinter accumulated 
over 900 years (Champagne Pool). Their results suggested a dramatic transition 
in the relative abundances of bacterial and archaeal communities.

4.  summary and significance of Hot springs and their Deposits

The attraction of hot spring settings is both in the extreme microbial life they host 
and in their capacity to act as time capsules of paleoecological and paleoenviron-
mental information. Hot springs lure microbiologists to the discovery of novel 
enzymes, notably those that are thermostable (e.g., Turner et al., 2007). Arguably, 
the most famous case is that of the isolation of thermophilic Thermus aquaticus 
from a hot spring in yellowstone National Park, followed by the isolation of ther-
mostable Taq polymerase from T. aquaticus – a DNA polymerase widely used 
in polymerase chain reactions for DNA amplification (Brock and Freeze, 1969; 
Chien et al., 1976). In addition, the sinter deposited in many thermal springs is 
valued for preserving traces of microbial life deep into the geological record, and 
as such rendering insights into early forms of life on Earth (e.g., Trewin et al., 
1994; Walter et al., 1998). However, there is also much interest in the application 
of terrestrial stromatolite studies to the search for fossilized life on Mars (e.g., 
Cady et al., 2003; Des Marais et al., 2008). Convincing evidence now exists for sili-
ceous hot spring deposits on Mars. The Mars Reconaissance Orbiter (MRO) High 
Resolution Imaging Science Experiment (HiRISE) detected geomorphic features 
closely resembling terrestrial thermal features on Earth, including a large fracture 
system and aligned spring-like elliptical mounds with central vents, terracing, and 
concentric zoning of color (» composition) (Allen and Oehler, 2008). Meanwhile, 
silica-rich deposits were also discovered on Mars by Spirit rover, and they were 
found in conjunction with volcanic deposits (e.g., basalt, tephra, and hydrated 
ferric sulfates), giving strong indication for the siliceous material to have formed 
under (low-pH acid-sulfate) hydrothermal conditions (Squyres et al., 2008).

Future research on terrestrial hot springs will likely involve increased 
emphasis on genomic, transcriptomic, and proteomic studies to establish the 
intricacies of microbial communities and their metabolisms and better under-
stand the ecology of these systems as analogs for early forms of life. Even so, 
detecting and interpreting biosignatures present in stromatolites necessitates that 
data from manifold approaches be taken into account, i.e., studies of modern 
sinters to identify relationships between environmental conditions and microbes 
that affect the overall morphological and internally laminated construction of 
stromatolites; microbial community information (phylogenetic and functional); 
and the underlying causes of the differential effects of diagenesis. This also 
includes examining the processes of biofilm silicification and fossilization, which 
can involve both cells and EPS, and can also be fraught by inconsistencies, such 
as species-specific fossilization biases (e.g., Westall, 1997; Westall et al., 2000; 
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Handley et al., 2008). The wider physical context of sinters, namely stromatolitic 
patterns in relict deposits that match microfacies in modern hot springs settings, and 
other potential nonmorphological evidence such as lipid biomarkers, are especially 
important for avoiding potential misapplication of a biological origin to abiotic 
structures, e.g., filament-like mineral inclusions (Hofmann and Farmer, 2000).
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Abstract Poised at the biosphere–lithosphere interface, the microbial consortia 
associated with stromatolites have a profound impact on the evolution of Earth’s 
environment. In this chapter, we review the current state of knowledge of microbial 
diversity in extant stromatolites by examining data generated using cultivation-
independent molecular techniques. Specifically, we compare natural stromatolitic mat 
systems of three distinctive habitats: the hypersaline pools of Shark Bay, Austra-
lia; the open ocean stromatolites of Highborne Cay, Bahamas; and the lacustrine  
lagoons of Ruidera Pools, Spain. We compare these natural systems to an experimen-
tal artificial microbialite, looking for fundamental differences and similarities within 
the microbial communities. Of the 21 bacterial phyla or sub-phyla detected in the 
various stromatolite ecosystems, only Cyanobacteria were found dominant in all habi-
tats. Within the phylum, few cyanobacterial ecotypes were common to all ecosystems. 
The marine and hypersaline stromatolite ecosystems had significantly higher bacte-
rial diversity than did the artificial microbialite or the freshwater stromatolite, and 
the diversity approached that observed in non-lithifying hypersaline microbial mats. 
Finally, we consider the ecological insights provided by the acquisition of metag-
enomic sequence data for understanding stromatolite diversity and function. These 
high-throughput metagenomic sequencing approaches have been applied to modern 
stromatolitic and microbialitic mat communities and have facilitated a higher resolu-
tion characterization of microbial diversity at the molecular-level, thus providing an 
initial glimpse into the functional complexity of these dynamic ecosystems.

Keywords Stromatolites • Microbial diversity • Cyanobacteria • Highborne Cay 
• Shark Bay • Artificial microbialites • Ruidera Pool • Alphaproteobacteria 
• Metagenomics • Functional genetics

1.  introduction

For much of the Earth’s history, stromatolites dominated the ancient landscape 
(Awramik, 1984). With fossils dating back over three billion years (Byerly et al., 
1986; Grotzinger and Knoll, 1999), the geologic record of stromatolites clearly 
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shows the extensive role microbes have played in the evolution of Earth’s environment 
(Kasting, 2001). Stromatolite morphology and structure are the direct result of 
microbial activities and provide key insight into the nature of  these complex 
ecosystems (Burne and Moore, 1987).

To examine the specific role that microbes have played in the formation and 
accretion of stromatolites, it is necessary to delineate the community composition 
of the microbial mats associated with these structures. Microbial mats are multi-
layered communities that drive the biogeochemical cycling of key elements within 
the stromatolite ecosystem. All “living” stromatolites are the products of microbial 
mat metabolic activity and geochemical cycling resulting in the accretion and pre-
cipitation of carbonate structures (Reid et al., 2000). However, not all microbial 
mats are conducive to the formation of stromatolitic structures (e.g., Dupraz and 
Visscher, 2005). Microbial mats capable of forming stromatolitic structures are 
dependent on the surrounding geochemical conditions, dominant metabolisms, 
and community composition (Havemann and Foster, 2008).

Prior to the molecular age, stromatolitic microbial mats were characterized pri-
marily by morphology of the most dominant functional group (e.g., cyanobacteria), 
as well as the meso and macrostructure of the mineral structures (Papineau et al., 
2005; Dupraz and Visscher, 2005). Now, with the advent of molecular high-through-
put sequencing, ecotypes within the mat community can be delineated and compared 
among different stromatolite communities. The likelihood that the specific ecotypes 
found in modern stromatolitic mats can serve as exact proxies for Precambrian 
microbes is low; however, modern ecotypes may share with their ancient counterparts 
many basic fundamental metabolisms. Although many specific metabolic functions 
have been conserved over time, the exchange and rapid evolution of microbes via 
lateral gene transfer and interaction with viruses have made understanding the evolu-
tion of the microbial communities in stromatolites difficult. Despite such caveats, these 
modern analogs to Earth’s microbial past offer an insightful view into the genetic and 
biochemical interactions between microorganisms and the ambient environment.

In this chapter, we produce a current census of stromatolite microorganisms. 
We compare the microbial diversities in the three prominent extant ecosystems – the 
hypersaline stromatolites of Shark Bay, Australia; the open ocean stromatolites of 
Highborne Cay, Bahamas; and the freshwater stromatolites of Ruidera Pool, Spain. 
We compare these natural ecosystems to an in vitro artificial microbialite model to 
ascertain if there are fundamental ecotypes associated with stromatolite formation. 
Finally, we discuss the emerging field of metagenomics and how this high-throughput 
sequencing approach has and will continue to rapidly expand our understanding 
of microbial diversity and functional complexity in modern stromatolites.

2.  the Modern Stromatolite Habitats

Although once dominant on the early Earth, modern analogs of ancient stroma-
tolites are far more limited in their global distribution. Although the frequency of 
their occurrence is low, the variety of habitats that stromatolites occupy is diverse. 
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In this section, we examine three aquatic habitats where microbe-dominated 
communities form laminated carbonate scaffolding via interconnected metabolic 
and geochemical processes. For our microbial census, we chose stromatolite eco-
systems that have been analyzed by way of cultivation-independent cloning and 
sequencing of the small subunit ribosomal RNA gene (i.e., 16S rRNA). The habi-
tats, locations, and GenBank accession numbers used in this comparative analysis 
are listed in Table 1. Only those sequences generated via domain-level clone libraries 
were used in phylogenetic and diversity analyses. As a result of variations in sequence 
length and position, not all sequences were appropriate for diversity analyses. Each 
stromatolite sample was processed by different researchers and methodologies, 
thus the direct comparison of these samples should be considered in this context. 
Likewise, we note that the statistical analyses of the sequence data can be sensi-
tive to the number of clones analyzed for each sample (e.g., Hughes et al., 2001). 

table 1. Overview of modern stromatolite and microbial mat community 16S rRNA gene sequences.

Habitat location
Number of 
sequences

Genbank accession 
number

Used in 
analysesa references

Hypersaline Shark Bay 29 Ay429113–Ay429141 yes Burns et al. (2004)
Hypersaline Shark Bay 63 Ay430099–Ay430161 yes Burns et al. (2004)
Hypersaline Shark Bay 18 Ay433816–Ay433833 yes Burns et al. (2004)
Hypersaline Shark Bay 34 Ay435178–Ay435211 yes Burns et al. (2004)
Hypersaline Shark Bay 136 EF150675–EF150810 yes Goh et al. (2009)
Hypersaline Shark Bay 478 EU851765–EU852242 yes Papineau et al. (2005)
Hypersaline Shark Bay 34 Ay604655–Ay604688 No Burns et al. (2005)
Marine HBCb 174 EU917948–EU918121 yes Havemann and Foster 

(2008)
Marine HBC 859 FJ911975–FJ912833 yes Baumgartner et al. (2009)
Marine HBC 5 DQ822785–DQ822789 No Unpublished
Marine HBC 164 EU248965–EU249128 No Foster et al. (2009)
Marine Artificialc 408 EU917540–EU917947 yes Havemann and Foster 

(2008)
Freshwater Ruidera 2 EU780449–EU780450 yes Santos et al. (2010)
Freshwater Ruidera 80 EU753608–EU753687 yes Santos et al. (2010)
Freshwater Ruidera 66 Ay566310–Ay566375 yes Santos et al. (2010)
Freshwater Cuatros 

Ciénegas
13 Ay541045–Ay541057 No Elser et al. (2005a)

Hypersaline Guerrero 
Negrod

1655 DQ329539–DQ331020 yes Ley et al. (2006)
DQ397339–DQ397511

aOnly sequences generated from domain-level clone libraries were used for the phylogenetic and di-
versity analyses. Where necessary, short sequences were excluded from analyses. Libraries generated 
from cyanobacterial primers or sequences isolated from DGGE were excluded from the phylogenetic 
analyses
bSequences were derived from Type 2 stromatolites from Highborne Cay, Bahamas (HBC)
cArtificial microbialites were derived from stromatolites isolated from Highborne Cay, Bahamas
dHypersaline microbial mats from Guerrero Negro, Mexico were used as a non-lithifying mat reference 
community
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Nonetheless, the combined analysis of multiple ecosystems is powerful, and reveals 
that each ecosystem possesses different environmental challenges, influencing the 
adaptation and selection pressures on the stromatolite microbial communities.

Diversity indices for all four of the different communities were generated 
from raw sequence data downloaded from the GenBank sequence database 
(Table 2). Bacterial 16S rRNA gene sequences were aligned using the online soft-
ware package Greengenes (DeSantis et al., 2006b), and these alignments were 
imported into the phylogenetic software package MEGA (Kumar et al., 2008). 
A distance matrix was generated from the alignments using only positions shared 
by all sequences in each dataset, and using the maximum composite likelihood 
substitution model. The distance matrix was processed using the software pack-
age DOTUR (Schloss and Handelsman, 2005), with a 97% sequence similarity 
used as the threshold for inclusion in an operational taxonomic unit (OTU). 
Sequence characterization was also performed using the aligned sequences by 
implementing the online Greengenes DNA maximum likelihood (DNAML) 
classification tool (Fig. 1). For the generation of phylogenetic trees, the aligned 
sequences were imported into the software package ARB (Ludwig et al., 2004) 
and inserted into a 16S rRNA gene tree by implementing the parsimony option 
while keeping the tree topology fixed using a bacterial 50% conservation filter. 
This approach allows the simultaneous insertion of sequences of varying length 
and position into a single phylogenetic tree produced from near full-length 
sequences. A compressed phylogenetic tree that depicts the relationship between 
all examined stromatolites habitats is shown in Fig. 2.

2.1.  DIVERSITy IN MARINE STROMATOLITES

Geologic evidence has indicated that the salt content of the Precambrian ocean 
was at least twice that of the modern ocean (Knauth, 1998; Arp et al., 1999) and 
that the first stromatolitic microbial ecosystems most likely formed in these hyper-
saline or intertidal conditions (Monty, 1977; Arp et al., 2001). Characterizing the 
diversity in microbial mats that form laminated stromatolitic structures in modern 
marine habitats, specifically hypersaline environments, may facilitate our under-
standing of these ancient ecosystems, as salinity has been shown to be a major 
driving factor in environment-specific evolution (Lozupone and Knight, 2007).

2.1.1.  Hypersaline Stromatolites in Shark Bay
The hypersaline stromatolites of Hamelin Pool, in Shark Bay, Australia represent 
one of the most prominent and abundant examples of living accreting stromato-
lites on Earth (Burns et al., 2004; Neilan et al., 2002; Papineau et al., 2005). First 
discovered in 1954 (Playford and Cockbain, 1976), the stromatolites of Shark 
Bay have had a significant impact on stromatolite research, as they were the first 
described microbe-induced build-ups analogous in size and shape to fossilized 
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Figure 1. Overview of microbial diversity in modern stromatolite communities. Bars represent the 
total number of bacterial sequences (n) recovered from each phylum and separated based on their 
associated DNA maximum likelihood values (black bars, >0.90; open bars, 0.80–0.90; light gray bars, 
0.70–0.80; and dark gray, <0.70). Graphs are also separated based on habitat and represent those 
sequences recovered from stromatolitic mats derived the (a) hypersaline waters of Shark Bay; (b) nor-
mal marine stromatolites of  Highborne Cay; (c) freshwater lacustrine system of  Ruidera Pool; and 
(d) laboratory cultivated microbialitic mats derived from Type 2 Highborne Cay stromatolites.
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Figure 2. Phylogenetic tree of 16S ribosomal RNA (rRNA) gene sequences recovered from freshwater, 
marine and hypersaline stromatolites. Sequences were downloaded from GenBank, aligned using 
the software package Greengenes, and inserted into tree within the software package ARB using the 
parsimony tool and a bacterial 50% conservation filter. Major clades are compressed, and the total 
number of  stromatolite sequences generated from clone libraries of  artificial and natural stromato-
lite samples within each clade is indicated in brackets. Phyla or sub-phyla for which multiple taxa 
are shown (e.g., family- or order-level clades) are highlighted in gray. The scale bar represents 10% 
sequence divergence.
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Precambrian stromatolites (Riding, 1991; Reid et al., 2003). The microfabrics of 
the Shark Bay stromatolites form via two major processes, the trapping and bind-
ing of organosedimentary material as well as the micritization of carbonates (Reid 
et al., 2003). Both processes require the involvement of microbes. Analyses of the 
16S rRNA gene sequences recovered from the Shark Bay stromatolites (n = 605) 
clearly show a diverse and novel community of both archaea and bacteria (Burns 
et al., 2004; Papineau et al., 2005). Although archaea are important in modern 
stromatolites, this chapter focuses only on bacterial diversity. A comparison of all 
Shark Bay 16S rRNA gene sequences available in GenBank detected 17 different 
bacterial phyla or sub-phyla (Fig. 1a). Based on these 16S rRNA gene sequences, 
the Shark Bay stromatolites appear to be dominated by Alphaproteobacteria 
(20%), Actinobacteria (16%), and Cyanobacteria (15%). Note, however, only 
those sequences generated via domain-level primers (Lane, 1991; DeLong, 1992; 
Table 1) were used in these clone library comparisons. Sequences derived from 
denaturing gradient gel electrophoresis (DGGE), functional group-specific prim-
ers (e.g., cyanobacterial), or intergenic spacer region sequencing were not included 
in any of the phylum-level comparisons of this analysis. The other dominant 
phyla or sub-phyla in the Shark Bay stromatolites included Planctomycetes (11%), 
Gammaproteobacteria (10%), and the Firmicutes (9%). The high level of phylum-
level diversity expanded at narrower taxonomic levels (Table 2). The Shannon 
index of the Shark Bay stromatolites was high (4.54), and a Chao1 estimate of 
359 phylotypes at a 97% sequence identity threshold. This level of diversity was 
similar to that detected in the marine stromatolite from Highborne Cay. Both the 
marine stromatolite and the hypersaline stromatolite diversity indices approached 
the diversity level detected in a highly diverse non-lithifying microbial mat from 
Guerrero Negro, Baja, Mexico (Table 2; Ley et al., 2006). The microbial commu-
nity in the Shark Bay stromatolite samples also exhibits a high degree of sequence 
novelty in several key taxa (Fig. 1a). For example, more than half  the recovered 
sequences from the Actinobacteria, Deltaproteobacteria, and Planctomycetes had 
DNAML values below 0.90 (Fig. 1a). These DNAML values were calculated by 
comparing the target sequences to the reference sequences in Greengenes database 
(i.e., ARB). The closer these values are to 1.0, the higher the matching probability 
with sequences in the curated database (DeSantis et al., 2006a).

2.1.2.  Open Ocean Stromatolites
The well-laminated carbonate build-ups along the margins of Exuma Sound, 
Bahamas, represent the only known example of extant stromatolites in normal 
marine salinity (Dravis, 1983; Dill et al., 1986; Reid et al., 1995). One location 
in particular, the island of Highborne Cay, has been the subject of several recent 
molecular, biogeochemical, and geological investigations into the formation and 
development of these modern accreting stromatolites (Reid et al., 2000; Decho 
et al., 2005; Perkins et al., 2007; Foster et al., 2009). There are three major mat types 
(Type 1, 2, and 3) found in the intertidal and subtidal zones of  Highborne Cay. 
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Each mat type is classified based on the extent of carbonate precipitation and 
taxonomic richness (Reid et al., 2000; Baumgartner et al., 2009; Foster et al., 2009). 
Comparative analysis of the available 16S rRNA genes recovered from Highborne 
Cay stromatolites revealed that when pooled, these three stromatolitic mat types 
contain the highest level of diversity found in any modern stromatolite (Table 2). 
Together, there were 20 different phyla detected in the Highborne Cay stroma-
tolitic mats with the Alphaproteobacteria (38%) and Cyanobacteria (18%) domi-
nating (Fig. 1b). The diversity of each mat type was also high even when they 
were examined separately (Table 2). For example, in samples of Type 2 stroma-
tolites, which are considered to be an intermediate stage of Highborne Cay stro-
matolite development (Reid et al., 2000), 18 different phyla or sub-phyla were 
detected. These samples were similarly dominated by the Alphaproteobacteria 
(20%) and Cyanobacteria (18%) (Havemann and Foster, 2008). Other taxa that 
were detected in high abundance were Bacteroidetes (9%), Planctomycetes (9%), 
Deltaproteobacteria (8%), and Gammaproteobacteria (7%; Fig. 1b). DNAML 
analyses of the combined Highborne Cay sequences revealed the highest level of 
sequence novelty in the Chloroflexi, Planctomycetes, and Deltaproteobacteria with 
the majority of sequences below 0.89 (Fig. 1b). These results may suggest that 
several of these ecotypes may be geographically localized to the stromatolites of 
Highborne Cay.

2.2.  DIVERSITy IN FRESHWATER STROMATOLITES

In addition to the marine habitats, stromatolitic carbonate build-ups have also 
been reported in freshwater ecosystems (Pedley, 2000). Many of these freshwater 
stromatolitic communities undergo periodic desiccation events (Pedley, 2000) and 
some, such as the fresh water microbialites of Cuatros Ciénegas Basin, Mexico, 
have biological signatures that suggest that these freshwater pools once had a 
marine origin (Souza et al., 2006; Desnues et al., 2008).

2.2.1.  Ruidera Pools, Spain
The only two modern freshwater microbialite ecosystems that have been com-
prehensively examined at the molecular level are the fluvio-lacustrine system in 
Ruidera Pools National Park in Central Spain, and the phosphorus-poor pools 
of the Cuatros Ciénegas Basin in Mexico. The latter ecosystem has been exam-
ined via high-throughput metagenomic sequencing and will be discussed elsewhere 
in this chapter. However, the stromatolitic tufas of Ruidera Pools represent one 
of the most prominent sites of carbon sequestration and precipitation in Europe 
(Ordóñez et al., 2005; Santos et al., 2009). Currently available 16S rRNA sequences 
mined from GenBank reveal that 54% of the sequences recovered from the Ruidera 
stromatolites are Cyanobacteria (Fig. 1c). The other dominant phylum from the 
Ruidera Pools was the Firmicutes (19%); however, quantitative PCR results indicated 
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that these were not active members of the community (Santos et al., 2009). As these 
microbial communities are susceptible to the periodic desiccation and flooding events 
typical of the Ruidera Pools, the prominence of desiccation-resistant microbes such 
as the spore forming Firmicutes might not indicate a specific function essential 
for stromatolite formation, but merely a reflection of environmental adaptation. 
However, the taxonomic analyses of these freshwater microorganisms suggest that 
there are very few novel ecotypes in this system as most sequences had DNAML 
values above 0.90. In contrast to the marine and hypersaline stromatolites, the 
Alphaproteobacteria were relatively minor constituents (7%) of the total microbial 
community. Diversity indices reveal that the microbial consortia of the Ruidera 
Pool stromatolites are the lowest of all the communities compared and this may 
in part reflect the tremendous dominance of Cyanobacteria in the clone library 
(Table 2). Nonetheless, the clone library coverage was significantly lower (61%) for 
this freshwater ecosystem than the others. Additional sequencing will need to be 
performed to definitively demonstrate lower community diversity.

2.3.  DIVERSITy IN ARTIFICIAL MICROBIALITES

To complement studies of the natural ecosystems, several researchers have devel-
oped laboratory analogs to model the initiation and development of modern 
stromatolites and microbialites (Fenchel and Kühl, 2000; Dupraz et al., 2006; 
Havemann and Foster, 2008; Foster and Mobberley, 2010). These artificial models 
can serve as proxies for the microbes and metabolic activity associated with micro-
bialite formation. Comparisons between these artificial and natural communities 
have revealed key organisms associated with the carbon sequestration and precipi-
tation processes (Havemann and Foster, 2008). Experimentally lithifying microbi-
alites derived from the marine stromatolites of Highborne Cay show a decreased 
diversity relative to the natural stromatolites (Table 2; Fig. 1d). The decrease in diver-
sity appears to represent a loss of diversity, as the microbial community in the 
experimental ecosystems was predominantly a subset of that found in the natu-
ral ecosystem (Havemann and Foster, 2008; Fig. 1b, d). The lower diversity levels 
can assist in developing laboratory-based models to isolate those specific ecotype 
and processes associated with carbonate precipitation in modern microbialites. 
Likewise, a lower diversity may also simplify the identification and isolation of 
those ecotypes essential for stromatolite formation. As in the Highborne Cay stro-
matolites, the artificial microbialites are dominated by Alphaproteobacteria (30%) 
and Cyanobacteria (18%; Fig. 1d). The representation of the other major phyla 
mirrors that of those in the natural system (Fig. 1d), clearly indicating that even 
after 1.5 years in cultivation the natural stromatolitic mat diversity was maintained 
under artificial conditions (Havemann and Foster, 2008). These results suggest that 
these artificial microbialites may serve as useful analogs that can be experimentally 
manipulated under simulated environmental conditions.
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3.  Dominant Phyla in Modern Stromatolites

Bacteria from the phylum Cyanobacteria are the predominant organisms present in 
all the stromatolites, and bacteria affiliated with the sub-phylum Alphaproteobacteria 
are the most abundant bacteria detected in the marine and hypersaline stromato-
lites. We discuss these organisms in greater detail later. In addition, we note the 
abundance of organisms affiliated with the phylum Planctomycetes and class 
Anaerolineae of the phylum Chloroflexi in the marine and hypersaline stromat-
olites. Although a subset of Planctomycetes are capable of anaerobic ammonia 
oxidation (ANAMMOX), many of the detected sequences in this study were not 
affiliated with these ANAMMOX bacteria (e.g., “Wittenberg polluted soil” or 
WPS bacteria of unknown physiology; Nogales et al., 2001). Likewise, bacteria 
from the class Anaerolineae are filamentous chemo-organotrophic anaerobes 
(yamada et al., 2006) in a phylum known for green non-sulfur photosynthetic 
bacteria. We note that sequences affiliated with the Chloroflexi were the most 
abundant in the deeper, perpetually anaerobic zone of hypersaline microbial mats 
from Guerrero Negro, Baja, Mexico (Ley et al., 2006). Sequences affiliated with 
these taxa were observed to have low DNAML values (Fig. 1). This reflects a lack 
of isolated representatives and concurrently, a general ignorance of the role of 
the respective organisms in natural ecosystems. One surprising finding from the 
clone libraries of the marine and hypersaline systems was the absence of a sub-
stantial number of sequences affiliated with sulfate-reducing bacteria (SRB) of 
the sub-phylum Deltaproteobacteria (Fig. 2). These organisms have been shown 
to be abundant in non-lithifying microbial mat ecosystems (e.g., Minz et al., 1999) 
as well as lithifying stromatolites (e.g., Baumgartner et al., 2006), even in aerobic 
locations. Further work will be required to demonstrate that this is not an artifact 
of the sampling and analytical approach.

3.1.  THE CyANOBACTERIA

Of all the phyla detected in modern stromatolites, none is more prominent than 
the Cyanobacteria. Often considered the driving metabolic force behind stroma-
tolitic mat metabolism and early lithification (Pinckney and Reid, 1997; Dupraz 
et al., 2004; Visscher and Stolz, 2005), cyanobacteria represent a morphologically 
and molecularly diverse functional group (Golubic and Browne, 1996; Neilan 
et al., 2002; Reid et al., 2000; Stolz et al., 2001; Burns et al., 2004; Foster et al., 
2009). Comparisons between the four communities revealed pronounced differ-
ences and similarities between the cyanobacterial populations (Fig. 3). One of 
the most surprising observations was the presence of Leptolyngbya-like cyanobac-
teria in all three natural communities (Fig. 3, Clusters 1–6). Interestingly most 
of the Leptolyngbya-like clusters contained sequences recovered from both Shark 
Bay and Ruidera Pool stromatolites (Fig. 3; Clusters 2–6). These ecotypes were 
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not detected in either the natural or artificial marine stromatolites, but together 
with several sequences from the Nostocales, they represented all the Ruidera Pool 
Cyanobacteria. Only Leptolyngbya-like organisms identified in Cluster 1 were 
common to Shark Bay and Highborne Cay. Leptolyngbya ecotypes have filamen-
tous morphotypes and have been shown to exhibit key physiological character-
istics associated with stromatolite formation (Foster et al., 2009). Despite some 
shared Leptolyngbya ecotypes, in general, there was limited overlap in cyanobac-
terial community composition between Shark Bay and Highborne Cay stroma-
tolites. The dominant Shark Bay cyanobacteria included unicellular diazotrophs 
belonging to the Cyanothece-Halothece cluster (Fig. 3; Clusters 9 and 10). Such 
organisms have been found in several hypersaline non-lithifying microbial mat 
communities such as Guerrero Negro, Mexico (Omoregie et al., 2004; Ley et al., 
2006; Green et al., 2008). Highborne Cay stromatolitic mats contained a highly 
distinctive cyanobacterial community, including representatives of the  unicellular 

Figure 3. Phylogenetic tree of Cyanobacteria 16S rRNA gene sequences from clone libraries produced 
using general bacterial primers. Major clusters are compressed, and the total number of stromatolite 
sequences generated from clone libraries is indicated in brackets. The number of sequences from each 
of four types of stromatolites (artificial microbialite from Highborne Cay, natural stromatolite from 
Highborne Cay, natural stromatolite from Ruidera Pool, and natural stromatolite from Shark Bay) are 
indicated after a semicolon and separated by a comma. Representative sequences of each cluster are 
indicated. The scale bar represents 10% sequence divergence.
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Synechococcus spp. (Cluster 13) and Xenococcus spp. (Cluster 14) as well as 
filamentous Lyngbya spp. (Clusters 7 and 11). The recovery of 16S rRNA gene 
sequences from these putatively diazotrophic cyanobacteria in Highborne Cay 
stromatolites correlates well with previously described nitrogenous biochemical 
activities and nifH gene profiles of these communities (Steppe et al., 2001; Paerl 
et al., 2001). Interestingly, heterocystous cyanobacteria were essentially absent 
from these stromatolite communities. A few sequences affiliated with the order 
Nostocales (e.g., Calothrix sp.) were detected in the Ruidera Pool and Shark Bay 
stromatolites, but represent only a small fraction of the total cyanobacterial com-
munity (Fig. 3). Prior studies have shown that heterocystous cyanobacteria are 
absent from submerged hypersaline microbial mats, even under lowered salinity 
and sulfate conditions (e.g., Stal, 1995; Bebout et al., 2004; Green et al., 2008). 
This absence appears to extend to lithifying microbial mat communities as well, 
with an exception described later in this chapter.

3.2.  THE ALPHAPROTEOBACTERIA

The Alphaproteobacteria represent one of the most metabolically diverse bacterial 
sub-phyla and are found in most stromatolite and microbial mat communities 
(Ward et al., 1998; Ley et al., 2006; Havemann and Foster, 2008). The stromatolitic 
mats of Highborne Cay and Shark Bay are dominated by this sub-phylum with par-
ticularly high representation by photoheterotrophic purple non-sulfur bacteria of 
the orders Rhodobacterales and Rhizobiales. Heterotrophic Alphaproteobacteria, 
such as those from the genus Parvularcula and prosthecate bacteria of the genera 
Hyphomonas and Hyphomicrobium, are also abundant in the HBC stromatolites. 
By far, phototrophic and heterotrophic Alphaproteobacteria were the most abun-
dant and diverse in the natural Highborne Cay stromatolites, with representative 
sequences from half  of the defined clusters (Fig. 4; Clusters 1, 4, 5, 9–14, 20). 
The artificial microbialite exhibited lower diversity of Alphaproteobacteria than 
the native system, though one salient shift in the Alphaproteobacteria community 
composition was the dramatic increase in relative abundance of the organisms 
affiliated with Cluster 13 (Fig. 4). In the artificial microbialite, these organisms 
represented approximately half  of the total alphaproteobacterial community, and 
less than 10% of the native community. No specific physiology can be ascribed to 
these organisms, though their sequence similarity to other Rhodobacterales such 
as Rhodopseudomonas spp. may indicate a photosynthetic lifestyle. Although a 
number of genera of freshwater anoxygenic phototrophic bacteria are known 
(e.g., yurkov and Beatty, 1998), these organisms, and Alphaproteobacteria in gen-
eral, were essentially undetected in the freshwater stromatolites from Ruidera Pool 
(Santos et al., 2009). As with the total bacterial community, the alphaproteobac-
terial community diverged significantly between the marine HBC stromatolites 
and the hypersaline Shark Bay stromatolites. Although both systems contained 
organisms from the same clusters, the proportion of these organisms diverged 
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significantly between the systems (e.g., Fig. 4; Clusters 1, 9, 13, 20, 29). Sequences 
affiliated with bacteria from the genus Rhodovulum (marine purple non-sulfur 
phototrophic bacteria; Fig. 4; Cluster 2; Hiraishi and Ueda, 1994) were the most 
abundant alphaproteobacterial sequence of the order Rhodobacterales detected in 
the hypersaline stromatolite. The other dominant Alphaproteobacteria detected 

Figure 4. Phylogenetic tree of Alphaproteobacteria 16S RNA gene sequences from clone librar-
ies  produced using general bacterial primers. Major clusters are compressed, and the total number 
of stromatolite sequences generated from clone libraries is indicated in brackets. The number of 
sequences from each of four of stromatolites (artificial microbialite, natural stromatolite from High-
borne Cay, natural stromatolite from Ruidera Pool, and natural stromatolite from Shark Bay) are 
indicated after a semicolon and separated by a comma. Representative sequences of each cluster are 
indicated. Sequences belonging to the order Rhodobacterales are highlighted in gray. The scale bar 
represents 10% sequence divergence.

0.1

Roseinatronobacter thiooxidans (AF249749)
Cluster 1 [39:1,35,0,3] - Roseisalinus antarcticus 

(AJ605747)
Cluster 2 [13:0,0,0,13] - Rhodovulum euryhalinum (D16426)

Cluster 3 [6:0,6,0,0] - Mangrove soil clone (DQ811852)
Cluster 4 [18:0,18,0,0] - Epibiotic bacterial clone (AJ633942)

Cluster 5 [18:8,10,0,0] - Sargasso Sea clone (AY162081)

Cluster 6 [5:0,2,0,3] - Guerrero Negro Micobial Mat clone (DQ330988)

Cluster 7 [8:6,2,0,0] - Guerrero Negro Micobial Mat clone (DQ330961)

Cluster 8 [14:1,13,0,0] - Artificial Microbialite clone (EU917707)

Cluster 9 [28:0,26,0,2] - Hyphomonas jannaschiana (AF082792)

Cluster 10 [38:3,35,0,0] - Deep-sea octacoral clone (DQ395447)

Cluster 11 [61:12,49,0,0] - Parvularcula bermudensis (AF544015)

Cluster 12 [24:3,10,0,11] - Shark Bay Stromatolite clone (AY852211)

Cluster 13 [93:60,30,0,3] - Artificial Microbialite clone (EU917803)

Cluster 14 [13:0,13,0,0] - Highborne Cay Type 3 Stromatolite clone (ŅH30F10cA Ó)
Cluster 15 [9:2,7,0,0] - Blastochloris sulfoviridis (AB110414)

Cluster 16 [10:1,7,1,1] - Guerrero Negro Micobial Mat clone (DQ330892)

Cluster 17 [9:0,1,0,8] - Shark Bay Stromatolite clone (AY852034)

Cluster 18 [11:1,10,0,0] - Hyphomicrobium sulfonivorans (AY305006)

Cluster 19 [14:0,5,0,9] - Marine sediment clone (DQ289899)

Cluster 20 [40:2,37,0,1] - Guerrero Negro Mat clone (DQ330934)

Cluster 21 [4:0,4,0,0] - Marine bacterial clone (AF382114)
Cluster 22 [6:0,3,1,2] - Erythrobacter sp. JL1029 (DQ985033)

Cluster 23 [8:3,0,0,5] - Lake Kauhako clone (AY345437)

Cluster 24 [12:4,7,0,1] - Guerrero Negro Micobial Mat clone (DQ330933)

Cluster 25 [9:3,0,0,6] - Endoevaporitic microbial mat clone (DQ103609)

Cluster 26 [6:1,4,0,1] - Marine fosmide sequence (DQ300622)
Cluster 27 [3:0,0,0,3] - Marine basalt clone (DQ070812)

Cluster 28 [6:0,6,0,0] - Rhodothalassium salexigens (M59070)

Cluster 29 [29:0,2,0,27] - Guerrero Negro Micobial Mat clone (DQ330983)

Thiothrix disciformis (AB042538)

Epibiotic bacterial clone (AJ633952)

Rhodopseudomonas sp. (DQ985044)

Artificial Microbialite clone (EU917894)

Rhodomicrobium vannielii (AB250621)
Ruidera Pools Freshwater Stromatolite clone( EU753663)

Shark Bay Stromatolite clone (EF150734)

Coral bacterial clone (AY654771)
Shark Bay Stromatolite clone (AY851901)

Shark Bay Stromatolite clone  (AY852206)
Shark Bay Stromatolite clone (AY851898)

Highborne Cay Stromatolite clone (EU918086)

Asphalt seep clone (DQ001717)

Rhodobacterales

Mesorhizobium  sp. BNC1 (NZ AAED02000003)
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in the Shark Bay stromatolite were unaffiliated with any described species, and 
have close representatives from clone libraries of submerged and endoevaporitic 
hypersaline microbial mats (Fig. 4; Clusters 25 and 29; Ley et al., 2006; Sørensen 
et al., 2005). A number of the defined alphaproteobacterial clusters in this study 
had no affiliation with described or isolated bacterial species, and these groups are 
in general composed largely of sequences recovered from marine or hypersaline 
microbial mats and stromatolites (Fig. 4; Clusters 6–8, 12–14, 20, 29). The physi-
ology of these ecotypes has yet to be explored.

4.  A New beginning: the Future of Microbial Diversity Studies in Stromatolites

With the emergence of high-throughput pyrosequencing and the capacity for 
genome–genome comparisons, the reign of the 16S rRNA gene as the sole target 
for meaningful phylogenetic comparisons is coming to an end. The use of  this 
gene for future phylogenetic comparisons will have to be taken in context with the 
rest of the genome and perhaps one day, the metagenome. Although this day has yet 
to arrive, new data have emerged that have rapidly increased our understanding of 
the microbial diversity and functional complexity of modern stromatolites.

4.1.  METAGENOMICS IN MICROBIALITIC MATS

Comparing the collective genomes of microbes within complex communities via 
metagenomics (Handelsman, 2004) has facilitated the analysis of  microbialitic 
mats at the molecular level. The first microbialitic mat communities to be exam-
ined via metagenomic sequencing were the freshwater microbialites of Cuatro 
Ciénegas Basin, Mexico, and the marine stromatolites of Highborne Cay, Bahamas 
(Breitbart et al., 2008; Desnues et al., 2008). Although to date neither of these 
microbialite ecosystems has been sequenced to saturation, these initial analyses 
have greatly expanded our understanding of  the microbial ecotype composition 
and metabolic potential within the microbialite communities. The high diversity 
of these ecosystems, as observed in a metagenome analysis of the non-lithifying 
microbial mats from Guerrero Negro, Baja, Mexico (Kunin et al., 2008), will pres-
ent a challenge for full characterization of these ecosystems.

Both the taxonomic richness and the functional gene diversity of these 
microbialite communities were determined by comparing the sequences to SEED, 
the preeminent database for metagenomic data sets (Overbeek et al., 2005). 
Sequences acquired via 454 pyrosequencing were compared against the SEED 
non-redundant database by BLASTX and mapped on to subsystems through 
the MG-RAST system (Meta Genome Rapid Annotation using Subsystem 
Technology; Overbeek et al., 2005). This method has been used successfully to 
identify the taxonomic diversity and the metabolic potential of bacteria from 
metagenomic sequences in a wide variety of microbial mat ecosystems including 
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deep mine biofilms (Edwards et al., 2006), thermophilic hot springs (Bhaya et al., 
2007), and non-lithifying hypersaline mat communities (Kunin et al., 2008).

In the Cuatros Ciénegas Basin, microbialites are found in a series of oligo-
trophic freshwater pools with the lowest levels of phosphorus (<0.1 mM) known 
in continental waters (Minckley, 1969; Elser et al., 2005a, b; Breitbart et al., 
2008). Taxonomic profiles generated for the freshwater microbialites sampled 
from two pools of the Cuatros Ciénegas Basin, Pozas Azules (domal thrombol-
ites) and Rio Mesquites (spherical oncolites), revealed that both were dominated 
by Bacteria (87% Pozas Azules; 95% Rio Mesquites; Breitbart et al., 2008; 
Desnues et al., 2008). Archaeal sequences were present in low abundance in both 
freshwater communities, with 1.8% in Pozas Azules and 0.7% in Rio Mesquites. 
Of the recovered archaeal sequences, roughly 86% were homologous to sequences 
of Euryarchaeota; few Crenarchaeota sequences were recovered. Eukaryotic diver-
sity in these communities is also low, with only 10.6% of the recovered Pozas 
Azules metagenome sequences and 4.4% of the Rio Mesquites sequences sharing 
homology to eukaryotic organisms (Breitbart et al., 2008). The depleted phos-
phorus level appears to inhibit eukaryotic grazing, resulting in prokaryotic domi-
nated communities (Elser et al., 2005a, b; Breitbart et al., 2008).

Interestingly, the taxonomic profile generated via metagenomics in the Rio 
Mesquites pool correlates to the 16S rRNA gene profiles generated for the fresh-
water stromatolites in Ruidera Pools, Spain. In both cases, the Cyanobacteria are 
dominant, comprising 74% and 54%, respectively, of 16S rRNA gene clone librar-
ies. The Rio Mesquites microbialites contain a substantially higher proportion of 
Cyanobacteria from the order Nostocales relative to the Ruidera Pools stromato-
lite (44–21%, respectively) of the cyanobacterial community. These metagenomic 
analyses coupled with rRNA gene sequencing suggest that freshwater microbial-
ites are dominated by cyanobacteria capable of nitrogen fixation, and can include 
heterocystous forms.

4.2.  CORRELATING DIVERSITy WITH FUNCTION

Once the dominant ecotypes of the stromatolitic mats have been identified by rRNA 
gene sequence and through metagenomic analysis, the next challenge is to identify 
the function of each key organism within the community. Metagenomic sequenc-
ing from the Cuatros Ciénegas Basin microbialites has shown a significant environ-
mental adaptation to the low phosphorus pools. SEED analyses of the recovered 
sequences showed a shift toward high affinity phosphate transporters, phos-
phatases, as well as phosphate sensing and regulation genes (Breitbart et al., 2008). 
Other key subsystems have been identified in these metagenomic sequencing efforts 
including genes associated with biofilm formation (e.g., tight adherence macromol-
ecule transporters), EPS production (e.g., alginate and colanic acid production), 
and interspecies communication, such as the S-adenosylmethionine synthetases 
gene known to facilitate production of autoinducer-2 (Breitbart et al., 2008).  
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Such metagenomic data substantiate “common knowledge” about complex 
ecosystems, but also can provide surprising evidence for microbial processes that 
were not previously considered. For example, in a metagenomic analysis of a 
Guerrero Negro microbial mat, genes involved in photosynthesis were unsurpris-
ingly heavily represented in the surface 2 mm (Kunin et al., 2008). However, this 
study showed an increase in the relative abundance of genes encoding for enzymes 
involved in sugar degradation with depth. Such data are at the first stage of analy-
sis. By coupling the specific ecotypes to the expression of functional genes within 
the community (i.e., metatranscriptomics), isotopic signatures and geochemical 
cycling, we can potentially delineate the evolutionary adaptations of stromatolitic 
microbial mat community.

With the emergence of comparative metagenomics, a revolution of the spe-
cies concept in microbes is underway (Ward et al., 2008). Organisms that share 
high levels of sequence similarity in 16S rRNA genes can have extensive differ-
ences in genome size and organization. One of the most compelling examples is 
of cyanobacteria in the thermophilic hot springs mats of yellowstone. The com-
plete genomes of closely related species of the genus Synechococcus (OS-A and 
OS-B’, sharing >95% sequence similarity in the 16S rRNA gene) were recently 
analyzed and found to share little gene synteny (Bhaya et al., 2007). Such studies 
clearly show that despite morphological and 16S rRNA gene similarities, func-
tional metagenomic data not only can identify these ecotypes, but also ascertain 
their physiological capacities and ecological significance within the community.

Such disparity within the genomes of organisms that share similar 16S 
rRNA gene sequences could be the result of genetic exchange with other cells and 
viral phages. Viruses are the most abundant biological entities in aquatic ecosys-
tems (Suttle, 2005) and often outnumber prokaryotes 10:1 (Desnues et al., 2008). 
The role of phages in the marine stromatolites of Highborne Cay, Bahamas was 
recently examined. The vast majority of recovered phage sequences (>95%), 
acquired via metagenomic sequencing, were novel, suggesting biogeographical 
isolation of the Bahamian stromatolite community (Desnues et al., 2008). Phages, 
along with geochemical constraints on the microbial community, are likely driv-
ing forces for the evolution of new species within the stromatolitic microbial mat 
communities. Only through multi-lateral approaches of metagenomic sequencing 
coupled with biogeochemical and mineralogical analyses will the comprehensive 
microbial diversity of stromatolite ecosystems be delineated and understood.
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Abstract An intensive 2-year field effort has characterized burial and exposure  
patterns for stromatolites and thrombolites currently forming in a fringing reef com-
plex at Highborne Cay, Bahamas. Migrating sand waves in the nearshore environment 
bury and expose the microbialites for periods of days, weeks, or months. Intertidal, 
nearshore thrombolites and shallow subtidal stromatolites are buried for 30–70% of 
the year. Duration of exposure intervals is highly variable based on position along the 
reef tract. These distinctive burial and exposure patterns form a basis for understanding 
the distribution of microbial communities within the reef complex and the resultant 
microbialite accretion.

Keywords Stromatolites • Thrombolites • Sediments • Burial • Exposure  
• Microbial mats • Bahamas • Modern • Marine • Accretion • Bed load transport 
• Cyanobacteria • Photosynthesis • Schizothrix sp. • Dicothrix sp.

1.  introduction

Despite the ubiquity of microbialites in the Precambrian world, modern analogs 
to these ancient structures are found in only a few remote locations (Grotzinger 
and Knoll, 1999). One such site is Highborne Cay, on the western margin of 
Exuma Sound, Bahamas. There, both stromatolitic (laminated) and thrombolitic 
(unlaminated, with clotted structures) microbialites are actively forming in a fringing 
reef in open marine conditions (Reid et al., 1999; Littler et al., 2005; Myshrall 
et al., 2010). The proximity of both microbialite types makes the Highborne reef 
an ideal site for studying contrasting styles of microbial deposition.
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As the only known modern analog to Precambrian stromatolites that 
formed in open marine environments, Exuma stromatolites have been the subject 
of intense investigation for the past decade (e.g., Desnues et al., 2008; Eckman 
et al., 2008; Dupraz and Visscher, 2005; Reid et al., 2000; Visscher et al., 2000). 
Integrated studies relating stromatolite microstructure to microbial populations 
and processes have provided a model for lamination formation (Reid et al., 2000). 
The stromatolites are formed by lithifying microbial mats that consist of 
distinctly layered microbial populations, with each layer representing a community 
that was, at one time, at the stromatolite surface. Three “mat types” each charac-
terized by a distinct surface community are recognized: a filamentous cyanobac-
terial community, a biofilm community, and a coccoid cyanobacterial community. 
Each surface community is associated with the accretion of a distinct type of 
mineral deposit: trapped and bound sand grains, micritic laminae, and cemented 
layers of micritized grains. Subsurface lamination thus represents a chronology 
of former surface mats.

In 2003, the Research Initiative on Bahamian Stromatolites (RIBS) project 
initiated a comprehensive 5-year program to investigate intrinsic and extrinsic 
factors causing cycling of  the surface microbial communities forming the stro-
matolites at Highborne Cay, Bahamas. An important component of  this study 
was an intensive field monitoring effort, which included “A Year in the Life of  a 
Stromatolite.” The “year” evolved into 2 years of  almost continuous monitoring 
of  the field site from Jan 2005 to Dec 2006. During the field campaign, environ-
mental and biological parameters influencing microbialite formation were 
closely monitored, and morphology and spatial distribution of  microbialites 
were mapped. For a complete listing of  papers published to date in the RIBS 
Contribution Series, see http://www.stromatolites.info.

Previous authors have speculated that growth of modern stromatolites in open 
ocean conditions requires periodic burial by sand to prevent overgrowth by epilithic 
algae and grazing/burrowing invertebrates (e.g., Dravis, 1983; Dill et al., 1986; Mac-
intyre et al., 1996). Initial quantitative data on gross sedimentation in the Stocking 
Island reef complex, at the south end of the Exuma chain, showed that stromato-
lites were buried to depths of 0.5 m for periods of up to 100 days, limiting recruit-
ment and colonization by macroalgae and corals (Steneck et al., 1998).

A rigorous analysis of the wave and sediment dynamics along the High-
borne Cay reef complex suggests that stromatolite growth may be restricted to a 
relatively narrow range of flow energy and sediment transport conditions (Eckman 
et al., 2008). Nearshore wave dynamics are tightly linked to local wind conditions, and 
stromatolites experience gross rates of deposition of suspended sediment of 
7–10 g cm−2 day−1 (Eckman et al., 2008). Bedload transport, responsible for the 
migration of nearshore sand waves, was not described by Eckman et al. (2008) 
and is the focus of the study reported here.

In the present study, we document burial and exposure of  the Highborne 
Cay reef  complex by migrating sand waves. This report represents an initial 
phase in the compilation of  a comprehensive data set pertaining to stromatolite 

http://www.stromatolites.info
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accretion. Forthcoming papers by Bowlin et al. (in preparation) will build on 
this sediment data to show how burial and exposure determine microbial mat 
composition, which in turn controls stromatolite accretion.

1.1.  STUDY SITE

Highborne Cay (24°43¢N; 76°49¢W) at the north end of the Exuma chain of 
islands is approximately 4 km long and 2 km wide (Fig. 1). An unusual microbialite-
algal ridge fringing reef complex stretches for 2.5 km along a sandy beach on the 
eastern shore of the island (Reid et al., 1999; Andres and Reid, 2006). The reef 
is best developed in the southern 1 km of the beach, where it was subdivided 
into ten research sites. Sites 1 and 2, in the south, where the beach is the most 
concave, are 20–50 m wide, with reef width decreasing to <10 m north of Site 2. 
North of Site 10, reef patches occur only as small isolated patches. Sediments in 
the swash zone and shallow subtidal portions of the reef at Sites 1–10 are oolitic 
sands with a median grain size of 175–275 mm; grain size coarsens significantly 
north of Site 10 (Eckman et al., 2008). Tides are semidiurnal with a maximum 
range of approximately 1 m.

Three distinct morphological zones are recognized within the reef (Fig. 2). 
From seaward to shoreward, these zones are described below.

Reef crest. This zone corresponds to the seaward edge of a coralline algal 
ridge formed by the branching coralline alga, Neogoniolithon strictum. Heads of 
the sediment tolerant N. strictum, up to 1 m in diameter, may be exposed at low 
tide. Coralline algal ridges were unknown in the Bahamas prior to reports of their 
discovery at Highborne Cay and Stocking Island by Steneck et al., 1997. All ten 
sites at the Highborne Cay reef, except Site 7, have a distinct reef crest.

Reef flat. This zone corresponds to the flat area of the algal ridge, shoreward 
of the reef crest. The reef flat is typically colonized by macroalgae, mainly Chondria 
littoralis, Laurencia obtuse, and Batophora occidentalis (Littler et al., 2005); 
microbial mats may also be present on the reef flat (Andres and Reid, 2006).

Back reef lagoon. A shallow lagoon extends from the reef flat to the beach. 
The dominant features in this back reef lagoon are stromatolites and thrombol-
ites (Reid et al., 1999). The stromatolites form columnar heads and ridges in the 
subtidal areas of the back reef lagoon. The thrombolites form meter-sized plat-
forms in the intertidal zone; thrombolites were further subdivided into nearshore 
thrombolites and seaward thrombolites, based on the difference in microbial mat 
communities of these structures (Myshrall et al., 2010).

To conduct an intensive field-monitoring program of the Highborne Cay 
reef, a small research station was constructed on the island in 2003. The initial 
plan was to monitor the reef 1 week per month. However, sediment movement 
along the beach proved far too dynamic for a 1-week per month sampling scheme 
to be effective; therefore the program evolved to almost continuous monitoring 
for a 2-year period from Jan 2005 to Dec 2006. Sporadic data sets are available from 
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figure 1. Map showing the location of the ten research sites established along the Highborne Cay 
stromatolite-algal ridge fringing reef complex. The study area extends from Site 1 in the south to Site 
10 in the central area of the eastern shore of Highborne Cay.
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June 2003 to Dec 2007, with almost continuous records for the period of 
2005–2006. Methods and results pertaining to the investigation of burial and 
exposure patterns within the Highborne Cay reef are presented below.

2.  MEthoDS

2.1.  DATA COLLECTION

A total 84 markers (galvanized stakes and nails) were monitored within the ten 
research sites along the reef track. The stakes and nails were hammered into the 
top surfaces of thrombolites, stromatolites, reef flat, and reef crest. Visual obser-
vations at daily to weekly intervals, describing the stakes and nails as “buried,” 
“exposed,” or “sand level”, were recorded on field sheets and entered into a database. 
“Buried” corresponds to greater than 2 cm of sediment covering the monitored 
surface, based on data showing that the mats are photosynthetically inactive at 

figure 2. Photographs showing the distinct reef zones at Site 4. (a) A panoramic view of Site 4 with 
thrombolites in the foreground and the reef crest in the background. (b) Stromatolites in back reef 
lagoon. (c) Reef flat covered with the macroalgae Laurencia obtuse. (d) Reef crest with heads of the 
coralline alga, Neogoniolithon strictum at the seaward edge of the reef platform.
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depths of 3 cm (Perkins et al., 2007). Actual depths of burial, as determined by 
exposed heights on the stakes or nails, were recorded in the database, but for the 
purposes of analysis in this study, these records are classified simply as buried. 
“Exposed” denotes a monitored surface free of sediment accumulation. “Sand 
level” denotes a surface at the level of the sand, or buried to a depth of less than 
or equal to 2 cm, and corresponds to a transition between burial and exposure 
events. Surfaces at sand level may be buried and unburied with shifting tides.

In addition to the visual surveys, photographs were taken at weekly to 
monthly intervals to document changes in surface mat communities at each stake 
and to contribute to the overall understanding of sediment movement along the 
reef complex; an example showing burial and exposure of a stromatolite nail at 
Site 1 is shown in Fig. 3. A total of 13,000 photographs for 2005 and 2006 are 
compiled in an image database.

figure 3. A photographic time series showing different states of burial and exposure at nail N1.2, Site 
1 (nail height is 11 cm). The nail was hammered into the top of a columnar stromatolite. (a) June 19, 
2005, only the head of the nail is exposed, sand load is almost 11 cm. (b) October 10, 2005, stromatolite 
column is totally exposed. (c) November 11, 2005, the top surface of the stromatolite column is at sand 
level. (d) March 13, 2006, the stromatolite is buried, nail is partially buried; the stromatolite surface is 
buried by approximately 3 cm of sand.
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2.2.  DATA ANALYSIS

2.2.1.  Burial and Exposure
2.2.1.1.  Sedimentation Patterns for Individual Stakes
Each entry recorded in the sedimentation database was categorized as exposed 
(0 cm), sand level (0–2 cm), or buried (>2 cm). The time series of sedimentation 
data for each marker was then compiled into a bar graph that spanned the 2-year 
monitoring period, with each category represented by a distinctive color block. 
Missing data intervals were left blank, but subsequently some of the missing inter-
vals were interpolated, with a “best guess” as to burial or exposure state, based 
on our accumulated knowledge of the dynamics of each site after 5 years of field 
observations.

The burial and exposure data for all stakes and nails within a single reef 
zone at each site were used to define average sedimentation patterns of different 
reef zones at each site, and average duration of exposure and burial events expe-
rienced by the microbialites, as presented below.

2.2.1.2.  Sedimentation Patterns by Reef Zone
The exposure/burial visual survey data for the 84 markers were grouped by site 
and classified by reef zone (nearshore thrombolites, seaward thrombolites, stro-
matolites, reef flat, and reef crest) within each site. Each day for 2005–2006 was 
classified as either buried or exposed; sand level was grouped with exposed. Days 
lacking recorded data were handled as follows: if  the marker showed the same 
burial or exposure state on both ends of the data gap, the days within the gap were 
assigned this same value; if  burial state changed during the missing time interval, 
burial state was changed at the mid-point of the gap. The number of days each 
marker was exposed or buried in 2005 and 2006 was then calculated as a percent of 
the 2-year time span. The percentages for all markers at a given site within a specific 
reef zone were then averaged. The averages of percent of time buried vs. percent of 
time exposed for each site within each reef zone were graphed as histograms.

2.2.1.3.  Duration of Microbialite Exposure and Burial Events
The average burial and exposure data for thrombolites and stromatolites at each 
site, as calculated in Sect. 2.2.1.3, were classified into event types according to the 
duration of the burial and exposure periods. Burial or exposure episodes lasting 
less than 7 days were classified as daily events; burial or exposure episodes of  
7–30 days were classified as week-long events, and burial or exposure episodes  
of >30 days were classified as month-long events. The frequency of each event type 
was then calculated as a percent of total time exposed or buried, and averaged for 
all markers from a single site within each zone. These averages were graphed as 
histograms showing percent of each event type (i.e., month-long, week-long, or 
daily burial as a percent of total time buried; and month-long, week-long, or daily 
exposure as a percent of total time exposed) for each site within each of the three 
zones (nearshore thrombolites, seaward thrombolites, and stromatolites).
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3.  Results

3.1.  SEDIMENTATION PATTERNS AT INDIVIDUAL STAKES

Burial and exposure data for each of the 84 individual stakes and nails for the 
2005 and 2006 monitoring period were plotted as “bar” graphs; examples for stro-
matolite nails N1.3 at Site 1 and N8.3 at Site 8 are shown in Fig. 4. Blue on these 
figures represents periods of exposure, black represents buried, and red represents 
burial depths of less than 2 cm, termed “sand level,” where the surface of the 
microbialite is typically buried and unburied with each tidal cycle. Interpolated 
(i.e., “best guess”) intervals of burial and exposure are indicated by horizontal 
white bars overlying the blue and black; intervals of missing data that we are not 
comfortable interpolating were left white.

Stromatolites at Sites 1 and 8 experienced very different sedimentation pat-
terns, as shown on Fig. 4. Site 1 stromatolites were typically exposed (blue) for 
long periods at a time, often several months in duration, with occasional sand level inter-
vals (red). In contrast, Site 8 stromatolites experienced relatively short periods of 
exposure, typically lasting for days to weeks. Burial episodes at Site 1 are typically 
week-to-month long events, with burial at Site 8 being day, week, or month long 
in duration.

3.2.  SEDIMENTATION PATTERNS BY REEF ZONE

Histograms in Fig. 5 show sedimentation patterns for each reef zone, by site, for 
the combined 2005 and 2006 monitoring period. Color codes of Fig. 5 indicate 
percent of total time buried (black) vs. exposed (blue). Data are averages of stakes 

figure 4. Bar graphs showing burial and exposure data for stromatolite nails N1.3 at Site 1 and N8.3 
at Site 8. Blue represents periods of exposure, black represents buried, and red represents burial depths 
of less than 2 cm, termed “sand level,” where the surface of the microbialite is often buried and unbur-
ied with each tidal cycle. Interpolated intervals are indicated by white horizontal bars; areas of missing 
data that cannot be interpolated are left white. Note that Site 1 stromatolites are typically buried and 
exposed for periods of 1 month or longer, whereas Site 8 stromatolites are typically exposed for periods 
of weeks to days.
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from each zone at each site. Results show that the nearshore thrombolites and 
stromatolites in the back reef were much more buried than the reef flat and reef 
crest. Nearshore thrombolites (Fig. 5a) and stromatolites (Fig. 5c) were typically 
buried for 25–70% of the total observation period, contrasting with 5–25% burial 
of the reef flat (Fig. 5d) and almost continuous exposure of the reef crest zone 
(Fig. 5e). At sites with both nearshore and seaward thrombolites (Sites 4, 5, and 8), 
the seaward thrombolites (Fig. 5b) were much less buried (5–15%) than the near-
shore equivalents (30–70% buried; Fig. 5a).

Sedimentation within the back reef also shows distinct patterns along the 
length of the reef. Stromatolites at the south and north ends of the study area, 
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figure 5. Histograms showing percentage of time the various reef zones at each site were exposed 
(blue) or buried (black) for the combined 2005 and 2006 observation period. Nearshore thrombolites 
(a) and stromatolites (b and c) in the back reef were exposed for much less than the reef flat (d) and 
reef crest (e).
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Sites 1–4 and Site 10, were more exposed (65–75% of the year) than stromatolites 
in the reef’s middle section at Sites 5–9 (30–50% exposed; Fig. 5c).

Results for 2005 and 2006 plotted as separate years show the same overall 
trends as the summaries for the combined data sets, although some individual 
zones at specific sites exhibit distinct yearly variability. For example, stromatolites 
at Site 8, which average 50:50 exposure vs. burial for the combined 2-year record 
(Fig. 5c), showed 60:40 exposure vs. burial in 2005, and 40:60 exposure vs. burial 
in 2006. Similarly stromatolites at Site 1, which averaged about 60:40 exposure vs. 
burial for the 2-year record, showed 50:50 exposure vs. burial in 2005 and 70:30 
exposure vs. burial in 2006.

3.3.  DURATION OF MICROBIALITE ExPOSURE  
AND BURIAL EVENTS

Figure 6 shows the duration of exposure and burial events for thrombolites and 
stromatolites in the back reef zone, defined as month-long (>30 days), week-long 
(7–30 days), and daily (<7 days) events. Since the reef flat and reef crest were 
almost continuously exposed, exposure duration is close to 100% month-long 
events. The following results emerged from analysis of the more complex burial 
and exposure patterns of the thrombolites and stromatolites.

Nearshore thrombolites were generally exposed for about 30–40% of the 
year, except for Site 5, which is exposed about 70% of the time (Fig. 5a). Exposure 
episodes were mainly 7–30 day (week-long) events, except for Site 5, where >30 
day (month-long) long exposure was common (Fig. 6). Burial of nearshore 
thrombolites (60–70% of the year, 30% at Site 5; Fig. 5a) was dominated by 
month-long events (55–75%; Fig. 6d).

Seaward thrombolites were exposed for 65–95% of the 2-year monitoring 
record (Fig. 5b). Exposure events are mainly >30 days (month-long; Fig. 6b). The 
few burial events (5–35% of the year) were mainly 7–30 days (week-long) in dura-
tion (Fig. 6e).

As in overall patterns of  burial vs. exposure, stromatolites show distinct 
differences in duration of exposure and burial events along the reef. Exposure ofa 
stromatolites at Sites 1–4 and Site 10 (65–75% of the year; Fig. 5c) was dominated 
by month-long episodes, whereas exposure episodes at sites 5–9 (35–50% of the 
year; Fig. 6b) were week- and month-long, with significant daily exposure events 
at Sites 5, 7, 8, and 9 (Fig. 6c). In addition, burial events at Sites 1 through 8 were 
dominantly month-long, whereas burial at Sites 9–10 was mainly week-long 
(Fig. 6f).

It should be noted that in all cases daily burial and exposure events might 
be underestimated because the typical time between observation periods was 
several days to a week. In addition, as in total burial vs. exposure, individual 
records of  duration events in years 2005 and 2006 show overall trends that are 
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similar to those of  the 2-year record, but specific patterns for any individual sites 
may vary from year to year. For example, for Site 8 stromatolites, approximately 
50% of exposure in 2005 plus 2006 consisted of  month-long events (Fig. 6c), but 
month-long events comprise 60% of the 2005 record, and only 30% of the 2006 
record. Similarly, month-long burial of  Site 1 stromatolites averaged 60% of 
total burial for the 2-year record (Fig. 6f), but was 85% of total burial in 2005 
and 35% in 2006.
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figure 6. Histograms showing duration of exposure (a, b, c) and burial events (d, e, f) for thrombolites 
(a, b, d, e) and stromatolites (c, f) by site. Events are classified as month-long (>30 days), week-long (7–30 
days), and daily (<7 days).
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4.  Discussion

The burial and exposure patterns described earlier reflect migrating sand waves 
in the nearshore region of the Highborne Cay beach. These sand waves rarely 
encroach on the reef crest, the highest portion of the reef; sand waves sometimes 
blanket the reef flat, and they regularly bury and unbury microbialites in the back 
reef lagoon. Like suspended sediment in Highborne reef (Eckman et al., 2008), 
bedload transport is linked to local wind conditions, but to date, we have been 
unable to predict burial and exposure at individual sites, based on the records of 
wind strength, direction, and duration. Sediment movement along the reef will 
also be affected by the complicated and variable morphologies of each individual 
site. Further analysis involving consideration of the physics of bedload transport 
in areas with high rugosity may help to predict burial and exposure patterns, but 
is beyond the scope of the present study, which is aimed at understanding affects 
of burial and exposure on microbialite accretion.

Alternating burial and exposure of the stromatolites and thrombolites in 
back reef lagoon of the Highborne Cay reef profoundly affects the communities 
that inhabit this reef zone. Of particular importance for stromatolite biogenesis is 
the ability of cyanobacteria to survive burial (Kromkamp et al., 2007; Perkins 
et al., 2007). Studies of cyanobacterial photophysiology using variable fluores-
cence showed that artificially buried samples of  stromatolite cyanobacterial 
communities inactivated their photosynthetic electron transport when oxygen 
concentrations in the darkened sample decreased to less than 30% saturation. Post 
burial, the cyanobacterial community reactivated its photosynthetic activity within 
1–2 h, but reactivation required both light and oxygen (Kromkamp et al., 2007). 
Based on these observations, Kromkamp and coauthors speculated that the redox 
state of the plastoquinone pool determines inactivation/reactivation process.

Results of photosynthesis in artificially buried stromatolite mats (i.e., 
Kromkamp et al., 2007) are supported by studies of natural burial processes 
(Perkins et al., 2007). Prokaroyotic cyanobacterial mats reactivated their quan-
tum efficiency after 7–16 days of burial, although reactivation was slower with 
longer burial. In contrast, mats with surface communities dominated by diatoms 
did not have high tolerance for burial, with two out of three samples showing no 
recovery, and the third sample only low recovery after 7 days of burial (Perkins 
et al., 2007). Thus burial periods of longer than 1 week are likely to kill diatom 
communities on stromatolite surfaces, but cyanobacterial  communities will be 
largely unaffected by burial.

In contrast to burial, which kills diatoms, diatom communities flourish on 
stromatolite surfaces during exposure events of several weeks to months, with 
different diatoms dominating seasonally (unpublished observations). Thus diatoms 
can become well established on the surfaces of Site 1 stromatolites, which experi-
ence characteristic exposure events with durations of  >30 days. In contrast, 
diatoms are insignificant colonizers of stromatolites at Site 8, where exposure is 
typically limited to day- or week-long events. The balance of burial and exposure 
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events is thus likely to be an important determinant in the net accretion of modern 
marine stromatolites.

Similarly, differences in burial patterns of nearshore and seaward thrombo-
lites may account for differences in the microbial communities on the surfaces of 
these structures. Seaward thrombolites, which experience little to no burial, are 
colonized by “button mats,” dominated by Cyanobacteria (mainly filamentous 
Dicthrix sp.; Planavsky et al., in press) and Alphaproteobacteria (Myshrall et al., 
2010). In contrast, nearshore thrombolites, which are typically buried for up to 
60–70% of the year, have surfaces colonized by “pink mat,” so named because of 
an abundance of  pigmented spore-forming cells that dominate the upper mm 
of  the mat. The pink thrombolitc mats demonstrate a significantly higher level of 
diversity than the button mats, with the dominant phyla being Alphaproteobac-
teria and Deltaproteobacteria (Myshrall et al., 2010). As in the stromatolites, 
these differences in microbial surface mats are likely to influence accretion and 
subsurface microstructure of the microbialite.

5.  Summary and Conclusions

Analysis of burial and exposure data for the Highborne Cay reef complex has 
identified characteristic sedimentation patterns for the various sites and reef zones 
of the microbialite-algal ridge reef system. Our findings are as follows:

• Stromatolites and thrombolites in back reef lagoon are frequently buried for 
periods ranging from days to months. The reef flat is occasionally blanketed by 
sediment, and the reef crest is almost never buried.

• At sites with both nearshore and seaward thrombolites (Sites 4, 5, 8), nearshore 
thrombolites were buried more (30–70% burial) than the seaward equivalents 
(5–15% burial).

• Nearshore thrombolites experienced frequent burial events longer than 30 days 
(month-long). Exposure of the nearshore thrombolites was mainly for 7–30 
days (week-long), except for Site 5, where exposure events were commonly 
month-long.

• Seaward thrombolites were exposed mainly for periods greater than 30 days 
(month-long). The few burial events were mainly 7–30 days (week-long) in dura-
tion. At Site 10 burial events lasting 7–30 days (week-long) and greater than 30 
days (month-long) were equally common.

• Stromatolites at the south and north ends of the reef (Sites 1–4 and Site 10) 
were more exposed than stromatolites in the reef’s middle section (Sites 5–9).

• Exposure of stromatolites at Sites 1–4 and Site 10 (65–75% exposure) was 
dominated by month-long episodes, whereas exposure at Sites 5–9 (35–50% 
exposure) was characterized by week- and month-long episodes.

• Stromatolite at Sites 5, 7, 8, and 9 experienced significant daily exposure 
events.
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These burial and exposure patterns form a basis for understanding the 
distribution of microbial communities within the reef complex, resulting in 
microbialite accretion. As shown by previous studies, cyanobacterial communities 
can survive periods of prolonged burial, whereas diatom communities cannot. 
Diatoms become established during prolonged exposure events. On the basis of 
the burial and exposure patterns described in this study, it is likely that diatoms 
play a role in stromatolite accretion at Site 1, but not at Site 8; these predictions 
will be verified by studies of microbial mats and accretion in forthcoming papers 
by Bowlin et al. (in preparation). Similarly, increased burial of nearshore throm-
bolites compared with seaward thrombolites may account for the differences in 
composition of the surface microbial mats on these structures, with seaward 
thrombolites dominated by Cyanobacteria and Alphaproteobacteria, and near-
shore thrombolites dominated by Alphaproteobacteria and Deltaproteobacteria 
(Myshrall et al., 2010). In summary, bedload sediment transport in the form of 
migrating sand waves results in distinct patterns of burial and exposure for the 
microbialites, which are likely to be important determinant of microbial mat 
composition, and, in turn microbialite accretion.
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1.  introduction

High-altitude Lakes at the northwest of Argentina in the Puna and Andean 
regions (HAAL) are considered extreme environments of biotechnological interest 
(Fig. 1; Seufferheld et al., 2008). The HAAL ecosystems are almost unexplored 
systems of shallow lakes formed during the tertiary geological period, distributed 
in the geographical area called the Puna at altitudes from 3,000 to 6,000 m above 
sea level. Most of these wetlands are completely isolated, experience a wide daily 
range in temperatures (40°C), are slight saline to hypersaline, and are subject to low 
phosphate availability and high intensity of solar ultraviolet-B (UV-B) radiation. 
The HAAL ecosystems are unique not only for their geographical characteristics 
and broad range of extreme environments but also for their abundant biodiversity. 
The microbial communities that have evolved within these high-altitude aquatic 
ecosystems tolerate chemical and physical stresses such as wide fluctuations in 
daily temperatures, hypersalinity, and variable pH and have proved to be adapted 
to high levels of UV radiation, a low level of nutrient availability, and high con-
centrations of heavy metals, especially arsenic (Demergasso et al., 2004; Ferrero 
et al., 2004; Escudero et al., 2007; Fernandez Zenoff et al., 2006; Zenoff et al., 
2006; Dib et al., 2008, 2010a, b; Ordoñez et al., 2009; Flores et al., 2009; Farías 
et al., 2009). The high altitude and low latitude geographical position of the HAAL 
expose the indigenous extremophilic communities to high solar irradiance (i.e., 
165% higher than at sea level) with instantaneous UV-B flux reaching 17 Wm−2; 
UV-flux is twice the amount of present-day equatorial Mars, while UV-B is half  
the amount on Mars. Hence, these environments have been proposed for future 
studies on astrobiology (Farías et al., 2009).
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So far these outstanding microbial diversity and resistance mechanisms to 
extreme factors have been described in most Lakes at these locations, i.e., Laguna 
Azul, Laguna Verde, Laguna Negra, Laguna Vilama, Laguna Aparejos, Laguna 
Chaxas (Fernandez Zenoff et al., 2006; Zenoff et al., 2006; Dib et al., 2008, 2009, 
2010a, b; Ordoñez et al., 2009; Flores et al., 2009; Farías et al., 2009). Nevertheless, 
there have been no studies or descriptions of these two interesting hypersaline 
lakes located near the border with Chile: i.e., Laguna Socompa and “Sea Eyes” at 
Tolar Grande (Fig. 2). yet, these environments due to their high salinity content 
(Table 1) present a great potential to harbor modern stromatolite-like ecosystems 
and deserve further studies.

Stromatolites – internally laminated, macroscopic sedimentary structures, 
commonly of biological origin – form the dominant part of Earth’s early fossil 

Figure 1. Location map of Socompa Lake.

Figure 2. Exposure conditions of stromatolites from Laguna Socompa during winter (August) 
(a), spring (October) (b), and summer (February) (c).
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record and so provide a potentially important source of information about early 
life. The oldest examples of  these preserved formations are more than three 
billion years old and are found mainly in Western Australia and South Africa 
(Lowe, 1980; Walter et al., 1980; Byerly et al., 1986). Recent studies have reflected 
a widespread and growing acceptance of the oldest stromatolites from the Pilbara 
region of Western Australia as biogenic (Allwood et al., 2006) . However, stroma-
tolites are shaped by a complex interaction of physical, chemical, and biological 
processes, and identifying unambiguous signatures of life from the preserved 
morphology of the structures can be extremely difficult (Poiré et al., 2005; 
Gaucher and Poiré, 2009). Modern stromatolites pave the way for studying all 
these process in an “in vivo” approach and, in this sense, are of utmost impor-
tance to give insights into the ecology and biogeochemistry of their Precambrian 
counterparts and to understand how Earth and its early biosphere may have co-
evolved (Goh et al., 2009; Baumgartner et al., 2009).

Modern stromatolites have been so far recorded as (1) an hypersaline region 
of Hamelin Pool, Shark Bay in Western Australia (Goh et al., 2009), (2) shallow 
subtidal regions at the margin of Exuma Sound in the Bahamas (Foster et al., 
2009), (3) freshwater areas at the Cuatro Ciénagas basin in Mexico (Desnues 
et al., 2008), and (4) yellowstone Hot Spring (Lau et al., 2005). All of these loca-
tions are situated at the sea level where microorganisms cope with little or no 
stress conditions. In turn, in the desertic region of Salta, Northwestern Argentina, 

table 1. Physicochemical analyses of water and stromatolites from Laguna Socompa.

Stromatolite Water

Arsenic (mg/L) 32.1 33.8
Nitrite (mg/L) 0.08 0.08
Nitrate (mg/L) 42.4 58.1
Dissolved sodium (mg/L) 9.59 44.85
Phosphorous (mg/L) 232.8 34.96
Chlorure (mg/L) 16.38 68.03
Nitrogen (mg/L) 23.8 39.34
Total hardness (mg/L) 1,327
Alkalinity (mg/L) 28.14
Calcium (mg/L) 161
Magnesium (mg/L) 64
Sulfur (mg/L) 0.2
Organic carbon % (g/100 g) 1.23
Silicium soluble (mg/L) 450
pH (upH 1:2) 8.5 9.0
Conductivity (mS/cm) 17.48 50.3
Organic matter % (g/100 g) 18.71
Sulfate (g/L) 12.93

Observations: AA Atomic absorption spectrometry, EFM spectrophotometry, FLL flame 
photometry, SM standard methods
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near the border of Chile, we have found characteristic stromatolite-like ecosystems 
lying and developing in shallow hypersaline lakes located above 4,000 m, under 
the pressure of harsh conditions, very similar to the ones that were present in the 
early Earth atmosphere (Belluscio, 2009). The aim of this work is to record the 
first description of extreme living stromatolites surviving above 4,000 m at 
Laguna Socompa. The environment, morphological description, and preliminary 
biological and mineralogical composition of these new modern stromatolites are 
presented in this study.

2.  Study Area

Laguna Socompa (S 24°35¢34¢¢″W 68°12¢42¢¢) is located at the northern part 
of Salta Province in Argentina, at the base of the still active Socompa volcano 
(6,031 m above sea level), near the border with Chile, with incipient access roads, 
far from any urban population (Fig. 3). In a Tertiary and Cuaternary volcanic 
and volcaniclastic geological setting, the climate is dominated by arid and desertic 
conditions with daily temperatures ranging from 20 to −10°C in summer and 10 
to −40°C in winter. The lagoon is shallow, the coast depth being not more than 
60 cm. This lagoon presents high arsenic content (32 mg/L), a salinity gradient 
that ranges from 3 mS in the west side to 125 mS in the east side. Stromatolites 
are found in this area. They are located around the border of the lagoon. During 
the summer (Fig. 2c), they are partially exposed depending on the tide and hydrologi-
cal regime, but they are completely submerged during winter and spring seasons 
(Fig. 2a, b). Hydrothermal water is introduced to Laguna Socompa as part of 
modern Andean volcanic system.

3.  Environmental Physicochemical conditions

Physicochemical properties of the water as well as the stromatolites are presented 
in Table 1 for comparison of water and stromatolite composition. As can be 
observed, high arsenic content and low nitrite and high nitrate content are present 
both in water and in stromatolites. Dissolved sodium is higher in water compared 
to stromatolites, phosphorous content is higher in stromatolites, and alkalinity 
and conductivity are lower in stromatolites; all these results demonstrate that 
environmental conditions for microbial development is less extreme in stroma-
tolites than in water. As was largely established, microbial mats improve environ-
mental condition for the development of bacteria and algae, which is a successful 
system for living in extreme environments. Microbial communities of Socompa’s 
stromatolites seem not to be the exception. In addition, stromatolites in Socompa 
possess a high calcium and magnesium and low sulfur content, which correspond 
with the mineralogical composition that will be described below; alkalinity (8.5) is 
also a typical chemical characteristic that favors calcium precipitation. The high 
content of silica is directly related to the presence of diatom algae.
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4.  Morphological Description of Stromatolites

The stromatolites of the hypersaline–alkaline Socompa Lake are mainly broad, 
rounded, low-domed, up to 24 cm high, and 80 cm wide bioherms (Fig. 3a, b). 
However, elongated bioherms with the axe perpendicular to the coastal line are 
observed (Fig. 3a), while the coalescence of the domes is forming bigger domed 
biostromes (Fig. 3c). They are simple, unbranched, uniform, crustose, hemispherical, 

Figure 3. Socompa Lake stromatolites. (a) Rounded and elongated, low-domed bioherms on the lake 
coast. (b) Close-up of the domed bioherms. (c) General view of  the domed bioherms and biostromes 
formed by coalescence of  the bioconstruction. (d) Vertical view of  the gently convex stromatolites. 
(e) Wavy laminar type in a vertical view. (f) Smooth laminar type and upward variations in the stro-
matolite laminar profile.
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columnar stromatolites with flat to gently convex (3D), wavy (Fig. 3e) and smooth 
(Fig. 3f) laminar profile and rounded to oblong plant outline. By the way, some 
vertical section (Fig. 3f) shows variations in the laminar profile from the base to 
the top of the stromatolite. The lower part is steeply convex, the middle part is 
gently convex, and the upper one is flat. In the same way, some stromatolites show 
lateral and vertical lamina-morphology variations representing pseudocolumnar 
stromatolite (Fig. 4a).

In thin section, two kinds of microstructures have been recognized: film and 
vermiform microstructures. The more common one is the film microstructure 
(Fig. 4c) conformed by the alternation of lighter inorganic layer and darker 

Figure 4. Socompa stromatolite mineral composition. (a) Vertical view showing the location of the 
studied thin sections. (b) X-ray diffractogram showing very abundant aragonite, with scarce calcite, 
halite, quartz, and feldspars. (c) Thin section photomicrograph showing film microstructure con-
formed by dark and light micrite laminas (cross-polarized light, white bar = 100 mmm). (d) Vermiform 
microstructure (plane polarized light, white bar = 100 mmm).

436



MODERN STROMATOLITE ECOSySTEMS AT ALKALINE AND HyPERSALINE 

organic layer. The vermiform microstructure is observed in some microcrystalline 
organic layers characterized by abundant, vertical filament molds (Fig. 4d).

5.  Mineral and chemical composition of Stromatolites

Mineral composition of the Socompa stromatolites (Fig. 4a) has been studied by 
both petrography and X-ray diffraction (XRD) analysis, while their texture and 
microstructure were observed in thin section by a transmitted-light Nikon micros-
copy. XRD analysis was carried out using a PANalytical X¢Pert Pro series diffrac-
tometer equipped with a cooper-target tube, operated at 40 kV and 40 mA.

Random orientation XRD analysis indicates that the stromatolites are pre-
dominately composed of aragonite with small quantities of calcite, halite, quartz, 
and feldspars (Fig. 4b). Thin section analysis shows a typical laminar stromatolite 
microstructure (Bertrand-Sarfaty, 1976) formed by the alternations of light- and 
dark-colored laminas (Fig. 4c). The light micrite laminas are 30–70 mmm thick 
and the dark ones are up to 10 mmm thick. Few layers with vermiform microstruc-
ture have been observed, which are characterized by small, vertical tubes repre-
senting organic filament molds (Fig. 4d).

6.  biological composition of Stromatolites

Our preliminary results showed that Socompa stromatolites are exposed to 
basic conditions (pH 8.5) and high arsenic content. Great quantities of  silicium 
(450 mg/kg) and chlorophyll (70 mg/L) were present, which agreed with the fact 
that diatoms and chlorophyll were abundant in the samples.

Among diatoms, we could recognize different genera using both, optic and 
electron microscopy, i.e.: Cymbella sp., Navicula sp., Hantzschia sp., Nitzschia sp., 
Synedra sp., Surirella sp., Rhopalodia sp. and Pinnularia sp. (Fig. 5). Filamentous 
and nonfilamentous cyanobacteria were represented by: Scytonema sp, Microcoleus 
sp. and Phormidium sp. among others (Fig. 5).

Bacteria with diverse morphotypes were also observed in the stromatolite: 
cocci, diplococci, deinococci, rod, and filamentous bacteria were visible using elec-
tron microscopy (Fig. 6a). It is important to remark that bacteria were profusely 
developing in the stromatolites through all the layers examined. Moreover, bacte-
ria seemed to “feed” or “colonize” on destroyed diatoms, probably suggesting the 
evolution in the development of the stromatolite, i.e., initial algae growth followed 
by their burring by sediments, colonization by bacteria on the burried layers, till 
complete mineralization and sedimentation of the organic matter (Fig. 6b).

A metagenomic approach was used to taxonomically identify the stromatolite 
microbial community. DGGE bands of the 16s rDNA gene indicated the affiliation 
of uncultured bacteria to Alpha, Beta, Gamma, and Delta Proteobacteria (Fig. 6c). 
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A great proportion of the bands showed identity with uncultured, nonspecified 
clone reported as marine origin. This fact may suggest that these stromatolites 
 contain yet unknown bacteria from novel species or genus and current work is 
developed to unravel this issue. Isolation efforts are also being performed indicating 
that other bacterial groups are also represented in the stromatolites, such as 
 actinobacteria and other high-GC% bacteria.

Figure 6. Scanning electron microscopy of stromatolites showing (a) bacteria with diverse morpho-
types; (b) the close association of bacteria and destroyed diatoms; (c) distribution of bacterial diversity 
of stromatolites within the Proteobacteria group. 1. Beta-proteobacteria. 2. Gamma-proteobacteria. 
3. Alpha-proteobacteria. 4. Delta-proteobacteria. 5. Non-culture clones, with no significant match 
with the database.

Figure 5. Optical (a–c) and scanning electron microscopy (c–g) of algae in stromatolites from 
Socompa Lake.
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Macroscopic eukayotes (e.g., crustaceans or insects) have not been recorded 
in this lake; this is important because otherwise they would graze on the microbial 
mats and not allowed the formation of the laminated structures as has been seen 
before (Goh et al., 2009).

7.  conclusion

Stromatolites are the oldest known fossils, dating back more than three billion 
years. They were the dominant life-form on Earth for more than two billion years. 
Today, they are nearly extinct, living a precarious existence in only a few locali-
ties worldwide. These modern stromatolites are studied as models of the ancient 
earth. Stromatolites found in Socompa Lake are the first stromatolites reported 
at high altitude (4,000 m above sea level). Because of the altitude, the UV radia-
tion is highly intense, the O2 pressure is low, and the temperatures and winds are 
extreme. All these conditions found in Andes mountains recreate the ancient envi-
ronment on earth, when ozone layer was not created. Stromatolites and O2 are 
still not so abundant in the atmosphere. In that way, we propose that stromatolites 
found in Socompa are developing in the most similar conditions to the primitive 
earth comparing all modern stromatolites in literature. Thus, they are the best 
model for studying the ancient stromatolites development and their influence on 
geochemical cycle of earth.

Mineralogical composition of Socompa stromatolites is dominated mainly 
by aragonite, which is a less stable mineralogical form of calcium carbonate. 
Stromatolites are usually composed of calcite (Walter, 1977). However, aragonitic 
modern stromatolites have been recognized in some places such as the Lake 
Clifton, the Lake Thetis, in Western Australia (McNamara, 2009), and in 
Highborne Cay, in Bahamas (Andres et al., 2006).

Biological composition demonstrates typical stromatolites diversity formed 
by aerobic and anaerobic autotrophic and heterotrophic microorganisms; how-
ever, diversity of bacteria and archaea demonstrated that Socompa’s stromato-
lites are a source of nonidentified new organisms. Detailed studies are underway 
to characterize this microbiota.
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Abstract Micro-Fourier transform infrared (FTIR) spectroscopic imaging analyses 
nondestructively revealed micrometer to millimeter-scale distributions of organic 
and inorganic functional groups in Proterozoic stromatolitic chert containing 
prokaryotic fossils from ~1,900 Ma Gunflint Formation. CH3/CH2 absorbance 
ratios (R3/2) indicate a bacterial origin, but not Archaea, of most carbonaceous 
matter in the chert as well as in the microfossils themselves. However, the char-
acterizations of the stromatolitic chert also show that R3/2 value of carbonaceous 
matter existing with carbonates could be overestimated or underestimated. This 
technique is useful for searching and characterizing rapidly the organic matter in 
terrestrial and extraterrestrial samples at the micrometer to millimeter scale, and 
may provide useful information on the affinities of microfossils in the chert.

keywords FTIR • Imaging • Functional group • Prokaryotic fossils • Gunflint 
Formation • Bacteria • Archaea • Aliphatic CH moiety • Chert • Carbonate  
• Carbonaceous matter

1.  Introduction

The Precambrian is primarily a microbial world. Microbial fossils show carbona-
ceous cellular structure, which often resemble cyanobacteria and other prokaryotes 
(e.g., Schopf, 1992; knoll, 2003). But morphological analysis of these microbial 
fossils is often not enough to determine the biology of such fossils and to determine 
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their precise phylogenetic positions. In situ analytical techniques are now being 
applied to obtain chemical signatures of the micrometer-sized fossils. For example, 
micro-Raman spectroscopy is being used to demonstrate carbonaceous composi-
tion of putative organic-walled microfossils and to determine their degree of post-
depositional alteration (Ueno et al., 2001, 2006; kudryavtsev et al., 2001; Schopf 
et al., 2002, 2005; Brasier et al., 2002, 2004; Pasteris and Wopenka, 2002, 2003; 
Arouri et al., 1999, 2000; Marshall et al., 2005; Igisu et al., 2006). Raman spectra 
of Precambrian microfossils, however, cannot provide useful information for their 
taxonomy because Raman spectra of carbonaceous matter generally show a char-
acteristic feature of amorphous carbon matter (e.g., Pasteris and Wopenka, 2003), 
which is not taxonomically specific. On the other hand, infrared (IR) spectroscopy 
can detect many polar bonds in carbonaceous matter (e.g., Rouxhet et al., 1980), 
and thus is potentially useful to detect taxon-specific chemical signature (e.g., Arouri 
et al., 1999, 2000; Marshall et al., 2005; Igisu et al., 2006). Our previous study showed  
that the aliphatic CH moieties (chain hydrocarbon parts) using CH3/CH2 absor-
bance ratios (R3/2) can be useful for domain-level classification of prokaryotes  (Bacteria 
or Archaea) (Igisu et al., 2009). However, even well-preserved Neoproterozoic 
prokaryotic fossils have quite small amounts of aliphatic CH moieties. If we search 
for chemical signatures in older and thus more challenging samples, more advanced 
micro-Fourier transform infrared (FTIR) technique will be helpful for searching 
and characterizing the organic signatures in microfossils.

Here, we report micro-FTIR spectroscopic imaging of stromatolitic chert 
from the ~1,900 million years old (Ma) Gunflint Formation of Canada. IR imaging 
was conducted on a doubly polished petrographic thin section at the millimeter 
scale to search for functional groups related to organic and inorganic matter. The 
distributions of functional groups were compared with the morphology of  
stromatolites. Based on these results, we discuss the R3/2 of  microfossils in the 
stromatolite.

2.  regional Setting, Stratigraphy, Age, and Stromatolites

The Gunflint Formation (Animikie Group) is a chemical-clastic sedimentary rock 
succession, 100–180 m thick (averages 122 m) that crops out in an ENE to WSW 
trend over a distance of about 268 km, from Gunflint Lake (Minnesota, USA) 
in the west to Schreiber Beach (north shore of Lake Superior, Ontario, Canada) 
in the east (Goodwin, 1956; Pufahl et al., 2000; Fig. 1). The Animikie Group, in 
ascending order, consists of the kakabeka Conglomerate, Gunflint Formation, 
and Rove Formation, which have conformable relationships with one another  
(Floran and Papike 1975). The Rove Formation is unconformably overlain by the 
Mesoproterozoic Sibley Group (Morey and Ojakangas, 1982) and the kakabeka 
Conglomerate rests unconformably on Archean metavolcanics (Pufahl et al., 2000).

Subdivision of the Gunflint Formation into members has changed over the 
years. By Fralick and Barrett (1995), two members were defined: a lower member 
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consisting of stromatolitic, ooidal, and granular cherts, and an upper member 
similar to the lower member. Each member represents a transgression with a 
shallowing phase separating the members (see Pufahl et al., 2000).

The age of  the Gunflint Formation was imprecisely known until recently. 
In 2002, Fralick et al. (2002) reported a U–Pb age of 1,878.3 ± 1.3 Ma from a 
population of euhedral zircons recovered from re-worked volcaniclastic  sediments 

Figure 1. Map of northwestern region of Lake Superior showing (a) outcrop distribution (diagonal 
line pattern) of the Gunflint Formation [modified from Awramik and Barghoorn (1977)], and (b) loca-
tion (arrow) where sample (GF 74) was collected, which today is in the Schreiber Channel Provincial 
Nature Reserve (http://www.ontarioparks.com/English/schr.html).
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from the middle part of the upper member. They interpreted this to be the 
 depositional age of the formation.

Stromatolites from the Gunflint Formation have been a subject in a number 
of publications (e.g., Hofmann, 1969; Cloud and Semikhatov, 1969; Awramik 
and Semikhatov, 1979; Sommers et al., 2000). They occur in the basal portions of 
both members and are associated with the initial phases of each transgression. 
The stromatolites are interpreted to have formed in a wave-agitated, foreshore set-
ting with a moderate shoreline gradient (see Hofmann, 1969; Pufahl et al., 2000).

The most comprehensive descriptions of the different types of stromatolites 
found in the formation were provided by Hofmann (1969); however, he did not 
give them binomials. Only one stromatolite has been treated taxonomically, 
Gruneria biwabikia, which was formally described by Cloud and Semikhatov 
(1969). Stromatolite morphologies include layered or stratiform, domical, colum-
nar and columnar branching, compound (domical with layered and columnar 
branching morphologies, for example), and oncoids. Bioherms composed of 
many of these types are a common feature of the basal portions of the members 
(see Cloud, 1965, his Fig. 1 of bioherms at a locality 4 km west of Schreiber 
Beach; Fig. 1). Bioherms are up to about 1 m in diameter. No coniform stroma-
tolites are known.

3.  Materials and Methods

3.1.  SAMPLE

The sample used in the micro-FTIR spectroscopy is a stromatolitic chert that was 
collected from a bioherm at the base of member 1 of the Gunflint Formation at 
a locality on the shore of Lake Superior, ~4 km west of Schreiber Beach (Fig. 1). 
The stromatolites here consist principally of layered and columnar stromatolites 
that grew on pebbles and cobbles of the underlying kakabeka Conglomerate pro-
ducing bioherms up to ~0.5 m in diameter. The stromatolites in the sample GF74, 
(a similar stromatolite is illustrated in Fig. 2) have parallel to subparallel stubby 
columns under 1 cm wide that infrequently branch, but frequently coalesce. These 
stromatolites resemble Form F of Hofmann (1969). At column margins, laminae 
characteristically overlap previous laminae, at times producing a wall. Laminae 
are thin, and usually <100 mm thick, boundaries between laminae are somewhat 
diffuse, in particular going from light to dark laminae. The laminae are com-
posed mainly of concentrations of amorphous, at times granular, carbonaceous  
matter and microbial fossils (Fig. 3). These microfossils are carbonaceous and are 
often well preserved in the chert matrix (cryptocrystalline quartz). Based on the 
size, and their filamentous and coccoidal morphology, most of the microfossils  
are interpreted as cyanobacteria (Barghoorn and Tyler, 1965; Awramik and 
Barghoorn, 1977).
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The sample was cut with a rock saw, and a doubly polished petrographic thin 
section about 40 mm thick was prepared for petrographic study, obtaining the IR 
spectra as described previously (Igisu et al., 2006). The doubly polished thin 
section was immersed in acetone to dissolve used adhesive and clean up modern 
contamination on its surface. Based on the petrographic investigation of the thin 
section (Fig. 3), the stromatolitic chert is composed mainly of cryptocrystalline 
quartz (SiO2), and contains brown to dark amber colored amorphous carbona-
ceous matter, microbial fossils (the same color as carbonaceous matter), pyrite, 
Fe-oxides, and carbonates.

3.2.  MICRO-FTIR SPECTROSCOPIC IMAGING ANALySIS

Micro-FTIR imaging spectroscopic analysis was conducted on the doubly polished 
petrographic thin section using an automated X–y stage set in IR Multi-channel 
Viewer (Jasco FTIR6200 + IMV-4000) with a 16-channel linear array mercury 

Figure 2. Stromatolite similar to the examples in the small sample (GF 74) used in this study. The 
sample illustrated here comes from bioherms at Winston Point (see Hofmann 1969), about 5 km WNW 
from where sample GF 74 was collected (Fig. 1). yale Peabody Museum sample numbered 1,076.
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cadmium telluride (MCT) detector. The thin section was placed over a hole in 
a sample holder; care was taken to ensure that a stromatolite column was posi-
tioned over the hole, and measured in the following manner. IR spectra for imag-
ing analysis were obtained by collecting 16 scans (~2 s in total) in the spectral 
range from 4,000 to 1,000 cm−1 at an 8 cm−1 resolution. The spatial resolution 
was 12.5 × 12.5 mm2 corresponding to a pixel area of the IR linear array detector. 
The total measured area was 1.2 × 5.0 mm2, and 38400 IR spectra were obtained. The 
total analysis time is about 1.5 h. Analytical error was determined by duplicate 

Figure 3. Optical photomicrographs of the stromatolitic chert GF74. (a) Prokaryotic fossil-bearing 
laminae. (b–d) Aggregated filamentous and coccoidal microfossils and amorphous organic matter.
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measurements in the same position as the background spectrum and was better 
than 0.005 absorbance unit (AU) in the 3,000–1,300 cm−1 range, except in the CO2 
absorption region.

4.  results

Typical IR transmission spectra of carbonaceous matter in the thin section of the 
stromatolite are shown in Fig. 4. Aggregations of  filamentous and coccoidal  
fossils as well as amorphous organic matter show IR absorption bands of aliphatic 
CH moieties (~2,960, 2,925, 2,850 cm−1) in the range of >2,500 cm−1 (Fig. 4). The 
bands around 2,960 and 2,925 cm−1 are due to asymmetric stretching of end-
methyl aliphatic CH3 and methylene-chain CH2, respectively (Bellamy, 1954). 
A weak band from symmetric stretching of aliphatic CH2 is also seen around 
2,850 cm−1 (Bellamy, 1954). Similar results were obtained in our previous study of 
cyanobacteria-like fossils in ~850 Ma stromatolitic cherts from the Bitter Springs 
Formation (Igisu et al., 2006), while symmetric stretching band of aliphatic CH3 
(~2,870 cm−1) was not observed in this study.

Figure 4. Representative IR transmission spectra of the microfossils (CM), matrix quartz (Qz), and 
carbonates (Carb.) in the stromatolitic chert. (a) Stacked IR spectra. IR band at 2,960 cm−1 is due to 
asymmetric aliphatic CH3 (nasCH3), and those at 2,925 and 2,850 cm−1 are due to asymmetric and sym-
metric aliphatic CH2 (nasCH2 and nsCH2). IR bands at 2,990, 2,870 and 2,515 cm−1 are characteristics 
of carbonate (square). Broad band around 3,400 cm−1 is due to molecular water probably within the 
grain boundary of micro-quartz. Saturated bands (1,300–1,000 cm−1) and seven bands (1,995, 1,870, 
1,793, 1,684, 1,610, 1,525, and 1,492 cm−1) are due to Si–O bonds of quartz. One scale unit for vertical 
axis corresponds to an absorbance value of 0.2. (b) Enlarged view of IR spectra of (a) in the range 
of 3,000–2,800 cm−1. An example of baseline correction for elucidation of peak height is described as 
dotted line. One scale unit for the vertical axis corresponds to an absorbance value of 0.05.
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The band around 3,400 cm−1 is due to O–H stretching vibrations. The broad 
3,400 cm−1 band is generally considered to be due to liquid-like molecular water 
(H2O) at grain boundaries of cryptocrystalline quartz (Nakashima et al., 1995; 
Ito and Nakashima, 2002; Igisu et al., 2006). Seven absorption bands at 1,995, 
1,870, 1,793, 1,684, 1,610, 1,525, and 1,492 cm−1 are due to overtones and combi-
nations of Si–O vibrations, and are characteristic of quartz (Nakashima et al., 
1995; Ito and Nakashima, 2002; Igisu et al., 2006). The range 1,300–1,000 cm−1 
(Si–O stretch) is saturated due to the thickness (~40 mm) of the thin section. The 
feature around 2,350 cm−1 is due to variation of CO2 in air.

The carbonates among the minerals in the stromatolitic chert measured here 
also show IR bands at around 2,980, 2,875, and 2,515 cm−1 in the >2,500 cm−1 
region together with more saturated bands in the <1,500 cm−1 region as shown in 
Fig. 4. Fe-oxide and pyrite do not show IR bands in >2,500 cm−1 region (komada, 
1985; RRUFF Database; http://rruff.info/).

The spatial distributions of the above components in the stromatolitic chert 
are shown in Fig. 5. The distributions of the bands (peak heights) at 2,960 and 
2,925 cm−1 after baseline correction in raw IR transmission spectra roughly agree 
with thin section images of microfossil-bearing laminae (Fig. 5). The distribution 
of 2,515 cm−1 band agrees with those of carbonates, and the intense parts of 
2,515 cm−1 band overlap with those of the 2,925 and 2,960 cm−1 bands (Fig. 5). 
This suggests the distributions at 2,960 and 2,925 cm−1 due primarily to aliphatic 
CH moieties might include absorptions of carbonates.

5.  Discussion: characterizing Aliphatic ch Moieties (R3/2)

In order to evaluate a domain-level taxonomic origin of carbonaceous matter, 
we have introduced the aliphatic CH3/CH2 absorbance ratio (R3/2) in our previous 
study as follows:

 
3/2 as 3 as 2

[ CH ] [ CH ]R v v=  (1)

where [nasCH3] and [nasCH2] represent peak heights of asymmetric stretching 
bands for aliphatic CH3 (end-methyl; ~2,960 cm−1) and CH2 (methylene-chain; 
~2,925 cm−1), respectively (Igisu et al., 2009). However, it should be noted that car-
bonates also show IR bands in the range of 3,000–2,800 cm−1. This indicates that 
R3/2 values of carbonaceous matter existing with carbonates can be overestimated 
or underestimated. Relationship of R3/2 value to the content of carbonate is shown 
in Fig. 6. For better R3/2 precision, we used only the data with 2,960 and 2,925 cm−1 
absorbance more than three times of analytical error (0.005). Although the R3/2 
values with carbonate (absorbance at 2,515 cm−1 > 0.005) are about 0.82 ± 0.10 
(n = 359), the R3/2 values without carbonate are about 0.49 ± 0.08 (n = 18) (Fig. 6). 
In this study, the presence of carbonates tends to result in overestimation of R3/2 
values of carbonaceous matter.
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Although HCl acid treatment can dissolve carbonates, it will be difficult to 
collect organic residues with prokaryotic cellular structures. It seems to be better 
to select carbonaceous matter without carbonates under the IR microscope for 
more precise R3/2 evaluation. IR spectra of carbonate such as calcite (CaCO3) and 
dolomite (MgCO3) generally have an intense band around 1,450–1,410 cm−1 and 
~2,515 cm−1 band together with smaller ~2,990 and ~2,875 cm−1 bands (komada, 
1985). Therefore, it should be checked in the R3/2 evaluation of carbonaceous mat-
ter that a ~2,515 cm−1 band is not observed. Hence, we focus further discussions 
on IR bands that do not show the 2,515 cm−1 signal.

The above carbonaceous matter without carbonate is divided into aggre-
gated filamentous and coccoidal fossils and amorphous organic matter (Fig. 3). 

Figure 5. IR imaging results by the raw IR transmission spectra of the microfossil-bearing chert GF74. 
(a) Optical photomicrograph of the measured area (1.2 × 5.0 mm2). Dotted white circles represent the 
areas, which include all the spot analyses used for R3/2 calculation in Fig. 6c. (b–d) The spatial distribu-
tion maps for the peak heights at (b) 2,925, (c) 2,960, (d) 2,515 cm−1 after baseline correction. The color 
scale represents the higher peak height (white) and the lower one (black) in the absorbance unit (AU). 
Analytical errors in absorbance are 0.005 AU in (b–d).
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Figure 6. R3/2 values of carbonaceous matter existing with and without carbonates, compared with 
whole cells and predicted lipids of extant prokaryotes. (a) Relationship between R3/2 (IR absorbance 
ratio) and the content of carbonates (absorbance at 2,515 cm−1). Dotted line represents upper limit 
of analytical error of absorbance at 2,515 cm−1 (0.005 AU). Individual error bars of R3/2 values are 
calculated based on the duplicate analysis of air background spectra. All the data were obtained from 
GF74. (b) R3/2 values of aggregated filamentous and coccoidal fossils and amorphous organic matter 
from GF74. Individual error bars of R3/2 values are calculated based on the duplicate analysis of air 
background spectra. (c) R3/2 values of extant Bacteria (square) and Archaea (circle) and predicted R3/2 
values of lipid for each domain (dotted line) [referred from Igisu et al. (2009)]. Positive correlation 
between R3/2 value and ratio CH3/CH2 for n-alkane standard samples (R3/2 = 2.56 [CH3/CH2], r

2 = 0.64) 
can be used for estimating R3/2 values of these domains’ representative lipid.
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The R3/2 values are 0.41 ± 0.03 (n = 6) for aggregated filamentous and coccoidal 
microbial fossils, and 0.53 ± 0.07 (n = 12) for amorphous organic matter (Fig. 6b). 
The values are consistent with our previous study, and are roughly similar to the 
R3/2 values of the predicted extant bacterial lipids (R3/2 = 0.32–0.37) rather than 
archaeal lipids (R3/2 = ~1.16) (Igisu et al., 2009) (Fig. 6b, c). This indicates that 
most microfossils and amorphous organic matter in this study belong to Bacteria. 
These results also show that this rapid imaging technique provides R3/2 values of 
carbonaceous matter consistent with the previous spot analysis (Igisu et al., 2009).

In summary, micro-FTIR spectroscopic imaging analysis can be successfully 
applied to ~1,900 Ma stromatolites from the Gunflint Formation. The microfossil-
bearing laminae in the stromatolitic chert contain immature carbonaceous matter 
with aliphatic CH2 and CH3. R3/2 values indicate that most carbonaceous matter 
including prokaryotic fossils belong to Bacteria. However, it should be noted that 
carbonates also show IR signature in the similar range to aliphatic CH moieties. 
This method would be applicable for searching for chemical signatures in Earth’s 
rock samples as well as extraterrestrial materials, and for chemically characteriz-
ing organic matter.

6.  conclusions

Micro-FTIR spectroscopic imaging analysis of a stromatolitic chert of the ~1,900 
million-year-old Gunflint Formation containing extremely well-preserved micro-
fossils provides the following conclusions:

(1) IR spectra of microfossil-bearing laminae show the 2,925 and 2,960 cm−1 
bands due to aliphatic CH moieties. The distributions of these bands roughly 
agree with the morphology of the microfossil-bearing laminae, but the dis-
tributions are affected by the presence of carbonates, whose IR spectra show 
bands at around 2,980 and 2,875 cm−1.

(2) It should be noted that R3/2 values of carbonaceous matter occurring with 
some minerals such as carbonates can be both overestimated and/or under-
estimated, but these over and underestimations can be removed by careful 
evaluation of other, more intense bands (e.g., ~2,515 cm−1 band for carbonate).

(3) R3/2 values of microfossils and amorphous organic matter without the pres-
ence of carbonate indicate that most microfossils and amorphous organic 
matter belong to Bacteria rather than Archaea. No signatures suggestive of 
eukaryotes were detected.

Micro-FTIR imaging analysis is useful for rapidly searching and character-
izing organic signatures in the stromatolitic chert. Further detailed IR measure-
ments, combined with traditional morphological analyses, may provide new 
approaches in the determination of the domain-level, taxonomic affinity of 
microfossils in the chert.
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abstract The ability to unambiguously identify and measure biogenic signals is 
the key to providing robust evidence for Earth’s earliest life. Evidence for life on 
the early Earth has traditionally been founded on morphological studies, as this 
is the most obvious and tangible approach. Yet, many morphological features 
that have been interpreted as biogenic in origin can, in fact, equally be attributed 
to inorganic processes. Matching chemical signals, for example the presence of 
carbon and nitrogen, with morphology provides a more robust argument; the 
ability to correlate in situ isotopic signatures indicative of  biological processing 
with morphological features would provide even more compelling evidence.

Morphological expressions of Earth’s earliest life (e.g. microfossils, trace 
fossils, biominerals or microbial remains within stromatolites) tend to be very 
small and difficult to analyse in situ. The nano-secondary ion mass spectrometer 
(NanoSIMS) is a new generation of ion microprobe capable of chemically imag-
ing sub-micron-sized features, providing high-resolution maps of biologically 
relevant elements such as C, N, P and S. Furthermore, sulphur and carbon iso-
topic analyses can be performed on micron-sized features with ~1–4‰ precision. 
This chapter summarises our recent work developing NanoSIMS protocols for 
isotopic and elemental analyses of candidate biological structures from both 
modern and ancient rocks.

Keywords Archean • Biogenicity • Biomineral • Carbon • Isotope • Early Life 
• Microfossil • NanoSIMS • Nitrogen • Pilbara • Stromatolite • Sulphur • Western 
Australia

1.  Introduction

We know that planet Earth is about 4.5 billion years (Ga) old but what is less clear 
is when it first became home to life. It is unlikely that life gained a foothold before 
about 3.8 Ga because the first 700 million years of Earth history saw frequent and 
catastrophic meteorite impacts, which would have repeatedly sterilised the planet. 
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In contrast, there is abundant evidence for life in rocks younger than 3 Ga. Hence, 
much work has been carried out over the last ~30 years on the few isolated packets 
of rocks from the 3.0 to 3.8 Ga time period to study the transition from a non-
biological to biological world, and to collect evidence for the first signs of biology 
that can be used in the search for extraterrestrial life.

Claims for the earliest life on Earth have been numerous (see Wacey, 2009 
for a review), but there is still an intense debate about the validity of many of 
these reports. Ideally, any robust claim for life during this period needs to demon-
strate a well-constrained geological context, evidence for biology-like morphology 
and chemical evidence for metabolic cycling, plus falsification of plausible non-
biological origins (Brasier et al., 2006). Unfortunately, this is rarely possible given 
the great age, minute size and poor preservation of any putative signs of >3 Ga 
life. Our existing knowledge of >3 Ga life is based largely upon putative microfos-
sils, fractionations of the isotopes of carbon and sulphur and features interpreted 
as fossilised microbial mats or stromatolites.1 Each of these, at present, suffers 
from a degree of uncertainty in their interpretation. Here, we show how geo-
chemical data obtained using nano-secondary ion mass spectrometry (NanoSIMS) 
can add to our knowledge base.

1.1.  ELEMENTAL DISTRIBUTIONS IN STROMATOLITES

It is widely agreed that modern stromatolites are formed by the trapping, binding 
and cementing of sedimentary grains, as a result of the growth and metabolic activ-
ity of micro-organisms (e.g. Walter, 1976). For ancient examples, the formation 
mechanism is less straightforward because morphologically similar structures can 
be formed chemically without the aid of biology (e.g. McLoughlin et al., 2008). 
At present, therefore, stromatolites are a rather controversial indicator of early 
life on Earth.

The best examples of early Archean stromatolites come from the Pilbara 
Craton of Western Australia. Here, nodular, wavy-laminated and coniform stro-
matolites have been described from chert units within the ~3.49 Ga Dresser and 
~3.43 Ga Strelley Pool Formations (Lowe, 1980; Walter et al., 1980; Hofmann 
et al., 1999; Allwood et al., 2006). They have been interpreted as biogenic, based 
largely upon simple macro-morphological comparisons with rare modern-day 

1 The term “stromatolite” can be used simply as a descriptive term without any indication of biological 
involvement, defined as “attached, laminated, lithified sedimentary growth structures, accretionary 
away from a point or limited surface of initiation” (Semikhatov et al., 1979). More commonly, how-
ever, the involvement of biology is assumed when a structure is termed a “stromatolite” – “accretion-
ary sedimentary structures, commonly thinly layered, megascopic and calcareous, interpreted to have 
been produced by the activities of mat-building communities of mucilage-secreting micro-organisms, 
mainly photoautotrophic prokaryotes” (Schopf, 2006). We adopt the latter terminology in this 
chapter.
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stromatolites, and have been used as a major line of evidence for the emergence of 
life on the early Earth (see Schopf, 2006 for a review). The problem here is that 
neither convincing microfossils, mat fabrics, nor elemental patterns indicative of 
biology have been found in these Archean structures and their biogenicity has been 
questioned on numerous occasions (Lowe, 1994; Grotzinger and Rothman, 1996; 
Brasier et al., 2006; McLoughlin et al., 2008). Those who favour a biological 
mechanism have dismissed the lack of microfossils and biogeochemical signals in 
such structures as merely due to poor preservation. However, this preservation 
potential of stromatolites has never been tested in detail, partly due to the lack of 
suitable technology, and partly due to a lack of coherence between studies of modern 
microbial mats/stromatolites and fossilised examples from the rock record.

Here, we outline the NanoSIMS methodology for high-resolution elemental 
imaging of both Phanerozoic and Precambrian stromatolite samples. We present 
data pertaining to micro- to nano-scale distributions of biologically important 
elements (e.g. C, N, S) and their spatial relationships within carbonate and silica 
rock matrices. Characteristic elemental distributions are observed, which may act 
as a baseline for future studies of Precambrian stromatolites.

1.2.  SULPHUR ISOTOPES

Sulphur isotope data (d34S; where d34SV-CDT (‰) = [(34S/32Ssample) − (34S/32Sstandard)/
(34S/32Sstandard)] × 1,000) from early Archean sedimentary sulphides and sulphates 
can be informative both about levels of sulphate in the early Archean ocean and 
about the emergence of sulphate-reducing bacteria (SRB), and possibly, when 
combined with d33S and d36S data, the emergence of sulphur-oxidising and dis-
proportionating microbes. Sulphur-processing microbes are often a major com-
ponent of the modern microbial mat ecosystem (e.g. Baumgartner et al., 2006). 
Hence, spatially resolved d34S, d33S and d36S data may be useful for constraining 
some of the microbial metabolisms operating in ancient stromatolites.

One problem with sulphur isotope studies has been the limited spatial reso-
lution of conventional isotope measurement techniques. Standard combustion 
techniques require the isolation of a relatively large amount of sulphide (usually 
pyrite) from the host rock. Laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) allows in situ analysis of sulphur isotopes but still 
requires sulphides of either ~30 mm or greater in size, or combined analysis of 
numerous smaller grains. Both of these techniques artificially homogenise the d34S 
signal, and have tended to provide data that is consistent with microbial mediation 
(Ohmoto et al., 1993; Shen et al., 2001) but also consistent with non-biological 
formation mechanisms (Runnegar et al., 2001).

A new generation of SIMS instruments (NanoSIMS) has both the spatial 
resolution and analytical precision to measure individual micro-sulphide grains 
and help to fill this gap in our knowledge. Here, we outline a methodology for 
achieving reproducible d34S data using NanoSIMS. Although there is still some 

467



MATT R. KILBURN AND DAVID WACEY

work to be done to cross-calibrate this data with more conventional techniques, 
we demonstrate the ability to measure d34S with a precision of 1–4‰ from early 
Archean pyrites of <5 mm in diameter.

1.3.  CARBON ISOTOPES

Carbon isotopes (d13C) are widely used to argue for the biogenicity of Archean 
carbonaceous matter. Previous d13C data has appeared consistent with biological 
fractionation (i.e. d13CV–PDB ~ −20 to −40‰) (e.g. Tice and Lowe, 2004; Walsh and 
Lowe, 1999). However, technological limitations have meant that most isotopic 
measurements have not been performed directly on the carbonaceous structures 
of interest (e.g. an individual microfossil, lining of a trace fossil or carbonaceous 
lamination). This casts some doubt upon carbon isotope reliability because such 
bulk rock isotopic measurements introduce the possibility of confusion with other 
carbon-containing species within the rock or from younger contamination. While 
standard ion microprobes do allow in situ measurement (e.g. Ueno et al., 2001), 
they lack the spatial resolution needed to accurately characterise ~1–20 mm-sized 
objects, sizes typical of putative signs of life in the early Archean. A second prob-
lem is that carbon isotopic evidence alone is not necessarily diagnostic for biology 
because non-biological processes such as “Fischer-Tropsch Type synthesis” can 
induce d13C fractionations of similar magnitudes (McCollum and Seewald, 2006). 
Therefore, carbon isotope data ideally needs to be accompanied both by an under-
standing of the geological context of the samples and by high-resolution, in situ 
mapping of coincident biologically significant elements (e.g. N, S and P) within 
and around the putative biological structures.

NanoSIMS affords the opportunity to obtain meaningful and reliable d13C 
data from very small objects. This is demonstrated using kerogen found within 
detrital sandstone grains from the 3.43 Ga Strelley Pool Formation, Western 
Australia. Isotopic precision of ~3‰ is demonstrated for kerogen linings only 
2–5 mm in diameter. For larger carbonaceous objects, >5 mm in diameter, preci-
sion of ~1‰ has been achieved (Rasmussen et al., 2008).

2.  nanosIMs analysis

Secondary ion mass spectrometry uses a high-energy primary ion beam (Cs+ or 
O−) to displace ions from the surface of  a sample (secondary ions). These second-
ary ions are extracted to a mass spectrometer where they are separated by mass 
and counted. NanoSIMS uses a rastered primary ion beam to produce images 
much in the same way as a scanning electron microscope (SEM). In this case, 
however, the images are made up from the sputtered secondary ions, producing 
chemical maps of  the rastered sample surface. NanoSIMS is equipped with a 
multicollection capability in which a static magnetic field deflects up to five ions 

468



ELEMENTAL AND ISOTOPIC ANALYSIS BY NANOSIMS

or species into moveable detectors positioned at the appropriate position in the 
focal plane of  the magnet (Hillion et al., 1994). Thus, it is possible to detect and 
map, for example C, O, N, Si and S simultaneously from the same scanned area. 
This is particularly important where delicate organic material may be rapidly 
eroded away by the primary ion beam. The mass spectrometer has been designed 
to allow high transmission at high mass resolution, that is, to achieve mass reso-
lution that enables the separation of  molecular or isotopic interferences on a 
particular mass (through the use of  slits) without drastically reducing the signal. 
This results in the ability to measure isotope ratios simultaneously from the same 
sample volume. The precision of  isotope measurements depends on the number 
of  counts recorded from the lower abundance isotope. This, together with factors 
affecting the accuracy of  NanoSIMS isotope analyses, will be discussed in more 
detail below.

2.1.  ELEMENTAL MAPPING IN STROMATOLITES

Somewhat fortuitously, the elements commonly representative of organic mate-
rial, C, N, O, S, have relatively high negative secondary ion yields when sputtered 
with a Cs+ primary ion beam. This is due to their high electron affinity. Although 
N does not readily ionise during SIMS sputtering, it does have a particularly 
strong emission when coupled to C as the CN− ion on mass 26. The Cs+ primary 
ion beam also has the advantage that it can be focussed to less than 100 nm diam-
eter. This results in the ability to map light elements at high spatial resolution and 
high sensitivity.

Ions from the transition elements (e.g. Fe, Co, Ni, Cu, Zn) are also com-
monly associated with/necessary for biological processing, acting as enzyme 
cofactors and/or potential energy sources for microbial redox reactions (Frausto 
da Silva and Williams, 2001). In SIMS, these elements yield positively charged 
secondary ions and are more efficiently produced by sputtering with an O− pri-
mary beam. The O− beam has a larger diameter than the Cs+ beam, resulting in a 
slightly reduced lateral resolution of about 200 nm.

For chemical mapping of the relatively coarse features in stromatolites, 
secondary ion intensities were more important than high spatial resolution. 
Aberrations in the spectrometer limit the field of view to a maximum of about 
80–100 mm. Therefore, images were typically acquired over a 50–60 mm field of 
view with an image resolution of 256 × 256 pixels. In a 50 mm field of view, each 
pixel measures 195 nm, so for images produced using the Cs+ primary beam the 
maximum resolution is defined by the pixel size (as the primary ion beam is 
smaller than the pixel), but for the images acquired with the O− primary beam, 
the maximum resolution is determined by the diameter of the beam.

The secondary ion yields from any given ion species vary depending on the 
primary ion species, the ionisation potential or electron affinity of  the secondary 
ion, and the nature of  the sample matrix. This makes quantification of 
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 multi-component systems extremely difficult with SIMS, and necessitates the 
use of  well-known standards. Ion intensities are not directly comparable with 
one another, or with themselves in different matrices. This problem is further 
exacerbated in NanoSIMS where small-scale features of  a particular matrix 
may dominate in only a few pixels of  the image, giving rise to ion yield variabil-
ity at the pixel-to-pixel scale.

As SIMS uses high voltages to accelerate the primary ions, the sample must 
be conductive. It is therefore necessary to coat non-conducting samples, such as 
minerals, glasses and ceramics, with a conductive metal film. Typically, a thin 
(5 nm) gold (Au) coat is used as Au generally does not react with the sample. 
During sputtering, the Au coat is eroded away exposing the underlying sample 
surface, which becomes, once again, non-conductive. The ionisation efficiency, 
and hence the secondary ion yield from the sample, increases with increasing 
primary ion implantation. As the ion beam erodes the Au coat away, there is an 
optimum time when the signal is strongest – shortly before the Au coat is entirely 
removed. After this stage, an electron flood gun may be used to dissipate charge 
build-up along the edges of the sputter crater, and allow secondary ions to leave 
the sample surface. This can be problematic when parts of the sample conduct – as 
the carbon-rich organic layers in stromatolites do.

2.1.1.  Stromatolite Samples
Three samples were chosen to demonstrate NanoSIMS elemental mapping capa-
bility in stromatolites:

1. A modern lacustrine stromatolite from Lake Thetis, Western Australia (Figs. 1 
and 2). Lake Thetis lies approximately 250 km north of Perth, Western Austra-
lia and is a permanent saline, alkaline and nutrient poor lake. These conditions 
exclude most macro-fauna and make the lake ideal for the growth of microbial 
communities. Grey et al. (1990) described the geomorphology of Lake Thetis. 
They showed the Lake Thetis basin formed more recently than the Middle 
Holocene (most likely 3,000–4,500 years B.P.), while radiocarbon dating of 
lithified stromatolites yielded ages of <1,500 years B.P. A number of terraces 
are observed surrounding the lake marking abandoned shorelines and record-
ing a relative sea level fall from a high-stand at ~5,000 years B.P. (Brown, 1983). 
A ~0.5 m fluctuation of lake level between wet and dry periods affects a ~5 m 
wide strip of the foreshore that undergoes alternating periods of submergence 
and emergence (Grey et al., 1990).

Five types of  living microbial mats have been identified from Lake Thetis 
(crenulated, nodular, filamentous, diatomaceous and flocculent), each domi-
nating different, roughly concentric zones in the lake and its surrounds (for 
details see Grey et al., 1990). Lithified stromatolite platforms and domes 
(Fig. 1a) occur on three terraces around the lake margin. Stromatolite domes 
are composed mostly of aragonite, are typically 50–100 cm in diameter and 
occur on the lowest terrace, defining the lake margin. Crenulate and  nodular 
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living mats are intimately associated with these lithified domes but it is not 
clear whether they are now actively contributing to the domal stromatolite 
growth. In cross-section, the domes show variable textures, ranging from 
clotted (thrombolytic) in the dome centres to crudely laminated to distinctly 
laminated and rare branching columns at the outer margins. Lake Thetis stro-
matolites are interpreted to have formed by biologically induced carbonate 
precipitation (Grey et al., 1990).

The branching columns observed in some Lake Thetis stromatolites are 
of  particular relevance to studies of ancient life. Branching is common in Pre-
cambrian stromatolites but is rarely observed in Phanerozoic examples. This 
is thought to be a consequence of increased bioturbation and grazing in the 
Phanerozoic inhibiting the development of mucilaginous layers that protect 

figure 1. Modern lacustrine stromatolites from Lake Thetis, Western Australia. (a) Field photo-
graph of  <1,500-year-old lithified stromatolite domes associated with living nodular and diatoma-
ceous microbial mats and pink microbial sediment, Lake Thetis shoreline; (b) scanned thin section 
of  the outer part of  a lithified stromatolite dome from Lake Thetis shoreline. The thin section has 
been cut into a 10 mm diameter circle for insertion into the NanoSIMS and a sub-area containing 
a micro-stromatolite has been selected for study (boxed area enlarged in c); (c and d) photomicro-
graphs at increasing magnification of  boxed area in (b) showing how individual laminae or groups 
of  laminae can be targeted by NanoSIMS. Scale bar is 1 m for (a), 2 mm for (b), 600 mm for (c), 
80 mm for (d).
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the growing stromatolite. The Lake Thetis stromatolites therefore give a rare 
opportunity to study a potential true modern analogue for the most ancient 
stromatolites at the micro- to nano-scale. Our sample for NanoSIMS study 
comes from the outer margin of a domal stromatolite that exhibits laminations 
and micro-stromatolitic texture (Fig. 1b–d).

2. A modern marine stromatolite from Shark Bay, Western Australia (Fig. 3). 
Shark Bay, approximately 700 km north of Perth is home to diverse and abun-
dant stromatolites and microbial mats. These occur in the intertidal and sub-
tidal zones of a hypersaline embayment (Hamelin Pool), along almost 100 km 
of shoreline (Playford, 1990). Nine types of microbial mats have been identified 
in the bay, based on their surface morphology (Logan et al., 1974;  Playford, 
1990), along with domal and columnar stromatolites <4,000 years old. Some 
stromatolites are still actively growing today and a vertical accretion rate of 
~0.4 mm/year is suggested by radiocarbon dating (Reid et al., 2003). Most 
Hamelin Pool stromatolites are unlaminated or weakly laminated with irregular 

figure 2. NanoSIMS ion images of laminations within a Lake Thetis stromatolite. The laminae run 
from left to right across the field of view and are highlighted by bright areas in the 12C−, 26CN− and 
32S− images, and black areas in the 16O- and 40Ca+ images. The carbon image has been corrected for 
background carbon from calcium carbonate. 12C−, 26CN− and 32S− correlate with one another spatially 
and in terms of signal intensity. 16O− and 40Ca+ correlate with one another but anti-correlate with 12C−, 
26CN− and 32S−, confirming that the observed 12C−, 26CN− and 32S− signals come from organic material 
not from any carbonate or sulphate mineral phases. 28Si− shows some correlation with 12C−, 26CN− and 
32S−, this is discussed in the text. Increased colour intensity reflects increased relative abundance of 
each ion. The darker blue colour in the lower half  of the 40Ca+ image is due to a decrease in ion signal 
when the conductive gold coat was sputtered away; scale bar is 8 mm.
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fenestral networks, quantities of trapped sediment and irregular outer surfaces, 
and are thought to be constructed mostly by pustular and colloform mat com-
munities. More rarely, smooth mat communities construct well-laminated 
columns and mounds in the intertidal to shallowest subtidal zone (Playford, 
1990). A number of recent studies have documented the microbial makeup of 
the stromatolites (e.g. Burns et al., 2004; Papineau et al., 2005) and some of the 
nine types of microbial mats (Allen et al., 2009) to begin to decipher the role of 
individual microbial groups in stromatolite construction at Shark Bay.

Our sample for NanoSIMS comes from the mid-intertidal zone. The fabric 
approximates that of the “unlaminated calcarenite” described by Reid et al. 
(2003) (compare our Fig. 3b with Reid et al., 2003, Plate 49, 1b and 1c), con-
sisting of a mottled network of limestone (micrite, carbonate sand, peloids and 
oolites) and fenestrae (seen as holes in thin section). Occasional bivalve frag-
ments and foraminifera are also cemented by micrite. This type of stromatolite 
was interpreted by Reid et al. (2003) as being formed by pustular microbial 
mats whose irregular surface morphology has inhibited laminae development. 
Our NanoSIMS data shows some of the chemical signals that are retained during 
the transformation from a living microbial mat to a stromatolite that can be 
preserved in the rock record.

figure 3. Modern marine stromatolites from Shark Bay, Western Australia. (a) Field photograph of 
living stromatolites from Hamelin Pool, Shark Bay; (b) scanned thin section of part of a lithified stro-
matolite collected from the shoreline of Hamelin Pool. This exhibits a rather clotted texture, similar 
to the “unlaminated calcarenite” described by Reid et al. (2003); (c) NanoSIMS ion images of oxy-
gen, carbon, nitrogen (measured as CN−) and sulphur from the area arrowed in (b). Increased colour 
intensity reflects increased relative abundance of each ion. The carbon image has been corrected for 
the background contribution from CaCO3. 

12C−, 26CN− and 32S correlate with one another but anti-
correlate with 16O− just as they do in the Lake Thetis example. Scale bar is 50 cm for (a), 2.5 mm for 
(b), 10 mm for (c).
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3. An ancient stromatolite from the 2.72 Ga Tumbiana Formation of Western 
Australia (Fig. 4). Diverse stromatolites (domical, columnar, branching and 
stratiform) are found in the Meentheena Carbonate Member of the Tumbiana 
Formation, part of the Fortescue Group, Pilbara, Western Australia (Walter,  
1972). The dominant microstructure consists of groups of laminations 
organised as bulbs, varying in size from several hundred microns to several 
centimetres in height (Lepot et al., 2008). Micritic calcium carbonate layers 
alternate with thinner siliceous layers. These stromatolites formed mainly by 
in situ precipitation (Grotzinger and Knoll, 1999) in either shallow seawater 
(e.g. Sakurai et al., 2005) or a large lake (Buick, 1992).

Recent work has demonstrated clusters of “cell-like” carbonaceous globules 
associated with nano-aragonite crystals in bulbous Tumbiana stromatolites 
(Lepot et al., 2008); these carbonaceous globules contain many of the same 
functional groups as modern bacteria. This, taken together with the mor-
phological complexity and close comparison to modern stromatolites of the 

figure 4. Ancient stromatolites from the ~2.72 Ga Tumbiana Formation, Western Australia. (a) Field 
photograph of columnar stromatolites from the Meentheena carbonate Member of the Tumbiana 
Formation (courtesy of the Geological Survey of Western Australia); (b), NanoSIMS ion images of 
oxygen, carbon, nitrogen (measured as CN−), silicon and sulphur from a 60 × 60 mm2 area of a Tumbi-
ana stromatolite. Similar elemental distributions to the modern examples are observed, with lamina-
tions defined by spatial correlation and intensity of carbon, nitrogen and sulphur (partly). Increased 
colour intensity reflects increased relative abundance of each ion. Scale: pen in (a) is 12 cm long; scale 
bar in (b) is 10 mm.
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Tumbiana examples, provides strong evidence for their biogenicity. Hence, this 
sample was chosen for NanoSIMS study as an example of one of the oldest 
widely accepted biogenic stromatolites.

2.1.2.  Stromatolite Results
2.1.2.1.  Lake Thetis Stromatolite
Several ~ 50 × 50 mm2 laminated areas of the Lake Thetis stromatolite were 
mapped using both the Cs+ and O− primary ion beams. Similar chemical patterns 
were observed in each area and representative images are shown in Fig. 2. The 
most important result is the close correlation of the carbon, nitrogen and sulphur 
images. These images highlight chemically the laminations running from left to 
right across the field of view (Fig. 2). The near identical spatial distribution of 
these three elements, together with changes in intensity that parallel one another 
(i.e. a very bright area on the carbon map correlates with very bright areas on 
the nitrogen and sulphur maps), appears to be a characteristic of microbial mate-
rial preserved as wavy laminations within the carbonate matrix. Under the opti-
cal microscope (e.g. Fig. 1d), it is difficult to distinguish the morphology of an 
individual lamina. However, the high spatial resolution of the NanoSIMS allows 
us to see in greater detail; we see that laminae commonly comprise a mixture of 
networks of anastomosing microbial material and some larger clumps or grains of 
microbial material. In addition, we can clearly observe small deviations and undu-
lations in laminae and one area, in particular, where microbial material appears 
to join adjacent laminae (just north-east of the centre of Fig. 2). This could, for 
example, represent filamentous microbes that were growing up through trapped 
sediment towards the mat surface.

It is important to confirm that the elemental distributions of C, N and S are 
due to organics/microbial matter and not other mineral phases. This can be done 
by comparing the C, N and S maps with those for oxygen, which will highlight 
carbonate and sulphate minerals, and with images of the cations contained in 
known matrix minerals (in this case, calcium from calcium carbonate). The O and 
Ca images correlate well with one another but anti-correlate with C, N and S indi-
cating that the C, N and S distributions are indeed due to preserved microbial 
material in this stromatolite. In ancient stromatolites, silicon will be a useful ele-
ment to analyse as many ancient stromatolites are partially or entirely silicified. In 
this case, Si is merely an accessory phase, but it does show some correlation with 
C, N and S. This may be due to the trapping of windblown silica rich particles by 
the microbes or may be due to precipitation catalysed by the metabolic activity of 
the microbes. Further investigation is needed to distinguish these processes.

It is worth noting that NanoSIMS images give only the relative concentrations 
of each of the elements; it is not possible to obtain an absolute concentration. 
Additionally, it is very difficult to obtain meaningful ratios of elements present in 
a sample. For example, one may be interested in the N/C ratio of the microbial 
material to provide information about the parts of microbes that are preserved in 
stromatolites. The apparent N/C ratio of a sample in SIMS is controlled not only 
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by its true N/C ratio but also by SIMS instrumental parameters that control CN− 
and C− ion yields, and by the matrix that the N- and C-rich material lies in. Such 
ratios were not attempted in this study.

2.1.2.2.  Shark Bay Stromatolite
Several ~ 50 × 50 mm2 areas of  the Shark Bay stromatolite were mapped using 
both the Cs+ and O− primary ion beams. Since this stromatolite was not lami-
nated when viewed under the optical microscope (Fig. 3b), we decided to target 
the peloidal to oolitic trapped grains to investigate the distribution of  microbial 
material in these areas. Representative NanoSIMS ion images from the coatings 
of  these grains are shown in Fig. 3c. A similar elemental distribution is observed 
to that seen in the Lake Thetis stromatolite. Carbon, nitrogen and sulphur dis-
tributions are closely correlated spatially, and oxygen shows almost exact anti-
correlation. Again, this appears characteristic of  microbial material interspersed 
with precipitated carbonate cement. In this case, some of  the laminae are almost 
entirely organic, some are almost entirely carbonate cement and some (e.g. just 
left of  centre in Fig. 3c) appear to be a mixture of  microbial material and car-
bonate. The sulphur distribution does not correlate exactly with carbon and 
nitrogen. This may be due to the presence of  some sulphate minerals or an 
as-yet-unidentified sulphur phase.

2.1.2.3.  2.72 Ga Stromatolite
The ~2.72 Ga Tumbiana Formation stromatolite was investigated in an identical 
manner to the modern examples from Shark Bay and Lake Thetis. Representative 
NanoSIMS ion images are shown in Fig. 4b. Despite the great age of this stroma-
tolite, similar elemental distributions are observed to those found in the modern 
examples. Once again carbon and nitrogen correlate spatially with one another and 
highlight laminations running from left to right across the field of view (Fig. 4b). 
Sulphur correlates, in part, with carbon and nitrogen, but the correlation is not as 
well matched as in the modern examples. Again, we see that the laminations are 
not simple; they consist of intertwined strands and anastomosing networks of 
organic material. The silicon image shows that the original carbonate structure 
has been partly silicified and this appears to have masked much of the (anti)corre-
lation of C, N and S with oxygen. Although the elemental patterns observed here 
are very similar to those in the modern examples, for stromatolites of this great 
age we must test that the signals we see are truly ancient and biological. Nitrogen 
is a key biological element that is concentrated by cellular products, along with 
carbon, via biotic fixation processes (e.g. Frausto Da Silva and Williams, 2001). 
Although the mere presence of nitrogen cannot be used to infer biogenicity, a 
close correlation on a sub-micron scale of nitrogen with carbon has been used as 
an indicator of biological processing in well-preserved carbonaceous microfossils 
from both the ~1,900 Ma Gunflint Chert of  Canada (Robert et al., 2005) and the 
~850 Ma Bitter Springs Chert of central Australia (Oehler et al., 2006), where the 
carbon and nitrogen chemical maps show direct correlation with optical images 

476



ELEMENTAL AND ISOTOPIC ANALYSIS BY NANOSIMS

of the microfossils. In contrast, an abiogenic source of nitrogen in organic matter 
requires specific conditions and reactants. Nitrogen has been incorporated into 
organic matter abiogenically by high temperature Fischer Tropsch synthesis, using 
CO, H2, NH3 and a metal catalyst, in laboratory experiments attempting to rep-
licate the formation of organic matter in meteorites (Kung et al., 1979; Hayatsu 
et al., 1972). However, field observations of the Meentheena Carbonate Member, 
indicating deposition in a lacustrine or shallow marine environment with little 
hydrothermal influence (e.g. Lepot et al., 2008), are inconsistent with conditions 
required for such abiogenic nitrogen synthesis. Sulphur is likewise concentrated by 
biotic fixation processes (Frausto Da Silva and Williams, 2001) and while its mere 
presence may be due to both biological and abiological concentration, a positive 
correlation with carbon and nitrogen lends further support to a biological forma-
tion mechanism.

The syngeneity of  the Tumbiana chemical signals is unquestionable since 
the laminations with which they directly correlate have been shown to be pri-
mary (bio)sedimentary structures (e.g. Buick, 1992). NanoSIMS analysis of 
the Tumbiana stromatolites adds further support to a biological origin for 
these structures (cf. Lepot et al., 2008) and provides chemical signals that may 
act as a baseline for the study of  other Precambrian stromatolites of  unknown 
biogenicity.

2.2.  SULPHUR ISOTOPE ANALYSIS

Here, we describe a method we have developed for measuring S isotope ratios 
in micron-sized grains using the high-resolution imaging capability of the 
NanoSIMS.

2.2.1.  NanoSIMS Setup
All sulphur isotopic measurements were obtained using a Cs+ primary ion beam 
focused to about 100 nm. The secondary ions 12C−, 12C14N−, 32S− and 34S− were 
recorded simultaneously. The smallest pyrite grains (Type 1, see below) typically 
measure 2–3 mm in size, which are too small to be analysed by a static beam indi-
vidually with sufficient stability and precision. It was therefore necessary to raster 
the primary ion beam over an area of 12 × 12 or 15 × 15 mm, producing an image 
from which the isotope data could be extracted. The images were obtained at a 
resolution of 256 × 256 pixels, each pixel measuring 47–59 nm, with a count time 
of 5 ms per pixel. Each pixel records the counts for each secondary ion, corrected 
for dead time (44 ns) and detector yield. Cameca NanoSIMS Image processing 
software was used to ratio the 34S− counts to the 32S− counts for the pixels defining 
each individual grain in an image. Variations in the S isotope ratio at the pixel-
to-pixel scale are overshadowed by the large counting error on each pixel. It was 
therefore necessary to use the mean ratio value for the group of pixels defining 
a particular grain in the ion images. Charge compensation with the electron gun 
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was not necessary as the pyrites maintained electrical conductivity throughout 
the analysis.

2.2.2.  Factors Affecting Accuracy and Precision
2.2.2.1.  Detector Ageing
The high electron affinity of S means that the negative secondary ion yield is very 
high under Cs+ bombardment. On the one hand, this is good for generating enough 
counts to get good counting statistics, but has the disadvantage of generating so 
many counts that detector ageing and quasi-simultaneous arrivals (QSAs) at the 
electron multiplier (EM) become important issues (Slodzian et al., 2001). Detector 
ageing occurs when the secondary ion signal is so intense that the first dynode 
of the EM begins to degrade. The detector response changes over the course of 
its lifetime, but with intense signals (more than 400,000 counts per second) the 
effect is much more rapid. In analyses using two EMs where one EM has a very 
intense signal, the change in response of the detector with the high intensity signal 
can artificially influence the measured isotope ratio. To avoid this, the secondary 
ion flux can be kept low by cutting the beam with slits and apertures, which also 
increases the mass resolution to give better peak shapes. If  necessary, a correction 
can be applied to the isotope ratio by monitoring the detector response during the 
analysis. Faraday cup (FC) detectors, which do not suffer from ageing effects or 
QSA, could not be used for this type of analysis because the response time of the 
FC is too slow and the background noise is too great to produce the good quality 
images needed for isotope ratio measurements.

2.2.2.2.  QSA Effects
QSA presents a far more difficult artefact to overcome. This occurs when the 
ionisation efficiency is so high that a single primary ion may sputter two or more 
secondary ions, which travel through the mass spectrometer together and hit the 
first dynode of the EM more or less simultaneously. As EMs count the pulses gen-
erated by the incoming ions, simultaneous arrivals are measured as single pulses. 
This will, of course, have an effect on the isotope ratio, as part of the signal will 
not be detected. While QSA is not dependent on count rate, the magnitude of 
the effect is. High count rates at the detector can lead to contributions of up to 
100‰ (10%) from QSA alone. This phenomenon is particularly problematic when 
measuring natural abundance isotopes with NanoSIMS. A theoretical correction 
model exists for a measured ratio (R): Rmeas = Rtrue × (1 + b × K), where K is the ratio 
of secondary to primary ion current and b = 0.5 (Slodzian et al., 2004; Hillion 
et al., 2008). However, experiments have shown that this value of b deviates signif-
icantly from 0.5, with observed values between 0.5 and 1 (e.g. b = 0.69 in Slodzian 
et al., 2004). In our preliminary analyses, neither the theoretical value of b = 0.5 
nor the experimental value of b = 0.69 was found to adequately correct for QSA 
effects observed at our analytical conditions in the NanoSIMS 50.

Our modified experimental approach uses an empirical correction derived 
from measuring the change in isotope ratio at different primary to secondary 
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ion current ratios. This is achieved by measuring the 34S/32S isotope ratio with a 
constant primary ion current, while varying the secondary ion current with slits 
and/or energy offsets. Plotting the 34S/32S ratio against K for a particular 
 sulphide grain produces a linear relationship. The slope of  the linear regression 
may then be used as the correction coefficient, b, in the data processing  
(cf. Slodzian et al., 2004; Hillion et al., 2008). This approach was used on each 
grain measured, producing an individual, empirically derived correction factor 
for each measurement. Another critical aspect of  the QSA correction is that the 
relationship between the isotope ratio and the primary/secondary ion current 
only becomes linear after the secondary ion yield has reached a steady state.

For pyrite, this requires a primary ion implantation dose of ~8 × 1016 cm−2. 
Under these analysis conditions, this requires approximately 150 min (1.4 pA 
primary beam current, 12 × 12 mm raster size). Figure 5 explains the correction of 
our raw data for QSA effects and presents the uncertainty associated with this 
correction.

figure 5. A comparison of raw NanoSIMS 34S/32S data and QSA corrected 34S/32S data. The raw data 
shows a strong positive correlation with 32S count rate and a large spread of 34S/32S ratios; this cor-
relation is merely an instrumental artefact due to QSA. The raw data is corrected by applying a series 
of linear regressions through data from each sulphide grain (i.e. one regression line through data for 
the CP1 standard, one through data for Type 2 pyrite, one through data for Type 3 pyrite, and one 
through data from each individual Type 1 pyrite grain). The errors associated with the QSA correction 
are dependent on the quality of fit of each regression line. These errors are propagated (added to the 
Poisson counting errors) to obtain the error bars shown on the QSA corrected data. The uncertainties 
associated with the QSA correction are generally only slightly larger than the Poisson counting errors. 
Hence, the spread in 34S/32S for QSA corrected data can be considered real. The sample data is then 
calibrated to V-CDT using the data obtained from the CP1 standard, which has a known 34S/32S ratio, 
a known V-CDT value and known analytical errors (−4.6 ± 0.2‰).
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2.2.2.3.  Poisson Counting Precision
As mentioned above, EMs are ion-counting detectors, which means their preci-
sion is dependent on Poisson counting statistics. The internal precision of a mea-
surement derived from two EM detectors is given by:

1 2
Pr ecision (%) (1 / 1 / ) 100= √ + ×N N

where N1 and N2 are the total counts on ion species 1 (32S) and 2 (34S), respectively. 
As 32S represents 95.0% of the total S abundance (versus only 4.2% for 34S), the 
counts from 32S are over 20 times higher than 34S. This makes the 32S contribu-
tion to the counting precision largely negligible. Therefore, the precision can be 
approximated as 1/√N2, the counts on the lower abundance isotope. To achieve an 
isotope ratio measurement with an internal precision of 1‰ (0.1 %), one million 
counts from the lower abundance isotope are needed. For our analyses, multiple 
images were acquired sequentially, which were then added together to improve the 
counting statistics. For the standard (CP1) and Type 2 and 3 pyrites, where the 
grain filled the entire image frame, five images were acquired with a total acquisi-
tion time of 13 min. For the Type 1 pyrites, fifteen images were acquired, with a 
total time of 35 min per measurement, resulting in several million counts for 34S 
over a typical 12 × 12 mm image. A typical 2–3 mm-sized grain, from the same raster 
size and under the same analytical conditions, would yield between 100,000 and 
500,000 counts on 34S, giving precisions of between ~3 and 1.5‰, respectively.

2.2.2.4.  Reproducibility
Poisson counting statistics only represent the theoretical “best” precision pos-
sible. More critical for the NanoSIMS analyses is the reproducibility, or external 
precision, of the isotope measurements. This can be difficult to ascertain when 
there is inherent variability between grains in the sample. For the micron-sized 
pyrites (Type 1), it is necessary to confirm that any apparent natural grain-to-
grain variation in the isotope ratio was not simply due to poor reproducibility in 
the measurements.

As we were unable to measure the reproducibility by measuring multiple 
Type 1 grains to determine the standard deviation, we demonstrated that the 
uncertainty due to the Poisson counting statistics is a close approximation of the 
external precision. To illustrate this, we acquired images of the CP1 standard and 
large grains (Type 2) in the sample where the grains were big enough to fill the 
entire imaged area. Using image processing software, we measured the isotope 
ratio for small sub-regions (discrete groups of pixels) to create areas similar in size 
to the smaller Type 1 pyrite grains, and compared the isotope ratios from the dif-
ferent areas (Fig. 6). The ratios calculated for each individual area (Fig. 6b–e) had 
essentially the same value as the ratio for the whole image (Fig. 6a), producing a 
small standard deviation between areas. The internal precision for the whole area, 
propagating Poisson counting error, uncertainty on the QSA correction, and con-
version to per mil was 1.2‰, while the internal precision of the sub-regions was 
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1.6–1.7‰ due to the smaller number of pixels, and thus a lower number of 
counts, in the sub-regions. The standard deviation of the sub-regions (the repro-
ducibility) was 0.6‰. As the Poisson counting error is the theoretical limit of 
counting precision, the ‘true’ uncertainty of the measurements here is given by the 
propagated counting statistics, i.e. the larger of the two errors. The quality of the 
analysis can then be expressed using the c2 relationship:

2 2

(error mean / Poisson)χ =

A “good” measurement will have a reproducibility that is equal to or better than 
the counting statistics, giving a c2 of 1 or less. All measurements on the standard 
satisfied this test. Hence, if  variations in d34S that are larger than the Poisson error 
are seen on a grain-to-grain scale amongst the Type 1 pyrites, they can be consid-
ered a real, natural variation in S-isotope fractionation.

2.2.2.5.  Accuracy
The accuracy of an isotopic measurement is a function of the mass fractionation 
imparted by the instrument (instrumental mass fractionation or IMF), which 
incorporates effects due to the sputtering, ionisation, extraction, transmission and 
detection of the secondary ions (Winterholler et al., 2008). IMF effects associated 
with the sputtering and ionisation of the sample include matrix effects and sample 
preparation factors such as topography. IMF effects due to the extraction and 
transmission of secondary ions generally remain constant throughout an analyti-
cal session. The IMF effects associated with the detection and measurement of 
secondary ions relate to issues of QSA and dead time, which have already been 

figure 6. NanoSIMS ion image 
of 34S− from the CP1 standard, 
with d34SV-CDT (‰) values super-
imposed to illustrate data repro-
ducibility within a single analysis. 
10–12 mm analysis areas (a) were 
split into sub-areas (b–e) of 
approximately equal size to Type 
1 pyrites. The standard devia-
tion (reproducibility) between 
these sub-areas is 0.6‰, which is 
smaller than the average Poisson 
error due to counting statistics 
(1.2–1.7‰). This gives c2 < 1 and 
indicates that the reproducibility 
was good and the analyses are 
of sufficient quality. See text for 
further details. Scale bar is 2 mm.
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addressed. For our flat, polished samples topography is not significant, and as the 
standard is mounted alongside the sample, effects due to movement on the sample 
holder are minimal.

To determine IMF, we calibrated our CP1 standard and Strelley Pool sample 
using LA-ICP-MS. After correcting for dead time and QSA effects, we used the 
standard calibration formula:

34 34 32 34 32

IMF CP1 - NanoSIMS CP1 - LA - ICP - MS
S ( S / S) / ( S / S) 1 1,000  δ = − ×  

to obtain a NanoSIMS IMF of −23‰ relative to the known absolute 34S/32S ratio 
of CP1. This is of a similar magnitude to the −20‰ IMF reported by Graham 
and Valley (1992) using a Cameca IMS 4f instrument.

With regard to matrix effects, Riciputi et al. (1998) investigated the matrix 
effects associated with different sulphide chemical compositions in SIMS. Their 
data showed a maximum of ~3‰ fractionation between seven different sulphide 
minerals when using the Cs+ primary ion beam. Specifically, the fractionation 
between pyrite (FeS2; our sample) and chalcopyrite (CuFeS2; our standard) was 
<1‰ (Riciputi et al., 1998, Table 5 and Fig. 6). We confirmed that there is only a 
small matrix effect between pyrite and chalcopyrite by measuring several Type 3 
pyrites using the same LA-ICP-MS instrumentation as for CP1 (Wacey et al., 
2009). After the 23‰ IMF correction, there was an added discrepancy of ~2‰ 
between the average Type 3 d34S measured by LA-ICP-MS and that measured by 
NanoSIMS. This discrepancy may be due to some small matrix effect (1–2‰) but 
it is also of the same magnitude as the analytical error associated with the 
NanoSIMS measurements. Hence, we conclude that in our experiment the change 
in matrix between pyrite and chalcopyrite does not significantly affect IMF.

All 34S/32S ratios were converted to d34S, in ‰, using the following formula:

34 34 32 34 32 34 32

S(%) ( S / Ssample) ( S / Sstandard)/( S / Sstandard) 1,000 δ = − × 

and all d34S values were normalised to the CP1 standard of d34SV-CDT = −4.6‰. 
Errors associated with the known LA-ICP-MS value for CP1 (±0.2‰) were 
propagated to obtain a final ‰ value for each sample grain. Isotope measure-
ments of Strelley Pool sample pyrite grains were bracketed between CP1 standard 
measurements.

2.2.3.  Samples
The samples used for developing a NanoSIMS sulphur isotope methodology 
come from a silicified sandstone at the base of the ~3.43 billion-year-old Strelley 
Pool Formation from the Pilbara of Western Australia (Wacey et al., 2006). The 
Strelley Pool Formation is a regionally extensive marker horizon that separates 
the thick, dominantly volcanic successions of the 3.525–3.427 Ga Warrawoona 
and 3.35–3.315 Ga Kelly Groups (Hickman, 2008). It is internationally acknowl-
edged as one of the world’s most important early Archean formations for the 
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study of early life on Earth. The sandstone unit exhibits low angle cross-bedding,  
channel bedforms and relatively high textural and compositional sediment 
maturity, consistent with deposition in a high energy regime (Wacey et al., 2006, 
2010a). At the sample locality (Fig. 7a, b), near to Strelley Pool, the sandstone 
lies unconformably on eroded 3.515 Ga Coonterunah Subgroup volcanics, pro-
viding one of the earliest preserved land surfaces in the rock record (Lowe, 1983; 
Buick et al., 1995). The basal sandstone was lithified by the time that the overlying 
laminated carbonates (including putative stromatolites) of the Strelley Pool Chert 
were deposited. Early silicification is clearly indicated by the presence of rounded, 
intraformational clasts of the sandstone within higher beds of the sandstone itself  
as well as within the overlying chert. This is an important observation that helps 
to constrain the age of the pyrite within the sandstone. Four types of pyrite can 
be identified within the Strelley Pool sandstone. Type 1 pyrites are micron-sized 
grains coating many of the detrital framework sandstone grains (Fig. 7c). These 
are found in areas where the sandstone is black and evidently very well preserved, 
and also in black intraformational clasts higher up in the sandstone member.

figure 7. Pyrite samples for sulphur isotope analysis. (a) Field photograph looking south showing 
a ridge of the ~3.43 Ga Strelley Pool Formation, approximately 5 km east of Strelley Pool, West-
ern Australia. The Formation dips almost vertically away from the viewer (to the south); (b) outcrop 
photograph of well-preserved grey-black sandstone, containing Type 1 and 2 pyrites, from the base 
of the Strelley Pool Formation; (c) reflected light photomicrograph of Type 1 pyrite (white) coating 
large, rounded detrital quartz grains (grey). A cube of Type 2 pyrite can be seen just above the centre 
of this image; (d) Reflected light photomicrograph of Type 3 detrital pyrite grains (white) occurring 
in a placer-type deposit with chromite (light grey), rutile (light grey rings) and zircon (Zr). Scale bar is 
50 mm for (c) and 500 mm for (d).
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They are thus interpreted as approximately syn-depositional (~3.43 Ga) in age. 
Type 2 pyrites are larger, cubic pyrite crystals (Fig. 7c, square just above centre). 
These likely formed by the dissolution and re-crystallisation of Type 1 pyrites dur-
ing low-grade metamorphism sometime prior to the last significant metamorphic 
event in this area at ~2.9 Ga. Type 3 pyrites are well rounded and partially eroded 
detrital pyrite (older than 3.43 Ga) occurring in spatially restricted placer deposits 
with other heavy minerals such as zircon, chromite and rutile (Fig. 7d). Type 4 
pyrite consists of small cubic or rhombic crystals sealed within detrital siliceous 
grains. These are rather rare and were not analysed for d34S in this study, although 
they occur in close proximity to areas analysed for d13C (see Sect. 2.3 below).

2.2.4.  Sulphur Isotope Results
Type 1 pyrite: Sixty-nine Type 1 pyrite measurements, from four separate analysis 
areas of the thin section, have a range of d34SV-CDT from −11.7‰ to 6.3‰. The 
mean value for these grains is −2.1‰.

Type 2 pyrite: Forty-four measurements from Type 2 pyrites have a range of 
d34SV-CDT from −6‰ to 3.4‰. The mean value for these grains is −2.9‰.

Type 3 pyrite: Eight measurements from Type 3 pyrites have a range of d34SV-

CDT from −1.3‰ to 3.9‰. The mean value for these grains is 1.5‰.
The analytical errors for the three types of pyrite were of similar magnitude 

and ranged from <1‰ to ~4‰, most commonly around 2‰. While these errors 
are clearly larger than those obtained by conventional gas source mass spectrom-
etry, they are sufficiently small to trace most natural fractionations of sulphur 
isotopes by biological and non-biological means in the rock record.

Two areas of Type 1 pyrites are illustrated in Fig. 8. It is not possible to 
demonstrate the 34S/32S ratio as an image because the differences are only apparent 
on a grain-to-grain scale, and not on a pixel-to-pixel scale. The grains appear 
largely homogenous, with little evidence of zonation across a grain. The grain 
edges are not well defined due to small amounts of instrumental drift during the 
acquisition. Hence, the pixels at the edges of the grains were not selected for the 
isotope ratio measurements.

The mean of Type 1 pyrites (−2.1‰) is very similar to that of Type 2 
(−2.9‰). This similarity in means between Type 1 and Type 2 pyrites demon-
strates the amount of information that would have been lost had the pyrites not 
been analysed by NanoSIMS. For example, using laser ablation it would likely 
only have been possible to obtain one measurement from this entire area (using 
conventional powdering of the rock sample the spatial resolution would be many, 
many times worse); this measurement would have returned a value approximately 
equal to the mean of Type 1 and Type 2 pyrites (i.e. around −2.5‰). This value 
is not far removed from that for magmatic mantle-derived H2S [+1 ± 1‰ (Ohmoto 
and Rye, 1979)]. Since the isotopic composition of non-biological magma-derived 
sulphides may range between 4–5‰ of this mantle value (Schneider, 1970), the most 
logical conclusion from bulk data would be that both Type 1 and Type 2 pyrites had 
formed non-biologically from hydrothermal or volcanogenic processes.
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In contrast, using NanoSIMS (Fig. 9), we see that the Type 1 pyrite exhibits 
a spread in d34S of 18‰ over less than 1 mm within the thin section, and a maxi-
mum 34S depletion of about −15 ‰ from inferred early Archean seawater sulphate 
[d34S ~ +3‰ (Strauss, 2003)]. This is of a similar magnitude to putative reports of 
biological sulphur processing in other early Archean sediments (Ohmoto et al., 
1993; Shen et al., 2001; Shen and Buick, 2004; Philippot et al., 2007). This data 
does not give definitive evidence for biological participation in the formation of 
Type 1 pyrite, because non- biological processes such as reduction of sulphate by 
Fe2+-bearing minerals (Ohmoto and Goldhaber, 1997) and thermochemical 
reduction by hydrocarbons (Machel, 2001) can impart fractionations of a similar 
magnitude. However, when combined with other evidence (e.g. close association 
of carbon and nitrogen with the Type 1 pyrites (Fig. 8), and field evidence for low 
temperature, syn-depositional to early diagenetic timing of formation of Type 1 
pyrite), a biological formation mechanism appears the most plausible scenario. 
The modelling of this data to potentially determine the microbial metabolism and 
concentrations of sulphate in the Archean ocean is beyond the scope of this chap-
ter; instead details can be found in Wacey et al. (2010b).

figure 8. d34S measurement from Type 1 pyrite. NanoSIMS secondary ion images of 32S−, 34S− and 
26CN− associated with two areas of micron-sized (Type 1) pyrites within the Strelley Pool sandstone. 
Black area is background quartz. Cameca NanoSIMS Image processing software was used to isolate 
the pixels defining different grains (e.g. a–e on top row) in each image and then to ratio the 34S− counts 
to the 32S− counts for each grain. The 26CN− image shows organic matter associated with the pyrite. 
The mean d34SV-CDT values (‰) for each grain with fully propagated errors are superimposed on the 34S 
images. Scale bar is 2.5 mm. Colour scale is calibrated in counts per second.
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The similarity in the mean values for Type 1 and Type 2 pyrites suggests that 
Type 2 may have formed from dissolution and recrystallisation of Type 1 during 
low-grade metamorphism. Type 3 pyrites exhibit d34S signatures (mean 1.5‰) 
within the range of values for igneous sulphides formed using H2S derived from 
Archean magma (Ohmoto et al., 1993). These Type 3 detrital pyrites were likely 
eroded from a >3.43 Ga igneous body and then concentrated as placer deposits 
in the Strelley Pool sandstone.

2.3.  CARBON ISOTOPE ANALYSIS

Carbon isotope measurements were made using an integration method, as the 
features were mostly large enough to completely fill the field of view. A slightly 
defocused Cs+ primary beam was rastered over an area of 10 × 10 mm2, made up 
of 64 × 64 pixels, and the counts per pixel were integrated over the total number of 
pixels per frame. To achieve the one million counts from the less abundant isotope, 
necessary for a precision of 1‰, 500 frames were measured for each analysis. Only 
counts from the central 44 × 44 pixels were recorded to eliminate the contribution 
from crater edge effects.

The mass spectrometer was tuned to allow the 13C peak to be resolved from 
12C1H on mass 13, while maintaining good counting statistics (M/∆M = 3,000, 
with 200k cps on 12C). Counts for 12C and 13C were recorded simultaneously using 
EMs, and the ratio was calculated from the total counts recorded. The counts 
were corrected for instrumental effects, such as dead time and EM yield. Under 
these analytical conditions, detector ageing was negligible. QSA was considered 
negligible because the count rates for the standard and sample were very similar, 
so any QSA correction should not affect the relative d13C values between standard 

figure 9. Stacked histogram 
of d34S data from three types 
of pyrite within the ~3.43 Ga 
 Strelley Pool sandstone. Sixty-
nine analyses on 25 individual 
grains were made for Type 1 
pyrite, 44 analyses on ten grains 
for Type 2, and eight analyses 
on five grains for Type 3. This 
histogram reports the mean value 
for each individual grain.
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and sample. This point still requires some clarification, however, as the extent of 
the QSA effect on carbon has yet to be accurately determined.

The carbon-rich material in our samples is largely kerogenous in nature, but 
its great age and metamorphism mean that it approaches a graphitic composition 
(although there is still some disorder seen in transmission electron microscopy 
and laser Raman spectra); thus, the NanoSIMS was calibrated using the graphite 
standard USGS-24, which has a d13CV-PDB value of −16‰. 13C/12C raw ratios were 
converted to d13C values (in ‰) using the formula:

13 13 12 13 12

V - PDB sample standard
C % [( C / C ) ( C / C ) 1,000δ = − ×

To reduce instrumental effects caused by the movement of the ion beam between 
sample holders, the grains of USGS-24, typically around 10 mm in diameter, 
were mounted directly within the sample thin-section close to the analysis area. 
The NanoSIMS was then tuned to give good spot-to-spot reproducibility on the 
standard before moving to the sample kerogen. Multiple analyses of several grains 
of USGS-24 gave d13C values with a 1s external precision for the standard of 3‰.

2.3.1.  Samples
Our NanoSIMS carbon isotope methodology was developed using kerogen from 
ambient inclusion trails (AITs) from a silicified sandstone at the base of the 
~3.43 Ga Strelley Pool Formation (see Sect. 2.2.1 for geological setting). AITs 
are poorly understood microtubular structures that appear to be created by the 
migration of mineral crystals through a lithified or partly lithified substrate (Tyler 
and Barghoorn, 1963). One potential driving force behind this phenomenon is the 
decomposition of organic material attached to the mineral crystals (Knoll and 
Barghoorn, 1974). If  such organic material could be shown to be biological, then 
AITs may be used as a biosignature for investigating early life on Earth. Wacey 
et al. (2008) have investigated AITs from the Strelley Pool Formation in some 
detail, this is summarised below.

AITs in the Strelley Pool sandstone are strictly substratum specific, confined 
to ~5% of rounded clasts, comprising well-preserved microcrystalline silica that 
contain small cubes of pyrite (Type 4 pyrite above). The microtubes are 1–15 mm 
in diameter, up to 300 mm in length and can be either hollow or filled with silica, 
ferrous phosphate, aluminium phosphate or jarosite (likely a younger contami-
nant). They exhibit a range of morphologies from straight, to curved, twisted or 
even helical, and are occasionally branched. Their diameter appears to remain 
constant along their length, and they commonly cluster around clots of organic 
matter. These have been interpreted as AIT for the following reasons (Wacey 
et al., 2008): they only occur in clasts rich in pyrite (or pseudomorphs after pyrite) 
and commonly also rich in organic matter; some still contain propelled terminal 
pyrite crystals (Fig. 10a); many microtubes originate from the centre of the silica 
grains and can move both inwards and outwards through the grain. In contrast, 
endolithic borings would only penetrate inwards from the edge of a grain; many 
of the microtubes have polygonal cross sections, consistent with the geometry of 
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a mineral grain, but inconsistent with microfossils or microbial borings. Our d13C 
measurements were made on carbon found within these AITs, mostly occurring 
as linings along tube edges.

figure 10. An ambient inclusion trail (AIT) from the ~3.43 Ga Strelley Pool sandstone. (a) Thin section 
photomicrograph showing an AIT with terminal pyrite crystal that has been propelled from the bottom 
right to the top left of  the image. Note dark areas of  organic material within the tubular structure; 
(b) NanoSIMS ion images of magnesium, carbon and calcium from an adjacent AIT, showing that car-
bon distribution is not correlated with either calcium or magnesium within the AIT. This indicates that 
the carbon is present in organic material and not a mineral phase such as carbonate. Oval areas indicate 
identical areas on each image. Scale bars are 10 mm. Part (b) is taken from Wacey et al. (2008).
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A slightly modified version of our NanoSIMS carbon isotope methodology 
has also been used for solidified oil (pyrobitumen) and kerogen in ~2.63 Ga shales 
from the Jeerinah Formation, Pilbara Craton, Western Australia (see Rasmussen 
et al., 2008 for details).

2.3.2.  Carbon Isotope Results
Using NanoSIMS, Wacey et al. (2008) found significant enrichments in carbon 
and nitrogen in AIT from the centre of microcrystalline silica grains in the Strelley 
Pool Formation. These enrichments corresponded to silica and oxygen depletion 
in the host grain and were often greatest in a narrow band at the outer edge of 
the AIT. Ca and Mg were present in some AITs but they did not correlate with  
carbon (Fig. 10b) indicating that the carbon was organic, not merely bound within 
a carbonate phase. Other potentially bio-limiting elements [e.g. P, S, K, Co, Fe, Ni, 
Zn (Frausto Da Silva and Williams, 2001)] were also correlated with carbon or 
concentrated in some way within the AIT infillings (Wacey et al., 2008).

NanoSIMS carbon isotope analysis was performed directly on the carbon 
rich interior of  two AIT structures (AIT 1 and AIT 2). Five analysis points, 
each comprising 500 measurements, from AIT 1 resulted in a mean d13CV-PDB 
value of  −27.6‰; the errors for each analysis point were ~3.0‰. Four analysis 
points, again each comprising 500 measurements, from AIT 2 resulted in a 
mean d13CV-PDB value of  −24.0‰, and errors of  3.1–3.8‰. The errors on these 
analyses are around an order of  magnitude higher than those obtainable by 
conventional gas-source mass spectrometry (e.g. Van Zuilen et al., 2002); 
clearly, NanoSIMS is not the technique to use in cases where very high precision 
is needed. However, there are many situations where spatial resolution is more 
important than high precision, and errors of  ~3‰ do not compromise the inter-
pretation of  the data. This is often the case in the field of  Precambrian palaeo-
biology where biological fractionations are relatively large [20–40‰ in favour of 
12C for enzymatic carboxylation reactions (Schidlowski, 1988)] but the microbes 
responsible are very small. In the case highlighted here, NanoSIMS is the only 
technique capable of  measuring isotopes from the small amounts of  carbon 
associated with these AIT structures, and gives data that is consistent with the 
biological C3 “Calvin cycle” carbon fixation pathway. Other carbon fixation 
pathways (e.g. C4 dicarboxylic acid or reductive acetyl coenzyme A pathways) 
do not fractionate carbon isotopes to the extent of  the C3 Calvin Cycle 
(Schidlowski, 1988), but such biological signatures should still be resolvable 
using NanoSIMS.

3.  summary

NanoSIMS facilitates the in situ elemental and isotopic analysis of very small 
objects and the correlation of this data with morphological features observed 
in petrographic thin section, and with data from other techniques such as laser 
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Raman or electron microscopy. Applications of NanoSIMS are widespread 
through the geological and biological sciences; here, we have demonstrated its 
applicability for improving our understanding of chemical signals typical of life in 
both modern and ancient environments. The spatial resolution of the NanoSIMS 
allows detection and mapping of  elements and isotopes within individual lami-
nations of  stromatolites, biominerals, trace fossils and microfossils. Quantitative 
isotope data can be obtained with 1–3‰ precision on objects as small as ~2 mm.

4. acknowledgements

Our thanks go to Owen Green and Martin Brasier for provision of stromatolite 
samples, and to Adrian Boyce for laser ablation sulphur isotope analyses. DW is 
supported by a UPRF from The University of Western Australia. Both authors 
acknowledge the facilities, scientific and technical assistance of the Australian 
Microscopy and Microanalysis Research Facility at the Centre for Microscopy, 
Characterisation and Analysis, The University of Western Australia, a facility 
funded by The University, State and Commonwealth Governments. The authors 
thank P. Hoppe and an anonymous reviewer for comments that improved the 
quality of this chapter, and V. Tewari and J. Seckbach for the invitation to con-
tribute to this book.

5. References

Allen, M.A., Goh, F., Burns, B.P. and Neilan, B.A. (2009) Bacterial, archaeal and eukaryotic diversity 
of smooth and pustular microbial mat communities in the hypersaline lagoon of Shark Bay. 
Geobiology 7: 82–96.

Allwood, A.C., Walter, M.R., Kamber, B.S., Marshall, C.P. and Burch, I.W. (2006) Stromatolite reef 
from the Early Archaean era of Australia. Nature 441: 714–718.

Baumgartner, L.K., Reid, R.P., Dupraz, C., Decho, A.W., Buckley, D.H., Spear, J.R., Przekop, K.M. 
and Visscher, P.T. (2006) Sulfate reducing bacteria in microbial mats: changing paradigms, new 
discoveries. Sediment. Geol. 185: 131–145.

Brasier, M., McLoughlin, N., Green, O. and Wacey, D. (2006) A fresh look at the fossil evidence for 
early Archaean cellular life. Philos. Trans. R. Soc. B 361: 887–902.

Brown, R.G. (1983) Sea level history over the past 15,000 years along the Western Australian coast-
line, In: D. Hopley (ed.) Australian Sea Levels in the Last 15,000 Years: A Review. Department of 
Geography, James Cook University of North Queensland, Occasional Paper No. 3, pp. 28–36.

Buick, R. (1992) The antiquity of oxygenic photosynthesis – evidence from stromatolites in sulfate-
deficient Archean lakes. Science 255: 74–77.

Buick, R., Thornett, J.R., McNaughton, N.J., Barley, M.E. and Savage, M. (1995) Record of emergent 
continental crust ~3.5 billion years ago in the Pilbara craton of Australia. Nature 375: 574–577.

Burns, B.P., Goh, F., Allen, M. and Neilan, B.A. (2004) Microbial diversity of extant stromatolites in 
the hypersaline marine environment of Shark Bay, Australia. Environ. Microbiol. 6: 1096–1101.

Frausto Da Silva, J.J.R. and Williams, R.J.P. (2001) The Biological Chemistry of the Elements: The 
Inorganic Chemistry of Life, 2nd edn. Oxford University Press, Oxford.

490



ELEMENTAL AND ISOTOPIC ANALYSIS BY NANOSIMS

Graham, C.M. and Valley, J.W. (1992) Sulfur analyses of pyrite. Chem. Geol. 101: 169–172.
Grey, K., Moore, L.S., Burne, R.V., Pierson, B.K. and Bauld, J. (1990) Lake Thetis, Western Australia: 

an example of saline lake sedimentation dominated by benthic microbial processes. Aust. J. Mar. 
Freshwater Res. 41: 275–300.

Grotzinger, J.P. and Knoll, A.H. (1999) Stromatolites in Precambrian carbonates: evolutionary mile-
posts or environmental dipsticks? Ann. Rev. Earth Planet. Sci. 27: 313–358.

Grotzinger, J.P. and Rothman, D.H. (1996) An abiotic model for stromatolite morphogenesis. Nature 
383: 423–425.

Hayatsu, R., Studier, M.H., Matsuoka, S. and Anders, E. (1972) Origin of organic matter in early solar 
system – VI. Catalytic synthesis of nitriles, nitrogen bases and porphyrin-like pigments. Geochim. 
Cosmochim. Acta 36: 555–571.

Hickman, A.H. (2008) Regional review of the 3426–3350 Ma Strelley Pool Formation, Pilbara Craton, 
Western Australia. Geol. Surv. West. Aust. Rec. 2008(15): 27p.

Hillion, F., Daigne, F., Girard, F. and Slodzian, G. (1994) A new high performance instrument: the 
CAMECA NanoSIMS 50, In: A. Benninghoven, Y. Nihei, R. Shimizu and H.W. Werner (eds.) 
Secondary Ion Mass Spectrometry: SIMS IX. Wiley, New York, pp. 254–256.

Hillion, F., Kilburn, M.R., Hoppe, P., Messenger, S. and Weber, P.K. (2008) The effect of QSA on 
S, C, O and Si isotopic ratio measurements. Geochim. Cosmochim. Acta 72: A377.

Hofmann, H.J., Grey, K., Hickman, A.H. and Thorpe, R.I. (1999) Origin of 3.45 Ga Coniform Stro-
matolites in the Warrawoona Group, Western Australia. Bull. Geol. Soc. Am. 111: 1256–1262.

Knoll, A.H. and Barghoorn, E.S. (1974) Ambient pyrite in Precambrian chert: new evidence and a 
theory. Proc. Nat. Acad. Sci. U.S.A. 71: 2329–2331.

Kung, C., Hayatsu, R., Studier, M.H. and Clayton, R.N. (1979) Nitrogen isotope fractionation in the 
Fischer-Tropsch synthesis and in the Miller-Urey reaction. Earth Plan. Sci. Lett. 46: 141–146.

Lepot, K., Benzerara, K., Brown Jr, G.E. and Philippot, P. (2008) Microbially influenced formation of 
2,724-million-year-old stromatolites. Nat. Geosci.  1: 118–121.

Logan, B.W., Hoffman, P. and Gebelein, C.D. (1974) Algal mats, cryptalgal fabrics, and structures, 
Hamelin Pool, Western Australia. Am. Assoc. Pet. Geol. Mem. 22: 140–194.

Lowe, D.R. (1980) Stromatolites 3,400-Myr old from the Archean of Western Australia. Nature 
284: 441–443.

Lowe, D.R. (1983) Restricted shallow-water sedimentation of early Archaean stromatolitic and evaporitic 
strata of the Strelley Pool chert, Pilbara block, Western Australia. Precambrian Res. 19: 239–283.

Lowe, D.R. (1994) Abiological origin of  described stromatolites older than 3.2 Ga. Geology 
22: 387–390.

Machel, H.G. (2001) Bacterial and thermochemical sulfate reduction in diagenetic settings – old and 
new insights. Sediment. Geol. 140: 143–175.

McCollum, T.M. and Seewald, J.S. (2006) Carbon isotope composition of organic compounds pro-
duced by abiotic synthesis under hydrothermal conditions. Earth Planet. Sci. Lett. 243: 74–84.

McLoughlin, N., Wilson, L. and Brasier, M.D. (2008) Growth of synthetic stromatolites and wrinkle 
structures in the absence of microbes – implications for the early fossil record. Geobiology 6: 
95–105.

Oehler, D.Z., Robert, F., Mostefaoui, S., Meibom, A., Selo, M. and McKay, D.S. (2006) Chemical map-
ping of Proterozoic organic matter at submicron spatial resolution. Astrobiology 6: 838–850.

Ohmoto, H. and Goldhaber, M.B. (1997) Sulphur and carbon isotopes, In: H.L. Barnes (ed.) 
 Geochemistry of Hydrothermal Ore Deposits, 3rd edn. Wiley, New York, pp. 517–611.

Ohmoto, H. and Rye, R.O. (1979) Isotopes of sulphur and carbon, In: H.L. Barnes (ed.) Geochemistry 
of Hydrothermal Ore Deposits, 2nd edn. Wiley, New York, pp. 509–567

Ohmoto, H., Kakegawa, T. and Lowe, D.R. (1993) 3.4-billion-year-old pyrites from Barberton, South 
Africa: sulfur isotope evidence. Science 262: 555–557.

Papineau, D., Walker, J.J., Mojzsis, S.J. and Pace, N.R. (2005) Composition and structure of  microbial 
communities from stromatolites of Hamelin Pool in Shark Bay, Western Australia. Appl.  Environ. 
Microbiol. 71: 4822–4832.

491



MATT R. KILBURN AND DAVID WACEY

Philippot, P., Van Zuilen, M., Lepot, K., Thomazo, C., Farquhar, J. and Van Kranendonk, M.J. (2007) 
Early Archean microorganisms preferred elemental sulfur, not sulfate. Science 317: 1534–1537.

Playford, P.E. (1990) Geology of the Shark Bay area, Western Australia, In: P.F. Berry, S.D.  Bradshaw 
and B.R. Wlison (eds.) Research in Shark Bay. Report of the France-Australe Bicentenary 
 Expedition Committee, Western Australian Museum, pp. 13–33.

Rasmussen, B., Fletcher, I.R., Brocks, J.J. and Kilburn, M.R. (2008) Reassessing the first appearance 
of eukaryotes and cyanobacteria. Nature 455: 1101–1104.

Reid, R.P., James, N.P., Macintyre, I.G., Dupraz, C.P. and Burne, R.V. (2003) Shark Bay stromatolites: 
microfabrics and reinterpretation of origins. Facies 49: 299–324.

Riciputi, L.R., Paterson, B.A. and Ripperdan, R.L. (1998) Measurement of light stable isotope ratios 
by SIMS: matrix effects for oxygen, carbon, and sulfur isotopes in minerals. Int. J. Mass Spec-
trom. 178: 81–112.

Robert, F., Selo, M., Hillion, F. and Skrzypczak, A. (2005) NanoSIMS images of Precambrian fossil 
cells. LPSC XXXVI, abstract 1314.

Runnegar, B., Dollase, W.A., Ketcham, R.A., Colbert, M. and Carlson, W.D. (2001) Early Archaean 
sulphates from Western Australia first formed as hydrothermal barites not gypsum evaporites. 
Geol. Soc. Am. Abstr. Prog. 33: A-404.

Sakurai, R., Ito, M., Ueno, Y., Kitajima, K. and Maruyama, S. (2005) Facies architecture and 
sequence-stratigraphic features of the Tumbiana Formation in the Pilbara Craton, northwestern 
Australia: implications for depositional environments of oxygenic stromatolites during the Late 
Archean. Precambrian Res. 138: 255–273.

Schidlowski, M. (1988) A 3,800-million-year isotopic record of life from carbon in sedimentary rocks. 
Nature 333: 313–318.

Schneider, A. (1970) The sulfur isotope composition of basaltic rocks. Contrib. Mineral. Petrol. 
25: 95–124.

Schopf, J.W. (2006) The first billion years: when did life emerge? Elements 2: 229–233.
Semikhatov, M.A., Gebelein, C.D., Cloud, P., Awramik, S.M. and Benmore, W.C. (1979) Stromatolite 

morphogenesis: progress and problems. Can. J. Earth Sci. 16: 992–1015.
Shen, Y. and Buick, R. (2004) The antiquity of microbial sulfate reduction. Earth Sci. Rev. 64: 243–272.
Shen, Y. Buick, R. and Canfield, D.E. (2001) Isotopic evidence for microbial sulphate reduction in the 

early Archean era. Nature 410: 77–81.
Slodzian, G., Chaintreau, M., Dennebouy, R. and Rousse, A. (2001) Precise in situ measure-

ments of isotopic abundances with pulse counting of sputtered ions. Eur. Phys. J. Appl. Phys. 
14(3): 199–231.

Slodzian, G., Hillion, F., Stadermann, F.J. and Zinner, E. (2004) QSA influences on isotopic ratio 
measurements. Appl. Surf. Sci. 231–232: 874–877.

Strauss, H. (2003) Sulphur isotopes and the early Archaean sulphur cycle. Precambrian Res. 
126: 349–361.

Tice, M.M. and Lowe, D.R. (2004) Photosynthetic microbial mats in the 3,416-Myr-old ocean. Nature 
431: 549–552.

Tyler, S.A. and Barghoorn, E.S. (1963) Ambient pyrite grains in Precambrian cherts. Am. J. Sci. 
261: 424–432.

Ueno, Y., Isozaki, Y., Yurimoto, H. and Maruyama, S. (2001) Carbon isotopic signatures of individual 
Archean microfossils (?) from Western Australia. Int. Geol. Rev. 43: 196–212.

Van Zuilen, M.A., Lepland, A. and Arrhenius, G. (2002) Reassessing the evidence for the earliest 
traces of life. Nature 418: 627–630.

Wacey, D. (2009) Early Life on Earth: A Practical Guide. Springer, Amsterdam, 285 p. ISBN 978-1-
4020-9388-3.

Wacey, D., McLoughlin, N., Green, O.R., Stoakes, C.A. and Brasier, M.D. (2006) The ~3.4 billion-year-
old Strelley Pool Sandstone: a new window into early life on Earth. Int. J. Astrobiol. 5: 333–342.

Wacey, D., Kilburn, M.R., McLoughlin, N., Parnell, J., Stoakes, C.A., Grovenor, C.R.M. and Brasier, 
M.D. (2008) Use of NanoSIMS in the search for early life on Earth: ambient inclusion trails in a 
c. 3400 Ma sandstone. J. Geol. Soc. London 165: 43–53.

492



ELEMENTAL AND ISOTOPIC ANALYSIS BY NANOSIMS

Wacey, D., McLoughlin, N., Stoakes, C.A., Kilburn, M.R., Green, O.R. and Brasier, M.D. (2010a) 
The 3426–3350 Ma Strelley Pool Formation in the East Strelley greenstone belt – a field and 
petrographic guide. Geol. Surv. West. Aust. Rec. 2010(10), 64p.

Wacey, D., McLoughlin, N., Whitehouse, M.J. and Kilburn, M.R. (2010b) Two coexisting sulfur metabo-
lisms in a ca. 3400 Ma sandstone. Geology 38: 1115–1118.

Walsh, M.M. and Lowe, D.L. (1999) Modes of accumulation of carbonaceous matter in the early 
Archean: a petrographic and geochemical study of the carbonaceous cherts of the Swaziland 
Supergroup, In: D.R. Lowe and G.R. Byerly (eds.) Geologic Evolution of the Barberton Greenstone 
Belt, South Africa. Geol. Soc. Am. Spec. Pap. 329. Boulder, Colorado, pp. 167–188.

Walter, M.R. (1972) Stromatolites and the Biostratigraphy of the Australian Precambrian and Cambrian. 
The Palaeontological Association, London.

Walter, M.R. (1976) Introduction, In: M.R. Walter (ed.) Stromatolites. Elsevier, Amsterdam, pp. 1–3.
Walter, M.R., Buick, R. and Dunlop, J.S.R. (1980) Stromatolites, 3,400–3,500 Myr old from the North 

Pole area, Western Australia. Nature 284: 443–445.
Winterholler, B., Hoppe, P., Foley, S. and Andreae, M.O. (2008) Sulfur isotope ratio measurements of 

individual sulfate particles by NanoSIMS. Int. J. Mass Spectrom. 272: 63–77.

493



V.C. Tewari and J. Seckbach (eds.), STROMATOLITES: Interaction of Microbes  
with Sediments, Cellular Origin, Life in Extreme Habitats and Astrobiology 18, 495–522
DOI 10.1007/978-94-007-0397-1_22, © Springer Science+Business Media B.V. 2011

Biodata of Professor Vinod Chandra Tewari, author of “Stromatolites, Organic 
Walled Microorganisms, Laser Raman Spectroscopy and Confocal Laser Scanning 
Microscopy of the Meso-Neoproterozoic Buxa Formation, Ranjit Window, Sikkim 
Lesser Himalaya, NE India”

Professor Vinod C. Tewari is currently the Head of the Sedimentology Group at 
Wadia Institute of Himalayan Geology, Dehradun, Uttarakhand State, India. He 
has been a Regular and Senior Associate and also TRIL Fellow of International 
Centre for Theoretical Physics, Trieste, Italy, between 1998 and 2009. He was born 
in Almora, India, in 1954 and obtained his higher education including Ph.D. in 
Geology from the University of Lucknow in 1986. He joined Wadia Institute in 
1978 and continued his research in the Lesser Himalayan stromatolites, microbiota, 
and isotope chemostratigraphy. Dr. Tewari taught Geology at Kumaon University, 
Nainital, Uttarakhand (U.K.), India, as Professor of Geology. Dr. Tewari worked 
on stable isotopes in Biogeochemistry department of the Max-Planck Institute, 
Mainz, Germany, as Visiting Professor in 1995. Professor Tewari’s scientific inter-
ests are in the areas of Precambrian and Phanerozoic stromatolites, sedimentation, 
carbon isotope chemostratigraphy, genesis, early evolution, and diversification of 
life and its astrobiological significance. He was a visiting scientist in the CSEOL, 
University of California, Los Angeles, USA, in 2007 and used Laser Raman 
Spectroscopy and CLSM techniques for the Proterozoic Buxa microbiota. He has 
been associated with several International Geological Correlation Programme 
(I.G.C.P.) Projects such as Stromatolites, Biosedimentology of the Microbial 
Buildups, Phosphorites, Precambrian – Cambrian Boundary, Global bioevents, 
and The Rise and Fall of Vendian Biota. He has eighty research papers published 
in reputed journals to his credit and has edited several volumes of Himalayan 
Geology Journal, India, and Journal of Nepal Geological Society, Kathmandu, 
Nepal. His current interests are Cretaceous – Paleogene boundary, global extreme 
and complex climatic events from Neoproterozoic Snowball Earth to Holocene 
period, India – Asia collision, and evolution of Himalaya. Professor Tewari has 
organized first Indo-Soviet Symposium on Stromatolites and Stromatolitic Deposits 

495



VINOD CHANDRA TEWARI

and other IGCP meetings in India and abroad related to stromatolites and 
phosphorites etc.. He has been one of the organizers of the World Summit on 
Ancient Microscopic Fossils held in University of California, Los Angeles, USA, in 
2008. Professor Tewari is the member of the Editorial Board of the International 
Journal of Astrobiology published from New York, USA.

E-mail: vtewari@wihg.res.in

 

496



STromaToliTeS, organiC-Walled miCroorganiSmS, laSer 
raman SPeCTroSCoPy, and ConfoCal laSer SCanning 
miCroSCoPy of The meSo-neoProTerozoiC Buxa formaTion, 
ranjiT WindoW, Sikkim leSSer himalaya, ne india

Vinod Chandra TeWari 
Wadia Institute of Himalayan Geology, Dehradun 248001, 
Uttarakhand, India

Abstract The Buxa Dolomite, a Meso-Neoproterozoic formation composed largely 
of stromatolitic cherty carbonate, is well developed in the Ranjit River section, south 
and west Sikkim, NE Lesser Himalaya. The formation is particularly well exposed 
in the Ranjit Tectonic Window of Sikkim, where its ~800-m-thick stratigraphic se-
quence has been studied in great detail. The assemblage of stromatolites recorded 
from exposures in the Ranjit Window is diverse, including Colonnella columnaris, 
Conophyton garganicus, C. cylindricus, Gymnosolen ramsayi, Kussiella kussien-
sis, Minjaria uralica, and forms assigned to Aldania, Baicalia, Boxonia, Collen-
iella, Collumnaefacta, Jurusania, Nucleella, and Stratifera. Diverse Neoproterozoic 
microfossils are also known from bedded carbonaceous Buxa cherts in Sikkim and 
Arunachal Pradesh, where they include numerous coccoidal taxa, occurring both as 
isolated cells and in colonies (Eogloeocapsa, Eosynechococcus, Glenobotrydion, 
Huronispora, Myxococcoides, Palaeoanacystis, and Paratetraphycus); filamentous 
fossils, both cellular trichomes and microbe-encompassing cylindrical sheaths 
(Archaeotrichion, Cephalophytarion, Obruchevella, Oscillatoriopsis, Palaeolyngbya, 
 Polythrichoides,  Siphonophycus, Veteronostocale, and Volyniella); and diverse acritarchs 
 (Archaeohystrichosphaeridium, Granomarginata, Leiosphaeridia, Lophosphaeridium, 
Margominuscula, Melanocyrillium, Micrhystridium, Navifusa, Trachysphaeridium,  
Trachyhystrichosphaera, and Vandalosphaeridium). Coupled with optical microscopic 
studies, Raman spectroscopy and confocal laser scanning microscopy (CLSM) of 
 selected microfossils from the Buxa cherts of the Ranjit Window document their three-
dimensional preservation and carbonaceous (kerogenous) composition. The earlier 
study by Schopf et al. (Astrobiology 8(4): 735–746, 2008) and the present additional  
investigations, based on a minute amount of fossiliferous rock – two thin sections, 
 having a total area of 5 cm2 (less than that of a US postage stamp), a volume of 0.04 cm3 
(less than half a grain of rice) and a weight of only ~0.1 g shows that even a minuscule 
amount of rock can contain definitive evidence of ancient life. The astrobiological 
implication of the present study has been discussed.

keywords Stromatolites • Buxa Dolomite • Organic-walled microfossils • Laser 
Raman spectroscopy • Confocal laser scanning microscopy • Meso-Neoproterozoic 
• Lesser Himalaya • India • Sikkim • Paleobiology • Depositional environment 
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• Tidal flat • Oolites • Kerogen • Permineralized • Raman Preservation Index  
• Isotopes • Astrobiology

1.  introduction

The Buxa Formation in the northeastern Himalaya is a Meso-Neoproterozoic 
succession of dolomites, limestones, cherty stromatolitic, oolitic–intraclastic 
dolomites, calcareous quartzite, and black slates. The age of the Buxa Formation 
is tentatively assigned Meso-Neoproterozoic based on only available evidence of 
stromatolites and organic-walled microfossils. The microbial buildups of stroma-
tolites in the Buxa Dolomite have been discussed. The detailed occurrence of the 
microorganisms from the lower part of the Buxa Dolomite in Ranjit river valley, 
Sikkim, NE Lesser Himalaya (Figs. 1 and 2 ), has been described. Laser Raman 
Spectroscopy and Confocal Laser Scanning Microscopy of the organic-walled 
microfossils from the Buxa cherts document their three dimensional preservation 
and carbonaceous (kerogenous) composition.

1.1.  GEOLOGICAL SETTING AND STRATIGRAPHY

The area of  investigation lies in the Northeastern Lesser Himalaya of  India in 
Sikkim state. Sikkim state has international political boundaries with China and 
Bhutan in the east and Nepal in the west and West Bengal state of  India in the 
south. The location of  the Ranjit window in the Ranjit river section, Sikkim, is 
shown in Fig. 1. The geological map (Fig. 1 after Raina, 1976) shows the Ranjit 
tectonic window in the Sikkim Lesser Himalaya, which is a folded sequence of 
Lower Gondwana and the Meso-Neoproterozoic Buxa Formation. The Buxa 
Dolomite is the youngest lithounit of  the Daling Group in the Sikkim Lesser 
Himalaya. The base of  the Daling Group is known as Gorubathan Formation 
and consists of  metamorphosed volcanoclastic sediments. The middle Reyang 
Formation is characterized by the orthoquartzites, variegated slates, cherts,  
conglomerate, and impersistent limestone. The Daling Group has a tectonic contact 
(Main Central Thrust ) in the south with Central Crystallines (Sikkim/Darjeeling 
Group) and an unconformable/tectonic contact with the Lower Gondwana 
Ranjit (Lower Permian) in the north. Table 1 shows the tectonostratigraphy of 
the Ranjit window and the adjoining area. The Buxa Group is subdivided into 
three units in Buxa-Duars and the adjoining Bhutan Himalaya, namely Sinchula 
Quartzite, Jainti Quartzite, and Buxa Dolomite (Gansser, 1964). Acharyya (1974) 
subdivided the Buxa Group in the type area into two units, the lower Sinchula 
Formation and the upper Jainti Formation. The Buxa Dolomite in the type area 
comprises dolomite – orthoquartzite-variegated slates. In Arunachal Pradesh, 
the Miri Quartzite of  Subansiri and Siang district overlie the Buxa Dolomite. The 
age of  the Miri Quartzite conformably overlying the Buxa Dolomite is assigned 
Lower Cambrian on the basis of  the presence of  well-preserved ichnofossils  
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(Tewari, 2002, 2003). Dolomites, limestones, cherty stromatolitic dolomite, 
oolitic–intraclastic dolomite, and calcareous quartzite represent the Buxa Group 
in the Arunachal Lesser Himalaya. The detailed geology and stratigraphic posi-
tion of  various sedimentary formations of  NE Lesser Himalaya has been dis-
cussed in the recent literature (Kumar, 1997; Srinivasan, 2001; Tewari, 1998, 
2001, 2002, 2003). The Buxa-Miri sediments (Terminal Neoproterozoic – Lower 
Cambrian) in the Arunachal area have a thrust contact with the underlying 
Lower Permian Gondwana Group.
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figure 1. Geological map of the Ranjit Window, Sikkim, NE Lesser Himalaya, India (after Raina, 
1976).
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2.  fossil locality

Situated in the northeastern Lesser Himalaya in Sikkim, a state of  India that 
shares boundaries with the state of  West Bengal to the south and with Bhutan 
and China to the east (Fig. 1), the Meso-Neoproterozoic Buxa Formation is 
predominantly dolomite. The litholog (Fig. 2 ) shows that the sampled local-
ity occurs in the Ranjit tectonic window, a surviving remnant of  Precambrian 
strata that is surrounded by much younger, Permian-age, tectonically folded 
Gondwana units. Within this window of  Proterozoic deposit, the Buxa 
Formation, underlain by the Daling Formation (Fig. 1), is the youngest unit of 
the Daling Group.

3.  Previous Work

3.1.  SEDIMENTOLOGICAL AND PALEOBIOLOGICAL

As is summarized in Fig. 2, the Buxa Formation, which extends eastward from 
Sikkim past Bhutan into the Indian state of Arunachal Pradesh, is composed 
of cherty stromatolitic, oolitic, and intraclastic dolomite, limestones, calcareous 

Table 1. Tectonostratigraphy of the Ranjit window, Sikkim Lesser Himalaya.

Gondwana Damuda Formation (=Namchi Formation)

(Ranjit) Group Coarse to fine-grained gray sandstone, carbonaceous shale, 
powdery coal beds with plant fossil

Lower (permian) Ranjit (Pebble Slate) Formation (=Tatapani (Pebble Slate) 
Formation)

Unconformity/tectonic

Daling group (middle to late  
proterozonic)

Buxa subgroup (= Buxa formation, Acharyya, 1989)

Blue-gray stromatolitic dolomite, pyritous black slate

Reyang subgroup/formation

Orthoquartzite, variegated slate, chert, conglomerate imper-
sistant limestone

Gorubathan Subgroup/Formation

Metamorphosed volcanogenic and normal sediments

Tectonic contact (M.C.T)

Darjeeling group Kanchenjunga Migmatite Gneiss Darjeeling Gneiss inter-
banded with Calc, silicate gneiss, quartzite and amphibolites

Sikkim group Chungthang group/formation
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quartizites, and black shales, slates, and phyllites (Acharyya, 1974; Raina, 1976; 
Sinha Roy, 1980; Tewari, 2001, 2003). Within the Ranjit tectonic window, the 
~800-m-thick Buxa Formation has been measured stratigraphically (by VCT) 
along the Ranjit River from the locality sampled here to the village of Rishi, some 
2 km to the southeast (Fig. 1c). The lower part of the formation, the source of the 
cherts studied here, is composed of a ~250-m- thick sequence of well-bedded gray 
cherty dolomite (e.g., Fig. 3a) that contains stromatolites of the groups Colonnella, 
Conophyton, Kussiella, Nucleella, and Stratifera (Fig. 2). Two lenses of well-bedded 
carbonaceous chert within this sequence (BR1 and BR2, Fig. 2) were sampled 
for the present study. The middle third of the formation, stratigraphically above 
the sampled horizons, consists of a 300-m-thick succession of finely laminated 
silicified gray dolomites, which contains thin bands of black chert, and olive gray 

figure 2. The lithocolumn of the Buxa Dolomite Formation showing distribution of stromatolitic 
buildups, black chert bands, oolites, and sedimentary structures. (Schopf et al., 2008, reproduced with 
permission from Astrobiology.)
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shales. The upper third of the Buxa Formation, its uppermost 250 m, is composed 
of interbedded dolomites and subsidiary dark gray shales, the dolomitic beds of 
which contain oncolites as well as stromatolites of the groups Aldania, Baicalia, 
Boxonia, Colleniella, Collumnaefacta, Conophyton, Gymnosolen, Jurusania, and 
Minjaria (Fig. 2). Shukla et al. (2006) recovered organic-walled microfossils 
comprising 36 taxa of cyanobacterial, acritarchs, and VSM, in which 17 taxa 

figure 3. Field photographs of the Conophyton garganicus (upper left and right), Colonnella columnaris 
(below left), and Jurusana sp. (below right).
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of cyanobacteria belong to Chroococcaceae, Nostocaceae, and Oscillatoriaceae, 
18 taxa of Acritarchs belong to Sphaeromorphida, Scaphomorphida, and 
Sphaerohystrichomorphida subgroups, and one VSM (Vase shaped microfossils) 
from the Buxa cherts in the Arunachal Lesser Himalaya compares well with the 
known Late Neoproterozoic assemblages from other parts of the world.

3.1.1.  Age of the Buxa Formation
The radiometric age of  the Buxa Formation has yet to be determined. Earlier 
works, on the bases of  lithostratigraphy and the presence of  the stromatolite 
assemblages noted above, suggested ages that range from Late Precambrian to 
Late Paleozoic (Acharyya, 1974; Raina, 1976; Sinha Roy, 1980; Valdiya, 1980). 
Though neither of  these lines of  evidence provided firm evidence of  the age of 
the unit, the more recent geologic studies and the findings of  ministromatolites 
(reported also as “microstromatolites”) and of  characteristically Neoproterozoic 
organic-walled microfossils in the Buxa Formation in Arunachal Pradesh state 
(Tewari, 2001, 2003, 2009; Shukal et al., 2006). The lithology and stromato-
lite assemblages of  the Buxa Formation in the Ranjit tectonic window (N.E. 
Lesser Himalaya) are notably similar to those of  dolomites of  the Meso-
Neoproterozoic Shali–Deoban–Gangolihat carbonate belt of  the N.W. Lesser 
Himalaya, a comparability regarded as suggesting that units of  the two regions 
may be stratigraphically correlative (Tewari, 1989, 1993, 2002, 2004a, b, 2007, 
2009). The assemblage of  Neoproterozoic microfossils recently reported from 
the Buxa Formation in Arunachal Pradesh (Shukal et al., 2006) and from the 
N.W. Lesser Himalaya (Tewari, 2004a, b, and references therein) are consistent 
with this possibility, as is the composition of  the biota recorded by Schopf  et al 
(2008) including the occurrence in such assemblages of  Obruchevella, a helically 
coiled fossil cyanobacterium similar to the modern oscillatoriacean Spirulina 
and a taxon that is particularly widespread in latest Proterozoic to earliest 
Cambrian strata.

4.  Stromatolite

Microbial (stromatolitic) buildups are well developed in the Buxa Dolomite 
and show a variety of morphological diversity from bottom to top of the 
sequence (Fig. 2). The important buildups recognized are (1) Gray dolomite with 
Colonnella columnaris, Kussiella kussiensis, and Conophyton garganicus (Fig. 3). 
The  cross-bedded intraformational pebbles, intraclastic–oolitic dolomite, and 
sandy–oolitic dolomite are intimately associated with this buildup (Fig. 4). This 
buildup was formed in the high energy subtidal and intertidal environment.  
(2) Dark gray cherty intraclastic–oolitic dolomite with microbial mats and stratified 
buildups (Stratifera) and Nucliella structures. This buildup was formed in subtidal 
environment. (3) A thick microbial buildup with diversified  assemblage (Baicalia 
sp., Kalpanaella f. nov. Tewari, Jurusania, Colloniella, Minjaria, Gymnosolen, 
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Tungussia, Aldania, domal, Nucliella (Figs. 5 and 6), and linked conical-stratified 
and columnar-stratified forms). This buildup represents peritidal depositional 
environment. (4) A cyclic buildup of digitate microbialites, intraformational peb-
bles, crenulated microbialites, and columnar and domal forms is developed. There 
is a cyclicity in the intraformational pebbles and microbialites. This buildup is a 
product of high-energy intertidal depositional environment. (5) Shaly dolomite 
buildup with large domal columnar and Nucleilla forms (Fig. 7). The intraforma-
tional pebbles are found associated with shaly dolomite. Five cycles of columnar 
and domal buildups have been recorded. All these microbial buildups of the Buxa 
Dolomite recorded between Reshi and Tatapani in Ranjit river section suggest a 
shallow marine (high-energy tidal flat) depositional environment. The microbialite 
(stromatolitic) assemblage of the Buxa Dolomite suggests a Lower Riphean to 
Upper Riphean-Vendian (Meso-Neoproterozoic) age. The relationship between 
the stromatolite morphology and the depositional environment is shown in the 
sedimentological model (Fig. 8).

5.  materials and methods

5.1.  MATERIALS STUDIED

The permineralized microfossils were studied in petrographic thin sections BR-1 
and BR-2, which were prepared from rocks collected (by V.C.T. and jointly studied 
with J.W Schopf and A.B. Kudrayvtsev in UCLA, in 2007 and 2008) from out-
crops of 10 to 12 cm thick chert beds, BR1 and BR2 situated, respectively, ~70 and 
100 m stratigraphically above the base of the predominantly dolomite Proterzoic 
Buxa Formation in the Ranjit tectonic window, Sikkim, northeastern India (Fig. 1). 
The locality sampled in ~10 km northwest of Namchi and ~2 km northwest of 
Rishi, Sikkim, at 88°18¢E long, and 27°15¢N lat., in the N.E. Lesser Himalaya 
(Fig. 1). The two thin sections (BR-1: ~1.15 × 2.0 cm, ~50 mm thick; and BR-2: 
~1.35 × 2 cm, ~110 mm thick) have a total area of ~5 cm2 and a  combined volume 
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figure 4. Microfacies of the oolitic Buxa Dolomite showing various stages of diagenesis (left) and 
Electron Probe Micro Analysis (EPMA) of the oolites (right).
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of ~0.04 cm3 that, given the density of silica of ~2.6 g/cm3, represents a total rock 
weight of ~0.1 g. The fossils were located by optical microscopy and documented 
by  photomicrography; selected specimens were subsequently imaged by confocal 

figure 5. Baicalia sp. (top and middle) and Kalpanaella f. nova Tewari (below) buildup in the Buxa 
Dolomite, Ranjit window.
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laser scanning microscopy (Schopf et al., 2006) or were analyzed by Raman spec-
troscopy or imagery (Schopf et al., 2005, 2008; Schopf and Kudryavtsev, 2005) 
(Fig. 9).

6.  optical microscopy

Studied in the unpolished petrographic thin section specified above (each finished by 
use of a slurry of 600 mesh carborundum and covered by a ~1-mm- thick veneer of 
Type FF, fluorescence-free, microscopy immersion oil; R.P. Cargille Laboratories, 
Inc., Cedar Grove, NJ), transmitted light optical photomicrographs of the speci-
mens were obtained by use of UCLA #0026535 Leitz Orthoplan 2 microscope 
(Leitz, Wetzlar, Germany) equipped with an Olympus DP 12 Microscope Digital 
Camera (Olympus, Melville, NY). Microscope stage coordinates for specimens 
illustrated from thin sections BR-1 and BR-2.

7.  Confocal laser Scanning microscopy

Three-dimensional confocal fluorescence images were obtained by use of an 
Olympus Fluo View 300 confocal laser scanning biological microscope system 
equipped with two Melles Griot lasers, a 488 nm 20 mW-output ion argon laser 
and 633 nm 10 mW-output ion helium-neon laser (Melles Griot, Carbsbad CA). 

figure 6. Field occurrence of bioherms of Kussiella kussiensis showing overhanging and bridging of 
the laminae. Scale bar is 10 cm.
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figure 7. Field occurrence of the domal, stratified and conical stromatolites.
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CLSM images were acquired via a 60× oil-immersion objective (numerical aper-
ture = 1.4), with use of the fluorescence-free microscopy immersion oil noted 
above and filters in the light-path of the system that permitted transmission to 
its detector only of wavelengths>510 nm (for 488 laser excitation) and >660 nm 
(for 633 nm laser excitation) from the kerogen-derived fluorescence emitted by the 
specimens.

8.  raman Spectroscopy and imagery

Raman spectra of the kerogen that comprises the permineralized fossils were 
obtained by the use of a T64000 (JY Horiba, Edison NJ) triple-stage laser-Raman 
system having macro-Raman and confocal micro-Raman capabilities. This system 
permitted acquisition both of individual point spectra and of Raman images that 
display the two dimensional spatial distribution of molecular–structural compo-
nents of the specimens and their associated mineral matrices, with the varying  
intensities in such images corresponding to the relative concentrations of the 
molecular structures detected. Due to the confocal capability of the system, the 
use of a 50× objective (having an extended working distance of 10.6 mm and a 
numerical aperture of 0.5) provided a horizontal resolution of ~1.5 mm and a 

figure 8. Sedimentological model for the deposition of the Buxa Dolomite, stromatolites, and oolites.
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figure 9. View of the Ranjit River (top), black cherty lenses yielding microbiota (middle), and the thin 
bedded cherty black bands (lower, reproduced with permission from Astrobiology).
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 vertical resolution of 2–3 mm. The use of a Coherent Innova (Santa Clara, CA) 
argon ion laser in this system to provide excitation at 457.9 nm permitted mea-
surements to be made over a range from <500 to <3,100 cm−1, using a single 
spectral window centered at 1,800 cm−1. Spectra were acquired simultaneously 
of the major bands (at ~1,365 and ~1,604 cm−1) and the second-order band (at 
~2,800 cm−1) of the kerogen that comprises the fossils as well as of the major band 
of the permineralizing quartz (at ~465 cm−1) and that of subsidiary calcite (at 
1,087 cm−1). For imaging, the region of a thin section containing a specimen to 
be analyzed was covered by a thin veneer fluorescence-free microscopy immersion 
oil (the presence of which has been shown to have no discernable effect on the 
Raman spectra acquired; Schopf et al., 2005), and the area of the fossils studied 
was centered in the path of the laser beam projected through the microscope of 
the system. The laser power used was ~1–8 mW over a ~mm spot, an instrumental 
configuration well below the threshold that results in radiation damage to speci-
mens such as those studied here (Schopf et al., 2005, 2008).

9.  organic-Walled microfossils

Organic walled microfossils have been reported from the Buxa black cherts 
from the Arunachal Lesser Himalaya (Tewari, 2001, 2009; Schopf et al., 2006).  
A diverse acritach assemblage has been found in the Buxa cherts from the Ranjit 
window section (Fig. 13). Schopf et al (2008, Figs. 10, 11, and 12) studied the 
microfossils in detail

9.1.  PETROGRAPHY OF THE MICROFOSSILIFEROUS CHERTS

Studied in thin sections, both the chert samples were seen to be composed of 
interlocking mosaics of fine-grained quartz in which occur closely packed, 
millimeter-sized, subangular to rounded silicified fossil-bearing detriatal clasts 
and subsidiary, euhedral, carbonate rhombs ~20- to 40-mm in long dimension. 
Figure 3b, c shows examples of two such clasts, virtually all of which appear to 
be fragments of originally coherent, mucilage-embedded microbial mats that have 
been removed from their site of formation, redeposited, and then silicified to form 
the bedded cherts. The quartz grains in which the fossils are permineralized are 
generally 10–15 mm in size, with some grains as much as 40 mm in long dimension. 
The maximum size of these evidently somewhat recrystallized grains, appreciably 
larger than the 6–12 mm sized quartz grains typical of fossil-bearing unmetamor-
phosed Neoproterozoic cherts (e.g., those of the Bitter Springs Formation of 
central Australia; Schopf, 1968; Schopf and Blacic, 1971), is consistent with the 
tectonic setting in which the Buxa cherts occur. Similarly, the geochemically rather 
mature state of the kerogen that comprises the fossils (discussed below), which is 
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figure 10. Optical photomicrographs showing filamentous chert-permineralized microfossils in petro-
graphic thin section of the Proterozoic Buxa Formation of the Ranjit Window, Sikkim, northeast-
ern India. Parts (a–i) show photomontages, necessitated by the three-dimensional sinuosity of the 
figured specimens. (a, b) Narrow (~1- to 3-mm diameter) bacterial and/or cyanobacterial filaments 
cf. Archaeotrichion (a) thin section BR-1, microscope stage coordinates 49.5 × 99.9; (b) section BR-1, 
35.6 × 94.9). (c–e) Tubular ~3–5 mm diameter filaments (cf. Eomycetopsis), the cylindrical extracellular 
sheaths of oscillatoriacean cyanobacteria (c) section BR-1, 42.5 × 100.5; (d) section BR-1, 35.0 × 92.8; 
(e) section BR-2, 34.4 × 103.7. f: Septate ~3–5 mm diameter oscillatoriacean trichome (cf. Cephalo-
phytarion) composed of box-shaped cells (section BR-2, 33.5 × 96.5). (g, h) Septate ~5 mm diameter 
oscillatoriacean trichomes (cf. Oscillatoriopsis) composed of disc-shaped cells (both specimens are 
from the same area of section BR-2, 31.6 × 97.8). (i) Broad (~10 mm diameter) ribbon like filament (cf. 
Siphonophycus), the flattened originally tubular extracellular sheath of an oscillatoriacean cyanobac-
terium (section BR-2, 32.9 × 102.6). (j) Helically coiled ~15–20 mm diameter filament cf. Obruchevella, 
a fossil oscillatoriacean similar to modern Spirulina (section BR-2, 41.0 × 99.4). (Schopf et al., 2008, 
reproduced with permission from Astrobiology).
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figure 11. Optical photomicrographs, Raman image, and CLSM image of chert-permineralized 
 tubular cyanobacterial (oscillatoriacean) sheaths in a petrographic thin section of the Proterozoic 
Buxa Formation of the Ranjit Window, Sikkim, northeastern India. (a, b) Photomicrographs of the 
specimens (Eomycetopsis sp.) with the red rectangle in (a) denoting the area shown in (b) and (d), and 
the blue rectangle in (b) denoting the area shown in (c). (c) Raman image acquired in a spectral window 
centered at the ~1,600 cm−1 band of kerogen that documents the carbonaceous composition of the 
fossils. (d) CLSM image of the fossils, rotated to show the specimens from the underside of the thin 
section (the gray focal plane at the back of the figure being situated toward the top of the section) and 
a perspective for viewing of the fossils uniquely provided by CLSM, demonstrating the three dimen-
sionality of the filaments (Schopf et al., 2008, reproduced with permission from Astrobiology).
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figure 12. Optical photomicrographs showing chert permineralized colonial coccoidal microfossils in 
petrographic thin sections of the Proterozoic Buxa Formation of the Ranjit window, Sikkim, north-
eastern India. (a–i) Colonial ~ 3–5 mm diameter chroococcacean cyanobacterial coccoidal cells (cf. 
Palaeoanacystis) irregularly distributed within an originally mucilaginous envelope; scale in (f) applies 
to (b) through (i); all specimens are from the same area of thin section BR-2, microscope stage coor-
dinates 42.2 × 103.5. (j–s) Dyads and tetrads [in (j) shown in face view, in (m) shown at an oblique 
angle] of ~5–7 mm diameter “lima bean shaped” chroococcacean coccoids cf. Eogloeocapsa; scale in (k) 
applies to (j) through (s); all specimens from section BR-1 (j) 46.0 × 98.6; (k) 47.6 × 101.8; (l)46.1 × 98.7; 
(m) 46.2 × 99.4; (n) 48.4 × 101.8; (o) 46.3 × 99.5; (p) 46.3 × 99.6 (Schopf et al., 2008, reproduced with 
permission from Astrobiology).
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indistinguishable from that of particulate kerogen in their surrounding matrices, 
reflects preservation in a moderately metamorphosed terrain.

9.1.1.  Diversity and Abundance of Microfossils
As viewed in the two petrographic thin sections, the fossil-bearing detrital clasts 
of  the Buxa cherts range from small ovate bodies that average about 0.5 mm 
in diameter (in thin section BR1, ranging from ~0.4 to 1.8 mm, and in BR2, 
~0.1–2 mm) to larger elongate shards, shreds, and pieces of  originally mucilage-
bound microbial mats (in BR1, ~0.3–2 mm broad and ~1–8 mm long, and in 
BR2, ~0.1–0.3 mm broad and ~1–4 mm long). Each of  the thin sections con-
tains ~200 such clasts, which comprise 70–80% of their total area, the remain-
der being composed of  interstitial fine-grained quartz in which occur abundant 
carbonate rhombs. In each of  the two thin sections, the abundance of  identi-
fiable fossils varies markedly both among and within their component clasts. 
In thin section BR1, ~60% of such clasts are fossil bearing, whereas less than 
20% of the generally smaller clasts in section BR2 are fossiliferous, and both 
sections contain clasts that, though fossil bearing in one region, are devoid of 
fossils elsewhere. As is typical of  Precambrian microbial communities, the con-
centration of  structurally preserved microbes in the clasts is patchy. Quantified 
in terms of  thin section area, some clasts are completely devoid of  fossils or 
include only 1–2 fossils/mm2 (equivalent to ~108 mm3), whereas others contain 
localized packets of  narrow, 1- to 3- mm- diameter filaments (e.g., Fig. 10a, b), 
which are density interlaced and present in concentrations of  a few to several 

figure 13. The diversified microbiota and acritarchs from the Buxa Dolomite, Ranjit Window, Sikkim 
Lesser Himalaya.
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hundred fossils per mm2. Numerous clasts contain entangled networks of  sub-
parallel ~3–5 mm diameter filaments (e.g., Fig. 10c–e) that have a density of  tens 
to more than a hundred specimens/mm2. In general, filamentous fossils tend 
to be particularly abundant in the elongate clasts, whereas the relatively rare, 
smaller-celled, coccoidal fossils (e.g., Fig. 12a–m) typically occur in localized 
regions, whether in ovate or elongate clasts, where they are present singly, in 
small clusters of  a few to ~30 cells, or in larger colonies composed of  a few 
hundred cells. It should be noted that the foregoing data regarding fossil abun-
dance, despite being based on systematic measurements of  clast sizes and fossils 
concentrations, are approximations. The patchy millimetric-scale distribution of 
the Buxa fossils is typical both of  fossilized microbial communities and of  their 
modern equivalents (where it is a result of  founder effects – e.g., colonization by 
a particularly rapidly proliferating species – and of  local environmental condi-
tions such as the ability of  light and nutrients, initial growth conditions, compe-
tition with near neighbors, and so forth). Moreover, for fossilized communities, 
assessment of  “microbial density” can be based only on morphologically 
identifiable fossils remnants, which because of  post-mortem degradation repre-
sent just a fraction of  the assemblage originally present. Such assessment cannot 
take into account organic debris that does not exhibit identifiable evidence of 
its biologic origin (for the Buxa cherts, like that of  all such deposits, comprising 
³95% of the organic matter preserved), nor can it include the tiny bits and pieces 
of  cellular debris – true fossils, but optically nondescript – that occur in such 
deposits.

9.1.2.  Microbial Assemblage
As is typical of permineralized Neoproterozoic microbial assemblages, the Buxa 
cherts studied contain both filamentous forms and include narrow specimens, 
1–3 mm in diameter, which are similar to fossils of the genus Archaeotrichion of  
bacterial or cyanobacterial affinity (Fig. 10a, b); tubular 3–5 mm diameter 
filaments cf. Eomycetopsis, a fossil taxon composed of the cylindrical extracellular 
sheaths of  oscillatoriacean cyanobacteria (Fig. 10c–e); and the similarly sized 
septate filaments that closely resemble species of Cephalophytarion (Fig. 10f) and 
Oscillatoriopsis (Fig. 10g, h), taxa of fossilized cellular oscillatoriacean trichomes. 
Also present are broad, 10 mm diameter nonseptate filaments, the encompassing 
sheaths of relatively large-diameter oscillatoriaceans (Fig. 10i), and 15–20 mm-
diameter helically coiled specimens cf. Obruchevella (Fig. 10j), a fossil taxon 
composed of specimens similar to the modern oscillatoriacean Spirulina. The uni-
seriate nature of the cellular trichomes (Fig. 10f–h) evidences their formation by 
repeated cell divisions perpendicular to the long axes of the filaments, whereas 
CLSM studies of such filaments, results of a representative example of which are 
shown in Fig. 11d, demonstrate their three dimensional form. Of the various mor-
photypes detected – all of which are well known from numerous Neoproterozoic 
assemblages (e.g., Schopf, 1992a, b) – the Eomycetopsis-like extracellular sheaths 
are particularly abundant, whereas well-preserved cellular trichomes, such as that 
shown in Fig. 10f, are rare. Included among the coccoidal fossils of the assemblage 

515



VINOD CHANDRA TEWARI

are small, 3–5 mm diameter, originally mucilaginous envelope-enclosed colonial 
coccoids that closely resemble those of the fossil chroococcacean cyanobacterium 
Palaeoanacystis and dyads and tetrads composed of 5–7 mm diameter “lima bean-
shaped” cells similar to those of the fossil chroococcacean taxon Eogloeocapsa. 
The assemblage also includes colonial, 5–10 mm diameter, 10–15 mm diameter 
(Fig. 12a, i), and 15–18 mm diameter (Fig. 12f–m) chroococcaceans that resemble 
species of the fossil genus Myxococcoides; larger ellipsoidal solitary unicells, 
25–30 mm in size (Fig. 12n); and large shaeromorph acritarchs ~95 mm in breadth 
(Fig. 12o, p). The occurrence of such coccoids irregularly distributed in envelope-
enclosed colonies or in closely packed colonial aggregates (Fig. 12a, f), as well as 
their presence in dyads and tetrads, demonstrates that they were produced by the 
standard processes of cell division. Like the filamentous forms noted above, all of 
these coccoidal morphotypes are well known from other Neoproterozoic cherts 
and, with the exception of the phytoplanktonic acritarchs, all appear to have been 
benthic members of mat-building microbial communities (Fig. 13).

10.  raman index of Preservation (riP) of the Buxa fossils

The molecular–structural composition of the carbonaceous kerogen that com-
prises the Buxa fossils has been documented by Raman spectropscopy. As is shown 
by the representative example illustrated in Fig. 11c, two-dimensional Raman 
 imagery demonstrates that such specimens (in this example, Eomycetoposis-like 
tubular cyanobacterial sheaths) are composed of kerogen. Moreover, the Raman 
spectra of the carbonaceous matter acquired in such studies can themselves be 
analyzed to yield the Raman Index of Preservation of such materials (Schopf 
et al., 2005), RIP values that provide an established basis for assessment of organic 
geochemical maturity (Schopf et al., 2005). Figure 14 shows seven Raman spectra 
acquired from organic-walled Neoproterozoic microfossils preserved at various 
stages of geochemical maturation (Schopf et al., 2005, 2008). As is there illus-
trated, the two major Raman bands of kerogen change markedly as a function of 
increasing geochemical alteration: the leftmost “D” band becomes increasingly 
more peaked (and, correspondingly, less broad and “bumpy”) as the rightmost 
“G” band becomes increasingly narrow and ultimately bifurcated. Such data, 
obtainable from organic-walled fossils permineralized in rocks subjected even to 
greenschist facies metamorphism (Schopf et al., 2002, 2005), can provide defini-
tive evidence of the fidelity of organic preservation that is unavailable by any other 
means. As is shown in Fig. 14, Buxa fossils from the Ranjit window, which have 
an RIP value of 5.1, exhibit an intermediate grade of organic maturation, being 
neither as well preserved as fossils of the Bitter Springs (the uppermost spectrum 
in Fig. 14) and other relatively little-altered Precambrian units but exhibiting an 
appreciably greater fidelity of geochemical preservation than fossils preserved in 
more metamorphosed Neoproterzoic deposits.
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figure 14. Raman spectra of chert-permineralized Neoproterozoic carbonaceous microfossils. 
Ordered by their RIP values (Schopf et al., 2005a) from less (top) to more (bottom) geochemically 
nature, the spectra shown are those of the kerogenous walls of fossils preserved in cherts of the 
~750 Ma-old Bitter Springs Formation, the ~1,050-Ma-old Valukhtin and Allamoore Formations, the 
~760-Ma-old Skillogalee and ~720-Ma-old Auburn Dolomites, and the ~775-Ma-old River Wakefield 
Formation (Schopf et al., 2005), compared with that of a representative fossil filament (Eomycetopsis, 
cf. Figs. 10c–e and 11) from the Buxa Formation. (Schopf et al., 2008, reproduced with permission 
from Astrobiology.)
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11.  discussion and Conclusions

A very thick sequence of the Buxa Dolomite (800 m) is exposed between Reshi 
and Tatapani in the Ranjit Valley West Sikkim, NE Lesser Himalaya. Microbial 
(stromatolitic) buildups are well developed in the Buxa Dolomite and show a variety 
of morphological diversity from bottom to top of the sequence. The important 
buildups recognized are (1) Gray dolomite with Colonnella columnaris, Kussiella 
kussiensis, and Conophyton garganicus. The cross-bedded intraformational 
pebbles, intraclastic–oolitic dolomite, and the sandy–oolitic dolomite are intimately 
associated with this buildup. This buildup was formed in the high-energy subtidal 
and intertidal environment. (2) Dark gray cherty intraclastic–oolitic dolomite with 
microbial mats and stratified buildups (Stratifera) and Nucleilla structures. This 
buildup was formed in subtidal environment. (3) A thick microbial buildup with 
diversified assemblage (Jurusania, Colleniella, Minjaria, Gymnosolen, Tungussia, 
Jacutophyton, Baicalia, Aldania, domal, Nucleilla, and linked conical-stratified 
and columnar-stratified forms). This buildup represents peritidal depositional 
environment. (4) A cyclic buildup of digitate microbialites, intraformational 
pebbles, crenulated microbialites, and columnar and domal forms is developed. 
There is a cyclicity in the intraformational pebbles and microbialites. This buildup 
is a product of high-energy intertidal depositional environment. (5) Shaly dolo-
mite buildup is characterized by large domal columnar and Nucleilla forms, and 
intraformational pebbles are found associated with shaly dolomite. Five cycles of 
columnar and domal buildups have been recorded. All these microbial buildups of 
the Buxa Dolomite recorded between Reshi and Tatapani in Ranjit river section 
suggest a shallow marine (high energy tidal flat) depositional environment. The 
microbialite (stromatolitic) assemblage of the Buxa Dolomite suggests a Lower 
Riphean to Upper Riphean–Vendian (Meso-Neoproterozoic) age.

As is documented above, both of the Buxa thin sections studied here contain 
diverse organic-walled microscopic fossils, the first such Precambrian fossils to be 
reported from the Ranjit tectonic window of Sikkim, northeastern India. Despite 
the rather poor state of cellular preservation of some of these chert permineralized 
microbes and the moderately advanced geochemical maturity of the kerogen of 
which they are composed (Fig. 14), they are, in fact, bona fide fossils. Primary 
among the numerous lines of evidence that establish biogenicity are (1) their mor-
phology and carbonaceous composition, (2) the diversity of the fossils detected, 
(3) the presence of many examples of the various morphotypes (exhibiting varying 
stages of cellular degradation and, in some instances, evidence of cell division), 
and (4) their close similarity both to fossils known from other Proterozoic deposits 
and to microorganisms living today. Indeed, the evidence of life contained in 
these two tiny thin sections is so voluminous and compelling that, had only one 
of the sections been available for study – decreasing by half  the source of the 
evidence presented here – the conclusion drawn would have been the same: micro-
bial life was present and abundant when and where these rocks were formed. It is 
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notable – and to some perhaps surprising – that in this study, it has proven 
possible to establish the existence of past life on the basis of such a minuscule 
amount (~0.1 g) of rock material. In fact, however, comparable results might have 
been obtained from such studies of small fossil-bearing samples of numerous 
other Precambrian deposits (including virtually all of the 25 Proterozoic cherty 
units from which fossils are illustrated in Schopf, 1992b). Because the microora-
ganisms of microbial assemblages are so minute, commonly only a few microns 
to less than a micron in size, and because they typically are preserved in clumped 
or intertwined masses composed of prodigious numbers of individuals, even 
small slivers of rock can contain huge numbers of specimens. Nevertheless, the 
preservation of intact fossil microbes in such deposits, even in rocks of the same 
mineralogy form, a single locality and stratigraphic horizon, can vary greatly. In 
this respect, the success of this study of the Buxa cherts was fortuitous. After this 
study was completed, two additional samples of chert collected from stratigraphi-
cally higher strata of the Buxa Formation in the Ranjit River section were examined; 
although each was highly carbonaceous, both were found to be barren of fossils. 
Even in this stromatolite-rich stratigraphic section, now demonstrated to be 
assuredly microfossiliferous, not all bedded cherts at all horizons contain cellu-
larly identifiable remnants of life.

The Mesoproterozoic to Terminal Proterozoic (1,000–570 Ma) microbialite 
diversity has been reported from the Buxa Dolomite for the first time in a single 
section in Ranjit window, Sikkim Lesser Himalaya. The organic-walled microfos-
sils such as Siphonophycus, Eomycetopsis, Obruchevella, and Myxococcoides have 
been recorded. The microfacies of the dolomite are oodolomicrite, oodolosparite, 
and micrite. The ooids are concentric, concentric cum radial, radial, and composite 
types showing various stages of diagenesis. The biosedimentological studies have 
suggested that the Buxa Dolomite was deposited in intertidal to subtidal environ-
ment. The stable carbon and oxygen isotope data from the Buxa Dolomite (Meso-
Neoproterozoic) well developed in the Ranjit river valley, southern Sikkim, NE 
lesser Himalaya, India, is shown in Fig. 15. The Buxa Dolomite comprises stroma-
tolitic dolomite, cherty dolomite, intraclastic–oolitic dolomite, and minor silici-
clastic sediments. The stromatolite assemblage and the recently discovered 
microbiota from the Buxa Dolomite suggest a Meso-Neoproterozoic age for this 
dolomite (Tewari, 2003, 2004a, b; Tewari, 2007). Carbon isotopic data show fluc-
tuations in D13 C (PDB) in Buxa Dolomite from −1.42 to +1.04. Oxygen isotope 
values grade from 19 to 23.9 (D18 0 SMOW). The lower part of the Buxa Dolomite 
shows mostly positive trend of excursion and may be result of increased rate of 
organic matter burial in a shallow carbonate platform. It is interpreted based on 
isotopic data combined with sedimentological and paleobiological studies that Buxa 
Dolomite was deposited in a carbonate platform well connected with the ocean. 
The environment was highly favorable for the luxuriant growth of the microbialites, 
and the cyanobacterial microbial communities were flourishing in the photic zone. 
The positive near-zero value of the Buxa Dolomite indicates that the environment 
of deposition was shallow marine (peritidal/subtidal to intertidal).
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12.  astrobiological implications (mars Sample return) of the Buxa microfossils

Interpretation of the evidence of life afforded by ancient rock samples on 
Earth is based on half a century of experience and the understanding of the early 
fossil record thus produced, as well as on deep knowledge of modern microbes,  
the communities they comprise, and the understanding of microbial evolution 
provided by molecular biology. Such data, of course, are unavailable for any other 
planet. Nevertheless, the evidence presented here has come from studies of a 
returned Martian sample. Most knowledgeable scientists would be convinced of 
the presence of past life on Mars. Other workers, however, would no doubt retain 
a degree of skepticism, perhaps calling for a search for nonbiological means by 
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which to explain the seemingly compelling biological signals. And all could be 
expected to clamor for additional rock samples hosting additional examples of 
fossil microbes to be returned from Mars in order to build a body of paleobiologic 
data from that planet like that available of the Precambrian Earth. Whether ulti-
mately relevant to Mars samples or not, what this study does show is that under 
appropriate circumstances, firm evidence of early life on Earth can be adduced 
from even a minuscule amount of fossil-bearing ancient rock – in this instance, the 
first Precambrian microfossiliferous samples to be discovered were in the Ranjit 
tectonic window of the northeastern Himalaya (Schopf et al., 2008).
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abstract Cryptic biofilms line cracks in granite basement below a Neoproterozoic 
cap carbonate in southern Oman. Their depth in the narrow cracks indicates that 
they grew in a dark non-photic environment, and signs of upward flow within the 
cracks suggest that they may have grown in waters expelled from depth, which 
may not have been in isotopic equilibrium with contemporary ocean waters. This 
study tested this hypothesis and disproved it. The biofilms and associated detrital 
carbonate were precipitated in isotopic equilibrium with contemporary seawater. 
The study also confirms the 13C secular trends previously observed and attributed 
to seawater changes during post-glacial transgression and accumulation of the 
cap carbonate.

keywords Petrology • Elemental, isotopic • Geochemistry • Geomicrobiology 
• Carbonate • Infillings • Biofilms • Basement • Cracks • Neoproterozoic • Sturtian 
• Cap • Carbonate • Mirbat, Oman

1.  Introduction and Previous work

Until recently, the prevailing view on subsurface life processes was that they are 
dominated by heterotrophic consumption of surface-derived carbon (Pedersen, 
2001). It is now recognized, however, that reactive mineral surfaces and  solute-rich 
ground waters provide potential energy sources sufficient for chemolithoauto-
trophic bacterial growth in the subsurface (Stevens, 1997), such as in caves and 
 fissures (Engel et al., 2004). These energy sources are particularly important in 
deeper subsurface environments. Such possibilities have so far been ignored in 
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 discussion of the chemical and isotopic variations where the carbonate is pro-
duced by bacteria (Paerl et al., 2001). Here, we document a possible chemolithoau-
totrophically produced subsurface Neoproterozoic biofilm, its characteristics and 
its relationship to an overlying cap carbonate.
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figure 1. Location map of Neoproterozoic outcrops in Oman (inset) and map of Mirbat Group 
around Mirbat (from Allen, 2007).

528



PETrOLOGY, ELEMENTAL AND ISOTOPE GEOCHEMISTrY

The Huqf Supergroup is extensively exposed in Oman (Allen, 2007) 
(fig. 1 inset).

In the Mirbat area (fig. 1), carbonate laminae line carbonate-filled cracks, 
often as narrow as a few millimeters, in Precambrian basement up to 10 m below 
an overlying contemporary Neoproterozoic cap carbonate. The depth of the 
laminae below the basement rock surface, and the improbability of light reaching 
such depths along narrow cracks, suggests a non-photosynthetic origin. The fact 
that the laminae in some cases overlie mixed carbonate-clastic sediment in the crack 
indicates alternating carbonate-clastic deposition and carbonate encrustation 
during crack development.

The <723 Ma Mirbat Group consists of a largely undeformed, marine sili-
clastic succession framed by two Neoproterozoic glaciations (rieu et al., 2006, 
2007a, b; rieu and Allen, 2008). The older glaciation is a discontinuous predomi-
nantly clastic glaciogenic succession (Ayn formation) unconformably overlying 
700–750 Ma basement (Worthington, 2005; Mercolli et al., 2006) (fig. 2) and 
correlates with the Sturtian glaciation between about 710 and 667 Ma (fanning 
and Link, 2004).

figure 2. Comparative stratigraphy of Neoproterozoic units in Oman showing stratigraphic position 
of Mirbat Group (after rieu et al., 2007b).
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The Ayn formation consists of glaciomarine rain-out diamictites and sediment 
gravity flows alternating with fluvial and deltaic sandstones and conglomerates, 
which fill valleys cut into the underlying granite (kellerhals and Matter, 2003; 
rieu et al., 2006) (fig. 3). Above the glaciogenic clastics of  the Ayn formation 
is a transgressive, post-glacial cap carbonate, which at the basin margin onlaps on 
granodioritic paleohighs. A cap carbonate is the uppermost layer of  a glacial 
sequence reflecting a major glaciation: it can be markedly diachronous, as in the 
Al Ayn example here, depending on the underlying topography and rate of  trans-
gression (Hoffman et al., 2007). The Al Ayn cap carbonate is locally overlain by 
sandstones but more commonly by about 40 m of transgressive shales (fig. 2).

The Al Ayn cap carbonate is laterally discontinuous and varies considerably 
in thickness and facies; from in situ domal stromatolites through masses of struc-
tureless sparry calcite to re-sedimented and mass flow carbonate conglomerates 
to basement boulder beds with carbonate matrices (rieu et al., 2006. The cap 
carbonate is locally well developed above paleohighs, where wave-rippled carbon-
ate grainstones indicate deposition in shallow water and where stromatolites are 
prominently developed in the dolomitic tops of the carbonates (fig. 4a) Overlying 
the Ayn formation in the deeper parts of the basin, i.e., in the paleovalleys, the 

figure 3. facies variation in Al Ayn formation (from rieu et al., 2006) (location on fig. 1).

figure 4. Variability of cap carbonate at Mirbat: (a) domal stromatolites in thick cap carbonate 
(paleovalley PV-3, fig. 3); (b) thick cap carbonate overlying pebbly sandstones (paleovalley PV-2, 
fig. 3).
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cap carbonate is absent or represented by thin discontinuous mixed carbonate-
siliclastic mass flow deposits (fig. 4b).

The carbonates vary in d13C from −5.4‰ to +5.8‰ both vertically and later-
ally (rieu et al., 2006). The detailed d13C composite isotope profile through the 
carbonate (fig. 5) shows an upward trend from negative to positive (−3.5‰ to 
+5.8‰), though with a decrease in the topmost levels. The lack of correlation 
between diagenetic indicators (Mn/Sr ratios, d18O) and variations in d13C suggests 
that the systematic variations observed in d13C have not been significantly altered 
by diagenesis (rieu et al., 2006).

In the western part of the study area, where the cap carbonate directly over-
lies granodioritic basement, a network of predominantly very narrow carbonate 
veins, filled with detrital carbonate (mostly dolomite) mixed with minor amounts 
of siliclastics derived from the granodiorite, extends downwards into the grano-
diorite basement for up to10 m. (fig. 6). One megafissure extends along the 
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 outcrop for more than 5 km (fig. 6a) (rieu et al., 2006). Occasionally, the veins 
have void-filling carbonate cement indicating further opening and/or solution 
widening after filling (rieu et al., 2006). This article summarizes a multi-method 
study of one vein filling with a thin laminated lining, and relates it to the environ-
ment in which it developed (fig. 6c, d).

2.  Methods

2.1.  PETrOLOGICAL ANALYSIS

A slab of rock, incorporating the granite basement, the laminated layer and the 
detrital sandy dolomite vein filling, was divided up into eight petrographic domains 
for standard transmitted light petrography, cathodoluminescence and stable isotope 

figure 6. fissures: (a) geological map of  western part of  area showing cap carbonates directly 
overlying fissure fills in granite basement, note megafissure stretching about 5 km; (b) carbonate fissure 
fills (darker) in basement; (c) mixed carbonate/clastic fissure fill showing miniforesets directed upwards 
above a negative step in fracture wall and location of analyzed slab D; (d) polished slab of upper edge 
of fill in (c) showing encrusting laminae and location of fig. 7.
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analysis (fig. 7). Domains 1 and 2 are detrital domains underlying and overly-
ing the laminated layers (domains 3 and 8). A thin section cut-off was polished 
and examined with cathodoluminescence using a reliotron cathodoluminescence 
instrument. Optimal results were obtained using a beam current of ~0.600 mA, a 
minimum voltage of 10 kV and a beam diameter of ~1 cm.

2.1.1.  Scanning Electron Microscope Analysis
for basic scanning electron microscope (SEM) analysis, a polished thin section 
was coated with gold. A LEO fESEM 1530 instrument was operated at a voltage 
of 20 kV to yield resolution greater than 1.5 mm. Quantitative elemental com-
positions were determined using an integrated energy dispersive X-ray (EDX) 
spectrometer.

for geochemical mapping, two SEMs were used for imaging and EDX 
analyses. Acid etched-rock sections were prepared by exposing cut rock faces to 
10% HCl for 30 s. rock pieces were mounted on an aluminum stub and sputter-
coated with a 60:40 gold/palladium alloy. Samples were examined using a Hitachi 
S-4500 field emission SEM, using a 5 kV accelerating voltage and a beam current 
of 10 A (located at Laboratory Services, University of Guelph). Element maps 
were generated using a LEO 440 SEM equipped with a Quartz Xone EDX 
analyzer (located at Surface Science Western, University of Western Ontario).  
A 25 kV electron beam was used to obtain back-scattered images, EDX spectra 
and EDX intensity maps using full spectral imaging. EDX analysis can detect all 
elements above atomic number 5 and has a minimum detection limit of 0.5 wt% 
for most elements.

2.1.2.  Isotopic Analysis
for stable isotope analysis: four domains across the laminae (1, 2, 3, 8) were  
analyzed (fig. 7). Areas 1 and 2 contain detrital siliclastics and surround the 

figure 7. Thin section of edge of fissure fill showing domains analyzed.
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laminae of areas 3 and 8. Areas 4 and 5 are calcite veins within bedrock and areas 
6 and 7 are bedrock. Samples of carbonate for stable carbon and oxygen isotope 
analysis were extracted using a modified dental drill and were analyzed at the 
Stable Isotope Laboratory at the University of Windsor. Approximately 3.0 mg 
of untreated powder was reacted with 100% phosphoric acid at 25°C and 50°C for 
calcite and dolomite, respectively, for at least 4 h and the evolved CO2 gas was ana-
lyzed for 18O/16O and 13C/12C using a finnigan-Mat Delta Plus mass spectrometer. 
results are reported in conventional per mil notation relative to VPDB using 
standard correction procedures (Table 1).

Precision, based on replication of international standards and duplicate 
samples from this study, is better than 0.03‰ and 0.04‰ for C and O, respectively. 
All analyses were carried out in two stages, to separate the gas from calcite and 
from dolomite. Only the dolomite results are considered to be meaningful here, 
since the relatively small amount of calcite in the samples makes the analyses 
unreliable.

3.  Descriptions

3.1.  fIELD AND HAND SPECIMEN

Although the cracks in the basement generally follow a weak foliation, cracks 
also commonly cross-cut one another and one population defines a conjugate set 
perpendicular to the regional bedding (rieu et al., 2006) (fig. 6a, b). Cracks do 
not penetrate the overlying cap carbonate and thus predate and/or are contem-
poraneous with cap carbonate deposition. However, small-scale folds and small 
thrusts do displace the basement, cap carbonate and lowermost few meters of the 
overlying siliclastics, suggesting that deformation continued for some time after 
the formation and filling of the crack systems. Although the characteristics of 
the carbonate filling the cracks are identical to those of the overlying cap carbonate, 
in one place at least, cross bedding behind a “step” in a crack indicates that the 

table 1. Carbon and oxygen isotope measurements of calcite (cc) and 
dolomite (dol) from domains 1, 2, 3, 8.

Sample identification 13CVPDB (‰) 18ovPDB (‰) 18oVSMow (‰)

1 – cc 4.30 −11.52 19.03
1 – dol 5.07 −7.18 23.51
2 – cc 5.37 −8.82 21.81
2 – dol 6.91 −1.13 29.74
3 – cc 5.05 −7.68 22.99
3 – dol 5.30 −6.43 24.28
8 – cc 5.20 −6.77 23.93
8 – dol 4.90 −5.95 24.77
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mixed siliclastic and detrital carbonate filling was affected by ground water flowing 
upward through the cracks (fig. 6c). The laminae which line some cracks and 
overlap the detrital fillings indicate that the cracks were open during  deposition 
of the overlying cap carbonate (fig. 6d). The analyzed specimen shows thin lami-
nae lining one side of a steeply dipping crack and encrusting an already deposited 
thin carbonate-siliclastic layer (fig. 7).

3.2.  PETrOGrAPHY

The analyzed thin section was divided up into eight domains. Domain 1 is the 
first carbonate infilling of the crack. It has up to 50% poorly sorted siliclas-
tics (40–120 mm) in a peloidal (micritic) carbonate matrix with crystals ranging 
in size from 80 to 200 mm. Domain 2 is a later infilling and consists of a basal 
dolomicrite-rich layer with sparse fine-grained siliclastic grains passing gradually 
upwards into a coarser siliclastic-rich dolomicrite. This coarser layer contains 
poorly sorted angular granodiorite clasts up to 3.2 mm (more typically 200–
400 mm) and derived mineral clasts (consisting of altered feldspar, biotite, quartz 
and rare chlorite) in a peloidal (micritic) clotted/peloidal dolomicrospar matrix 
with crystals ranging from 80 to 200 mm, but mostly 40–120 mm in size). Some of 
the larger siliclastic grains have microfractures filled with carbonate. Domain 3 
is the lower part of the laminated layer. It contains carbonate clasts up to 80 mm 
in size surrounded by a brown, inclusion-rich, carbonate (mostly dolomite)  
crystal mosaic with crystals up to 200 mm in size. Based on inclusion distribution, 
some of these crystals may be spherulitic. Domain 4 is an elongate angular base-
ment rock fragment separated from the basement by a calcite vein of domain 5. 
Domain 5 is a vein with calcite cement mosaic consisting of zoned pore-filling 
crystals up to1,200 mm in size at its center. Domain 6 is an offset carbonate vein 
with abundant siliclastics and has clear anhedral calcite crystals between 50 and 
100 mm in size. Domain 7 is the granodiorite bedrock, consisting of quartz, zoned 
plagioclase and chloritized biotite. Domain 8, the upper part of the lami nated 
layer, consists of non-isopachous and discontinuous dolomitic carbonate laminae 
(400–1,200 mm wide), differentiated by unresolvable very thin, dark micritic 
 laminae. The individual laminae consist of inclusion-rich equant and fibrous 
dolomite crystals up to 20–30 mm in size and contain small elongate fenestrae up 
to 750 mm long filled with clear fibrous dolomite cement up to 100 mm long and 
20 mm wide. The very latest pore filling associated with the fibrous dolomite-filled 
fenestrae is unzoned calcite cement. Most calcite in the dolomite matrix is patchy 
and likely post-dolomite. Although this cannot be confirmed petrographically, the 
fact that calcite follows fibrous dolomite in the fenestrae supports the idea that 
the calcite postdates (and replaces?) dolomite. Domain 8 is sharply overlain by the 
lower part of domain 2. In thin section, the laminae (domains 3 and 8) show up as 
a thin (about 1 mm thick) lining with uneven base and pustular top (fig. 7). It is 
this contrast between the basal and uppermost laminae that suggests a biological 
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rather than an inorganic origin (Sabater, 2000; Andres and reid, 2006), a topic 
which is further investigated in Sect. 3.4. In cathodoluminescence, the carbonate 
is moderately bright red/orange except for yellow zones in the carbonate-filled 
crack of domain 5, between bedrock domain 7 and siliclastic/dolomite domain 
1, and the early part of the fringe of fibrous dolomite crystals filling fenestrae 
in the upper part of the laminae domain 8. Calcite has the same luminescence 
as the dolomite, so neither can be differentiated on the basis of cathodolumines-
cence alone, as is often possible in other situations. The differentiation is, however, 
straightforward in SEM backscatter with the dolomite/calcite ratio ranging from 
70 to 90/30 to 10.

3.3.  ELEMENT MAPPING

The element mapping variation mostly reflects the compositional differences 
between the siliclastic and carbonate constituents and does not add much to other 
analyses, so only one example is given (fig. 8). The distribution of Si, Al, fe and 
Na is obviously caused by the detrital siliclastic material that is readily visible 
petrographically, while the inverse relationship of Ca and Mg is caused by the 
mixed dolomite/calcite mineralogy. Any organic remnants have obviously been 
obliterated, as shown by the almost uniform P and C maps.

3.4.  SEM SCANS Of LAMINAE

SEM analyses of the laminae (domain 8) reveal pitted areas, which resemble 
structures typically produced by globular microorganisms of 0.5–2.00 mm in 
size such as bacteria and archaea (koch, 1996; Nealson, 1997) (fig. 9). These 
strengthen the interpretation of the laminae as biologically secreted based on 
gross morphology.

3.5.  ISOTOPE GEOCHEMISTrY

All the vein carbonates are re-crystallized microspars with variable degrees of 
dolomitization, and the isotopic systems are therefore undoubtedly altered to 
some degree (Table 1). furthermore, the spread in value of the dolomite, for both 
d13C and d18O, cannot be interpreted with any confidence, since the samples are 
heterogeneous mixtures of carbonate and siliclastics (see especially samples #1 
and 2 with high siliclastic content). However, apart from these, the laminae have 
d18O values ranging from −6.0 to −7.2ٕ per mil. Considering only dolomite, the 
d13C values from all the domains are comparable, having distinct positive values 
ranging from 4.9‰ to 6.9‰ (Table 1). The laminae have low variation in both 
d13C and d18O, both here and by rieu et al. (2006) (Table 1, fig. 5). for d13C, the 
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values are the most positive of the entire cap carbonate. Such positive trends are 
unusual in cap carbonates (Hoffman et al., 2007).

If  the d18O of the calcites are meaningful, the value of −11.5‰ for #1 is 
notable and suggests high temperature, either during precipitation or, more, likely, 
during later diagenesis: it is hard to imagine how else such a high negative value 

figure 8. Semi-quantitative element mapping. Si, Al, Na, 0 correlate with bedrock clasts; Ca, Mg 
correlate with carbonate – note Mg rich dolomite lining to vug in center and domain 3 below; fe cor-
relates with biotite, P, C show no correlation.
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of d18O could be derived. This is, however, only one data point. The d13C data 
overwhelmingly conform that the analyzed crack fill has the same value as those 
from other crack fills analyzed by rieu et al. (2006) (fig. 5), which represents the 
most positive values recorded from all cap carbonate analyses in the area.

4.  Interpretation

That the cracks in the basement granodiorite were open during and after cap 
carbonate deposition is shown by the mixed siliclastic/detrital carbonate fillings, 
carbonate laminae and the later void-filling cements. That the carbonate laminae 
are the result of  biogenic secretion by aphotic bacteria or archaea is suggested by 
the improbability of  there being sufficient light penetration to 5 m depth below 
the bedrock surface, given the narrow and irregular shape of  the cracks, though 
calculations of  the amount of  light penetration (which we attempted) are hin-
dered by the complexity of  the fissures.

The fissure carbonates and overlying cap carbonate have comparable, 
though very variable C and O isotopic values with the highest values from the 
fissure fills and contemporary cap carbonates of section C2 (fig. 5, Table 1), 
which suggests that carbonate precipitation was in isotopic equilibrium with con-
temporary seawater circulating through the cracks.

The laminae lining the crack was likely secreted by aphotic bacteria or 
archea, based on morphology, at the same time as the growth of stromatolites 
above (the same d13C values): there is no evidence that the laminae were formed 
under extreme conditions (see Satyanarayana et al., 2005). The dominant-mixed 

figure 9. SEM zoom detail of part of laminae, domain 8.
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siliclastics/carbonate filling of the cracks were probably infiltrated from above, 
given their identical isotopic composition with the upper stromatolite layers, even 
if  they were at times reworked by upwardly flowing water, especially since the 
stromatolites rest on basement in places.

5.  Conclusions

Cryptic biofilms line cracks in basement below a Neoproterozoic (Sturtian) cap 
carbonate in southern Oman. The depth in the cracks indicates that they grew in 
dark non-photic environments. Signs of upward flow of water suggested a hypoth-
esis that they may have grown in hydrothermal waters in isotopic disequilibrium 
with contemporary ocean waters. This detailed petrological and isotopic study 
negated this hypothesis and indicates that the crack carbonates were precipitated in 
isotopic equilibrium with contemporary seawater or with groundwater in equilib-
rium with contemporary seawater. It confirms the d13C trends previously observed 
and attributed to secular change in seawater composition d13C during post-glacial 
transgression and accumulation of the cap carbonate. The positive values of both 
stromatolites and laminae compared to the cap carbonate  sections underlying the 
stromatolites suggests a change in isotopic composition of  seawater during the 
climax of the post-glacial transgression, which is opposite to other younger cap 
carbonates (Hoffman et al., 2007).
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1.  Introduction

The subsurface of the Earth is one of the major habitats and contains a significant 
proportion of microbial life (Whitman et al., 1998; Ghiorse, 2008; Roussel et al., 
2008). However, our overall knowledge about the life forms and biogeochemical 
processes contained within it is rather scarce, mainly because of the difficulties 
in approaching this habitat. One relatively easy way to approach this habitat is 
to investigate karst terrains, which expand over ~20% of the Earth’s subsurface 
(Ford and Williams, 2007). Since caves are one of the most prominent features of 
karst terrain, they may serve as noteworthy entries and virtual “windows” into 
subsurface habitats (e.g. Engel et al., 2008). It is widely recognized that caves 
can also host a wide spectrum of fascinating life forms, starting from biofilms 
harbouring different types of microorganisms to different types of cave-dwelling 
animals such as snails, worms, spiders, leeches, crickets, cockroaches, scorpions, 
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fishes and bats. Cave geobiology is therefore a fascinating discipline for exploring 
different basic aspects of the subsurface eco-systems and their interactions with 
the eco-systems of the surface. Cave geomicrobiology deals specifically with the 
microorganisms, other life forms and their interactions with minerals and pro-
vides us with information about the past geomicrobiological interactions.

Cave geomicrobiology is rather a young discipline. Shoji and Folk (1964) 
were the first to report on microbial inclusions within rock and speculate the 
possible role of  microorganisms in carbonate deposition. This was confirmed 
two decades later by Folk and Chafetz (1980) and the role of  microorganisms in 
carbonate and phosphorite precipitation in stromatolites was confirmed by oth-
ers (Logan et al., 1964; Chafetz and Folk, 1984; Tewari, 1995; Krajewski et al., 
1994). Thereafter, cave geomicrobiological studies have been expanded tremen-
dously in different parts of  the world (e.g. Palmer, 1991; Banfield and Nealson, 
1997; Woods et al., 1999; Saiz-Jimenez, 1999; Groth et al., 1999, 2001; Laiz 
et al., 1999, 2003; Davis, 2000; Hose et al., 2000; Neuweiler et al., 2000; Melim 
et al., 2001; Boston et al., 2001; Hammes and Verstraete, 2002; Frisia et al., 2002; 
Galy et al., 2002; Schabereiter-Gurtner et al., 2002; Bosak and Newman, 2003; 
Sanchez-Moral et al., 2003; Tooth and Fairchild, 2003; Engel et al., 2003, 2004; 
Cacchio et al., 2004; Barton et al., 2004; Chelius and Moore, 2004; Barton and 
Luiszer, 2005; Gonzalez et al., 2006; Canaveras et al., 2006; Meisinger et al., 
2007; Engel et al., 2008, 2009). Excellent reviews have been published on differ-
ent aspects of  geomicrobiology (Northup and Lavoie, 2001; Northup et al., 
1997; Barton and Northup, 2007; Barton, 2006; Ehrlich, 1998; Banfield et al., 
1998; Jones, 2001; Newman and Banfield, 2002; Barton and Jurado, 2007; 
Whitman et al., 1998).

Almost all cave geomicrobiological studies have shown that cave environ-
ments should usually be regarded as extreme environments for life as the major-
ity of  the cave eco-systems are resource limited due to dark and aphotic 
conditions. Thus, most cave eco-systems must therefore depend on alloch-
thonous organic matter and chemolithoautotrophy for energy and metabolism 
(e.g. Poulson and Lavoie, 2000; Simon et al., 2003; Engel et al., 2003, 2004). 
Several studies have shown that different types of  dissolved substances in 
springs and ground water discharges in caves can serve as high energy yielding 
substrates for some groups of  microorganisms (Sarbu et al., 1996; Egemeier, 
1981; Angert et al., 1998; Hose et al., 2000). Furthermore, energy may also be 
acquired through aromatic compounds, fixing gases or oxidising/reducing met-
als within rocks (Ehrlich, 1998). Due to these microbial interactions with rocks 
and minerals for energy requirement, microorganisms may therefore play an 
important role in reshaping the mineral environment of  caves and contribute 
significantly to various cave deposits such as speleothems. Since caves may func-
tion as natural windows into the subsurface, research on the microbial diversity, 
community compositions, metabolic activities and their interactions with geo-
logical materials through time may help us to explore the possible extent of 
microbial activities and detect novel aspects of  biogeochemical cycles.
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Several investigations on cave deposits have emphasized association of 
microorganisms with carbonates and speleothems, and contribute to the cave 
geology/geochemistry in different ways (Northup et al., 1997). One important 
parameter is their contribution to different types of chemical reactions such as 
precipitation and dissolution of different minerals (Castanier et al., 2000; Engel 
et al., 2003, 2004; Baskar et al., 2005, 2006, 2007; Tewari, 2008). Laboratory 
experiments have shown that bacterial species isolated from caves are able to pre-
cipitate carbonates under controlled conditions (Danielli and Edington, 1983; 
Rivadeneyra et al., 1993; Baskar et al., 2006). Furthermore, at least two other 
microbiological influences are (1) metabolic processes such as ammonification, 
denitrification, sulphate reduction and photosynthesis, which may increase the 
alkalinity and thus facilitate carbonate precipitation; and (2) production of extra-
cellular polymeric substances, which may serve as important sediment trapping 
and binding agents and provide nucleation sites for the precipitation of minerals 
(Riding, 2000).

While these observations clearly point to the relevant roles of  microbial 
activities in caves, many questions still remain to be answered. For example, the 
extent and influence of  the total biodiversity of  unculturable microorganisms, 
and how different types of  processes (known versus possibly novel) interact 
with each other under different conditions, different time scales and on differ-
ent cave sites. The cave geomicrobiological research on different cave sites all 
over the world should reveal interesting insights into different geomicrobiologi-
cal interactions with various types of  minerals. However, to achieve a holistic 
cave systems geobiology approach, different methodologies should be used, 
ranging from abiotic scientific disciplines such as geochemistry, stable isotope 
chemistry, paleolontology and geophysics to biological disciplines such as ecology, 
evolution, organism biology of different biological species and different molecular 
biological approaches to trace and link the activities and dynamics of  culturable 
and unculturable biological species. With this approach, interesting insights 
into the diversity and resilience of  different life forms in caves may be revealed 
and how to recognize biosignatures for subsurface life on other planetary bodies 
(Boston et al., 1992, 2001; McKay et al., 1994; Cunningham et al., 1995; 
Tewari, 1998, 2001; Boston, 2000). For example, it has been speculated that 
microorganisms may exist in hidden caves in Mars, or on the subsurface regions 
below the Martian polar ice cap (Tewari, 2004). However, since no single 
feature can be taken as conclusive evidence for past or present life forms, the 
development of  a consortium of  possible biosignatures based on extensive 
paleoastrobiological and geomicrobiological research on different sites on our 
planet Earth may help us identify circumstantial evidences of  present or past 
life forms on other areas in outer space (Allen et al., 2000). The cave geobiology 
research may also lead to an increased understanding of  how to facilitate the 
preservation of  historical monuments and sculptures that may be endangered 
by microbially precipitated calcite coatings (Rodriguez-Navarro et al., 2003; 
Hoppert et al., 2004). In this review, a summary of  the cave geomicrobiological 
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research in the Indian sub-continent, which contains a large amount of  inter-
esting cave sites but where unfortunately most of  them have not yet been 
investigated, has been attempted with a view to further explore them in the 
years to come.

2.  Geomicrobiological Studies of Caves in the Indian Subcontinent

More than 1,545 cave sites (Deshmukh, 1994) have been discovered in the Indian 
sub-continent. However, only four of them have been hitherto examined:

• The Sahastradhara caves in Dehradun (Baskar et al., 2005, 2006; Tewari, 2008)
• The Brahmakhal cave in Uttarkashi, Garhwal (Tewari, 2008, 2009)
• The Borra caves in Vishakapatanam, Andhra Pradesh (Baskar et al., 2007, 

2008)
• The Khasi and Jaintia Hill cave systems in Meghalaya (Baskar et al., 2009a)

These caves were investigated in different ways, ranging from traditional to a 
molecular microbiological point of view and, geochemical, mineralogical, stable 
isotope studies to explore the extent of microbial processes and their impact on 
precipitating carbonate deposits in these caves. The recognition of the importance 
of speleothems as archives for paleoenvironmental changes has increased over the 
last three decades (Hendy, 1971). The mechanisms of speleothem deposition have 
been proven to be sensitive to external, often climatic-driven processes that 
respond to annual–decadal short- as well as long-term changes (Wang et al., 
2004). Speleothems can therefore be regarded as valuable archives of climatic 
conditions in the continents. Compared to other continental climate proxy 
recorders from lake sediments and peat cores, speleothems offer several advan-
tages (Ghosh et al., 2006). These include worldwide distribution of caves contain-
ing speleothems, high precision uranium-series dating of speleothems and highly 
resolved time series data, and mostly easier accessibility. Based on this, the spele-
othem records from caves across Asia have contributed with new knowledge to 
our current understanding of many of the factors that control inter-annual to 
millennial scale variability in Asian monsoon precipitation (Wang et al., 2008; 
Sinha et al., 2005; Fleitmann et al., 2007) and provided important constraints for 
climate modelling scenarios (Overpeck and Cole, 2007).

3.  Sahastradhara Caves, Dehradun

The cave systems in Sahastradhara are situated in the Dehradun Valley, a crescent-
shaped intermontane valley formed within the Siwalik Formations in Garhwal 
Himalaya (Fig. 1). They are situated on the Krol carbonates and enclosed by the 
rivers Ganga in the east and yamuna in the west. The caves are rather small in size 
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(10 m long, 2 m wide), and are well known for their pH neutral springs that are 
believed to cure various kinds of skin diseases. The word Sahastradhara means 
the place of the “1,000-fold spring”. The areas around the caves are frequently 
visited by people throughout the year, mainly due to the therapeutic value of the 
springs. However, nobody enters into these caves due to their small sizes. The 
geology of the Dehradun Valley has been extensively studied (Singh et al., 2001; 
Tewari, 1989, 2007).

The speleothems found in three cave systems in Sahastradhara, Dehradun 
(Fig. 2a, b) (Tewari, 2008, 2009) were studied for mineralogy, geochemistry and 
microbial ecology to better understand the role of microorganisms in mineral for-
mation (Baskar et al., 2005, 2006). Calcite was the dominant mineral in the stalac-
tites. Thin-section petrography revealed that the stalactites consisted of 
microcrystalline calcite or micrite that occurred in chains, attributable to mineralized 
bacterial cells. The microfacies of the Sahastradhara stalactites show radial fibrous 
calcite (Fig. 3c, d) indicative of diagenetic imprints (Tewari, 2008). Quantification of 
total cell numbers by DNA-specific DAPI staining (Amann et al., 1995) of fixed 
cells revealed the presence of a large number of microbial cells (9 × 105 cells, g sed–1 
dry wt) in the caves. The fluorescence in situ hybridization (FISH) techniques 
showed the presence of a large number of tentatively active microbial cells (~55% 
of the total cell number), and microbial community was dominated by species 
within Bacteria, such as the sulphate-reducing bacteria, as well as species within 
Archaea (Baskar et al., 2005, 2006). The high fraction of tentatively active cells 
indicated a high probability for their participation in bio-mineralization processes 

Figure 1. Geological map of Dehradun Valley. YTF yamuna Tear Fault; GTF GangaTear Fault; 
MBT Main Boundary Thrust; HFF Himalayan Frontal Fault; Drainage areas of the Donga fan (Do), 
Dehradun fan (De), Song River (So) and Bhogpurfan (Bh) (Singh et al., 2001).
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involved in the cave formations (Baskar et al., 2005, 2006). In addition, laboratory-
based culture experiments using bacterial strains (identified by 16S rRNA gene 
amplification and sequencing as Bacillus thuringiensis and Bacillus pumilis) isolated 
from stalactites showed that they are able to form CaCO3 crystals (Fig. 4a, b) 
(Baskar et al., 2006).

3.1.  BRAHMAKHAL (PRAKATESHWAR) CAVE, UTTARKASHI, 
UTTARAKHAND

The Brahmakhal (Prakateswar) caves were discovered in 1978 and are situated 
near the village Mehar Gaon in Uttarkashi district of the Garhwal Himalaya 
(30°23¢145²″N; 78°07¢743²″E). Stalactites and stalagmites are well developed in the 
cave (Fig. 2c) (Tewari, 2008). The thin sections of the stalactites have been studied 
for mineralogical and microfacies analysis. Radiating fibrous calcite and micro-
lamination of calcite and organic-rich microbial laminae have been recorded in the 
Prakteshwar speleothems (Fig. 3a, b) (Tewari, 2008, 2009). Geomicrobiological 
investigations will be initiated in this cave soon.

Figure 2. Speleothems in different cave systems in India. (a) Dripping water, stalactites, stalagmites 
(Sahastradhara caves) studied for oxygen isotopes during monsoon. (b)Column from the Sahastradhara 
cave studied for carbonate microfacies and C and O isotope ratios. (c) Speleothems in the Brahamakhal 
(Prakateshwar) cave studied for microfacies and C and O isotope ratios. (d) Speleothems in the  
Mawsmai cave showing pillar-like structures near Cherrapunji, Meghalaya.
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3.2.  BORRA CAVES, VISHAKAPATANAM, ANDHRA PRADESH

The Borra Caves are the second largest caves in the Indian sub-continent, and 
were discovered by William King George of the Geological Survey of India in 
1807. These caves have a rich cultural, religious, eco-tourism and are of significant 
historical importance. They are situated in the Araku Valley, ~90–95 km from 
Visakhapatnam (18°15¢N; 83°3¢E) on the east coast of India (Fig. 5) (Bas et al., 
2002). It is also one of the most important hill regions of the Eastern Ghats, 
known not only for its biodiversity, but also for its rich mineral deposits. The 
geology of the region is represented by the Khondalite suite of rocks (garneti-
ferrous sillimanite gneisses and quartzo-feldsphatic garnet gneisses) of Archaen 
age. Quaternary deposits consist of red bed sediments, laterites, pediment fans, 
colluvium, alluvium and coastal sands (Bhowmik et al., 1995; Bhattacharya and 
Kar, 2004). All these rocks lie within calc-silicate granulites and garnet-sillimanite 

Figure 3. Microfacies of  the speleothems from the Himalaya, India. (a) Microphotograph 
of   radiating fibrous calcite in Brahmakhal (Prakateshwar) cave, Uttarkashi, Garhwal Himalaya.  
(b) Finely laminated stalactite with alternating calcite (white) and dark (organic) laminae from the 
Brahmakhal (Prakateshwar) cave, Uttarkashi. (c) Microphotograph of  fibrous calcite in Sahastrad-
hara stalactite showing radiaxial fabric (lower part) and alternating dark (organic/microbial) and light 
(calcite) microstromatolitic laminae (upper part). (d) Microphotograph of  microstromatolitic light 
and dark laminae with filamentous and cell-like structures indicating microbial influenced precipitation 
of  carbonate in Sahastradhara cave, Dehradun.
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Figure 5. Geological map of Borra cave area. Map based on Bhowmik et al. (1995). Blank areas are 
quartzo-feldspathic gneisses (R.S. Railway station). Inset map shows location of Borra (arrows).

Figure 4. (a, b) Calcite crystals precipitated in vitro by isolates, which are related to Bacillus pumilis 
(4a), to Bacillus thuringiensis (4b) isolated from Sahastradhara caves, Dehradun, India.
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gneisses (khondalites), which have been repeatedly folded and metamorphosed 
at high grades and form a part of the Eastern Ghats granulite belt (Bhowmik 
et al., 1995; Bhattacharya and Kar, 2004). The annual temperature of Araku 
Hills is ~25°C and the annual rainfall is 950 mm. Coarsely pure white, crystalline 
carbonate rocks are found at Borra; deformed, banded marbles extend over a 
triangular area km2 in the cave. The caves are surrounded by diopside–scapolite–
feldspar calc-granulites. The pyroxenite outcrops at Borra are dark and massive 
and include discontinuous calc-silicate bands, with brown mica and calcite (Bas 
et al., 2002).

The caves host a variety of speleothems and deep inside are springs with 
thick orange to reddish brown microbial mats (Fig. 6a) (Baskar et al., 2008). The 
Gosthani River flows between the spectacular stalactites and stalagmites, and also 
out of the caves. Through the whole length of the cave, there is a twilight zone 
with limited light penetration and a deeper totally aphotic zone can be observed. 

Figure 6. Organic mat on the spring water, Borra caves, Vishakapatanam, India. (a) Orange organic 
mat/biofilm on the spring, Borra caves. (b) SEM of organic mat, Borra caves, showing filamentous 
Leptothrix-like bacterial sheaths and Fe precipitates.
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The cave is approximately 2 km long, 12 m high and is located 1,300 m above sea 
level. The deep aphotic inner cave wall has an average temperature of approxi-
mately 16°C. Inside the cave, there are discharges from five springs. One of these 
springs has developed a thick iron-rich, orange microbial mat in the cave passages 
distributed over a distance of about 150 m.

Mineralogy and thin sections of stalactites revealed micrite, occurring as 
laminated features of clotted with chocolate-brown blebs identical to microbial 
structures in modern and ancient stromatolitic carbonates (Baskar et al., 2007). 
Scanning electron microscopic (SEM) studies revealed the presence of calcified 
prokaryotic-like cells, microrods and needle calcite. The microfabric features/tex-
tures preserved in the speleothems indicate the presence of microbes and the role 
of microorganisms in the genesis of the Borra speleothem carbonates (Baskar 
et al., 2007). In addition, the deep aphotic regions of the cave exhibit a significant 
amount of unexplored microbial mats in spring waters. Baskar et al. (2008) 
reported the possible impact of microorganisms in these organic mats on the cave 
formation, focusing on their role on iron precipitation. The pH-neutral spring 
water contained iron and the organic mat floated on the spring. This organic mat 
(solid material) had a total organic carbon (TOC) content of ~5.4 wt% and 
427 ppb iron. The different prokaryotes distinguished are (1) Leptothrix-like 
organisms, entombed in bacterial mineral sheaths, (2) a few twisted stalks resem-
bling those of Gallionella-like organisms and (3) some additional (rod-shaped) 
morphotypes of un-identifiable type (Fig. 6b; Baskar et al., 2008). The study 
indicated that the formation of these iron-rich organic mats is associated with the 
presence of abundant active communities of iron oxidising and precipitating bac-
teria and that the elements concentrated in the mats could serve as an energy 
source to the microbial community inhabiting the mats. Consequently, microbial 
colonization of different areas of the springs may be controlled by elemental 
substrate concentration. The geochemical composition of the mats appears to 
reflect the type of the ions and in situ metabolism by  bacteria that may be con-
centrating the iron in the mats (Baskar et al., 2008).

3.3.  MEGHALAyA CAVES, MEGHALAyA

Meghalaya is one of the northeastern states of India and the state harbours more 
than 1,000 caves, a few of them form some of the longest caves in the Indian 
sub-continent. “Meghalaya” means “the abode of clouds”, derived from Sanskrit  
language – “megh” meaning cloud and “alaya” meaning home. Geomicrobiological 
studies have so far been carried out only on two of the more than 1,000 cave 
systems in Meghalaya: the Mawsmai (25°07¢N, 91°21¢E) and the Krem Phyllut 
caves (25°41¢N, 92°09¢E) are located on the East Khasi Hills (Fig. 7). The Khasi 
Hills is an uplifted Precambrian crystalline complex and forms the northeastern 
extension of the Indian Peninsular Shield. It is an E–W trending oblong horst 
block elevated about 600–1,800 m above the Bangladesh plains in south, and 
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separated from the Peninsular India by the Rajmahal-Garo gap (Ghosh et al., 
2005). The Khasi group consists of sandstone and conglomerate of the Jadukata 
formation, and overlies the feldspathic sandstone of the Mahadek Formation. 
The Proterozoic metasedimentary Shillong Group and the basement Gneissic 
Complex make up most of the Meghalaya Plateau (Ghosh et al., 2005). The 
state has huge deposits of limestone and abundant rainfall, which is one of the 
main reasons for formation of these magnificient Karst caves. The important 
limestone deposits in the East Khasi Hills are in the Mawmluh–Mawsmai Hills 
of  Paleocene Lakadong Limestone deposited after the Cretaceous–Plaeogene  
(K/Pg) boundary in Meghalaya Plateau (Tewari, 2009). The cave (Fig. 2d) (Tewari, 
2008) lies south of the wettest place in the world – Cherrapunji town now renamed 
as Sohra in local language.

These caves are not so easily accessible to public since they are situated in a 
hilly, uninhabited area. Mawsmai caves are located in a thick forested area and are 
quite small (160 m long, 15 m high, 4–10 m wide), but the inner parts are large 
enough to facilitate movement in the passage ways. The main entry to these 
caves is located close to the Mawsmai village and the entry is a fairly narrow 
(1.8 m) vertical opening. The cave is totally aphotic and has many stalagmites 
and stalactites. The average annual temperature of  the inner cave is ~15–19°C. 
The stalactites range in sizes from 7–10 cm length and 8–15 cm diameter (small) 
to 50–150 cm length and 50–100 cm diameter (large). The Krem Phyllut caves 
have a large fossil passageway. This cave is relatively large (total length 1,003 m, 
width 4.5 m, height 15 m) and has three entrances (approximately of 2 m height, 
2.5 m width). The deep aphotic inner cave wall had an average annual temperature 
of ~15–17°C. Two springs run about 500 m through the cave. The length and 
diameter of the stalactites range from 6–7 cm in length and 25–30 cm in diameter 

Figure 7. Geological map of East Khasi Hill caves and Jaintia Hill caves, Meghalaya, India. (a) Loca-
tion map of the study area. Inset shows its position in India. (b) Geological map of the studied cave 
area (Ghosh, 1940; Garg and Jain, 1995) 1. Alluvium, 2. Kopili formation (shale/sandstone), 3. Sylhet, 
4. Therria formation (calcareous bands, sandstone, shale), 5. Langpar formation and Um Sohryngkew 
formation (calcareous shale, marl and mudstone), 6. Sylhet trap, 7. Archaen, 8. K/T Sect., 9. Um 
Sohryngkew river.
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(small) to 30–40 cm in length and 50 cm in diameter (large). The columns are 
40–45 cm long and the diameter of the upper end is 40 cm and that of the lower 
end is 60 cm. The speleothems are larger at the entrance and smaller towards the 
interior. The main cavern extends to about 50–60 m and narrows to a much 
smaller tunnel wherein gypsum deposits are found on the cave walls. The charac-
teristic cave fauna consisted of sporadic amounts of prawns in the water and rats 
on the ground.

The first observations and hypotheses by Baskar et al. (2009a) reported the 
possible influence of microorganisms on the speleothem formations in the two so 
far investigated caves in Meghalaya. The spring waters have a pH of 7.4–7.8 and 
the speleothems have a TOC content of ~0.37–1.98 wt%. The water (spring, pool 
and dripping) contained concentrations of 37 ppb Sr, 1.5–2.6 ppb Si, 3–12 ppb 
Cr, 4–5 ppb Ba, 1–4 ppb Cu, 3–28 ppb Zn, 2.3–5.8 ppb Mg, and in addition to 
calcium, the speleothems contained 0.12–1.69 Fe2O3, 0.31–0.91% MgO, 0.002–
0.131% Na2O, 0–3.24% Al2O3 and 46–501 ppm Sr. Thin sections showed alternat-
ing white and dark-laminated bands and voids and the presence of lithified 
structures and internal fabrics similar to microbialites along with some organic 
inclusions (Baskar et al., 2009a). Dark-coloured clotted peloidal fabrics were 
interpreted as calcified bacterial aggregates since such formations have been 
reported in stromatolite, thrombolite, travertine and reefs (Chafetz and Buczynski, 
1992; Pedley, 1992; Tewari and Joshi, 1993; Riding, 2000; Baskar et al., 2007). 
Calcite in speleothems and gypsum in cave wall deposits are the dominant minerals. 
Microfabric features showed strong resemblance to fossilised bacteria, calcified 
filaments, needle calcite and numerous nano-scale calcite crystals, highly weath-
ered and disintegrated crystals of calcite pointing a significant microbial influence 
on calcite genesis (Baskar et al., 2009a). The classification of microrod calcite has 
been reported earlier, and its origin has been attributed to rapid precipitation 
under high supersaturation states during evaporation in soils or calcification of 
bacilli-like organisms (Loisy et al., 1999). Similar microfabrics have been observed 
in marine environments and cave speleothems elsewhere, supporting the hypothesis 
on microbial involvement in speleothem precipitation (Chafetz, 1986; Melim et al., 
2001; Baskar et al., 2007, 2009a; Tewari, 2008, 2009). Around 30 aerobic, hetero-
trophic isolates were obtained from both caves by conventional microbiological 
isolation procedures and further evaluated by different molecular techniques. The 
isolates were closely affiliated to Bacillus cereus, Bacillus mycoides, Bacillus 
licheniformis, Micrococcus luteus and Actinomycetes. In addition to this, a number 
of strains were obtained that have not yet been finally identified, such as cocci, 
red-pigmented strains similar to Streptomyces and some strains of gypsum precipi-
tating bacteria (Figs. 8 and 9, Baskar et al., 2009a).

The bacterially precipitated calcium differs morphologically from the pure 
inorganic formed crystals. Similar types of bio-minerals could also be observed in 
the speleothem samples, and the resemblance provided additional support for 
biogenic influence on the formations of these cave systems in Meghalaya. The 
study confirmed that (1) carbonate precipitation occurred during microbial 
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CaCO3 precipitation by a closely related group of bacteria following the ammoni-
fication/nitrate reduction pathway; and (2) gypsum precipitates were formed by 
microbial-mediated geochemical reactions. It therefore appears to be likely that 

Figure 8. SEM image showing Actinomycetes-like bacteria, unidentified cocci, a variety of tentatively 
identified Bacillus-like bacteria isolated from caves in Meghalaya precipitating calcite in vitro.

Figure 9. SEM image of unidentified bacteria from Mawsmai caves, Meghalaya precipitating gypsum 
in vitro.
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numerous processes have acted together to induce the precipitation of carbonates 
and gypsum. These geomicrobiological and inorganic transformation processes 
may therefore explain some of the biogenic involvement in the formation of the 
speleothem deposits in cave systems.

4.  Stable Isotope and Paleoclimate Studies in the Indian Caves

With an accurate chronology, the cave archives can be correlated with clima-
tological events on land spanning <1 million year, potentially comparable to 
the chronological records found in the deep sea sediments and continental ice 
records (McDermott et al., 1999). For example, carbonate speleothems may serve 
as proxy indicators of  paleoclimate, and provide information on annual tem-
perature, rainfall, atmospheric circulation and vegetation changes (McDermott, 
2004). The annual growth layers in speleothems have provided a rainfall proxy 
record in Madagascar (Brook et al., 1999), monsoon patterns in the Indian sub-
continent (Denniston et al., 2000; yadava et al., 2004) and change in vegeta-
tion associated with warmer or cooler conditions in Botswana (Holmgren and 
Lauritzen, 1995).

Studies on Indian speleothems to estimate the past monsoon and climate are 
taking momentum, and very interesting results on the paleomonsoon variability 
preserved in stalagmites have been published (yadava et al., 2004; yadava and 
Ramesh, 2005; Ramesh, 2001; Sinha et al., 2005; Tewari, 2008, 2009). Speleothems 
may also provide archives of past precipitation since the oxygen isotopic ratio of 
stalagmite calcite is controlled by d18O values of precipitation. Thus, yadava and 
Ramesh (2005) and Ramesh (2001) reconstructed the monsoon precipitation 
from d18O of cave stalagmite from Gupteshwar cave, Orissa in east India, back to 
3,400 years b.p. Similarly, Sinha et al. (2005) studied the Timta cave in the 
Kumaon Himalaya, and the oxygen isotope ratio ranged from −5.2‰ to −8.4‰ 
for the period. The difference of about −3.2‰ was interpreted to reflect the vary-
ing strength of the Indian Summer Monsoon system. More recently, Tewari 
(2008, 2009) studied the carbon and oxygen isotopic signatures of a number of 
caves from the Garhwal Lesser Himalaya, North India (Fig. 2a, c). The d13C(PDB) 
of the Sahastradhara stalactites range from −2.47‰ to −6.06‰ and d18O from 
22.99‰ to 26.21‰. In Brahmakhal cave, the d13C (PDB) vary from −5.34‰ to 
−7.65‰ and d18O vary from 20.67‰ to 22.84‰. The d13C(PDB) value of Pratapnagar 
modern stalactite calcite varies from −4.85 to −9.23‰ and the d18O range from 
19.50‰ to 21.57‰. As discussed above, variation of d18O in stalagmites is related 
to the d18O values in the precipitation and the amount of precipitation during the 
monsoon season. The d18O values of regional precipitation and the changes in 
calcite d18O over time reflect changes in monsoonal precipitation. Study of modern 
cave drip waters and stalagmites demonstrates that the stalagmites were deposited 
in or very near isotopic equilibrium. The d18O isotope data of drip water from 
Sahastradhara cave in Dehradun (Fig. 2a) during the monsoon season (August and 
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September, 2007) varies from −4.58 to −5.14‰ (PDB) Fleitmann et al. (2003, and 
the references therein) have interpreted that the western part of Indian Summer 
Monsoon in Oman and yemen and showed variations in the amount of rainfall 
with more negative d18O values indicating higher precipitation. Negative d18O val-
ues have also been recorded in the Sahastradhara and Brahmakhal caves. Cave 
calcite also contains information about the isotopic composition of meteoric water 
from which calcite is precipitated and dated calcite from speleothem with U/Th 
disequilibrium series method. So far only the Sahastradhara cave has been exam-
ined for geomicrobiological as well as stable isotope studies. Thus, detailed high-
resolution O isotope speleothem data from other cave systems in the Himalaya 
may yield interesting insights into the record of palaeomonsoon history.

5.  Future Prospects of Geomicrobiological Studies of Indian Caves

Among >1,545 cave sites that have been discovered in Indian sub-continent, 
only three of them have been subjected to geomicrobiological studies: the 
Sahastradhara, Borra and Meghalaya caves. This chapter summarizes the so far 
performed studies on cave geomicrobiology, paleoclimate and monsoon of these 
Indian cave sites. The authors mainly focused on geochemical, mineralogical, tradi-
tional and molecular microbiological approaches to explore the qualitative extent 
of microbial involvement in cave calcite formations. This includes the documenta-
tion and recognition of mineralized microbes preserved in rocks, either by trac-
ing nucleic acid-based signatures or bio-geochemical processes. These approaches 
proved that microorganisms played a significant role in cave eco-systems. The 
exciting research goals for the future will then be to explore the geomicrobiol-
ogy in Indian cave eco-systems further through more rigorous, advanced, quan-
titative and interdisciplinary approaches (geology, chemistry, biology), towards a 
more advanced, holistic understanding of the specific roles of microbes in cave 
eco-systems (Baskar et al., 2009b). Because of the large number of unexplored 
caves, such as in the NW Himalaya and in Arunachal, Meghalaya, Mizoram and 
Manipur in the northeastern Himalaya (Tewari, 2009), it can be anticipated that 
many unique and interesting research projects may become identified. However, 
to achieve these research goals, the teaching policy in India must be expanded to 
promote co-ordinated teaching programmes in geology, chemistry and biology at 
a national level. Recently, the first steps have been taken towards this, for exam-
ple the declaration programme “Increased understanding of the Earth processes 
as well as emerging newer concepts and methodologies that requires interactive 
research programmes involving geoscientists, physicists, chemists, biologists and 
mathematicians” by the Department of Science and Technology (DST), New 
Delhi, India (DST Vision, 1996). Furthermore, the Earth System Science (ESS) 
division of the DST has identified a National Programme on “Science of Shallow 
Subsurface Studies” but unfortunately, cave geomicrobiology has so far not yet 
been specifically included as a thrust area of research. However, we propose that 
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cave geomicrobiology research in Indian caves has immense potential to generate 
fundamental knowledge about the subtle interplay between mutualism/competi-
tion and heterotrophy/autotrophy in terrestrial subterranean systems, which may 
result in numerous practical applications within for example medicine, human 
health and biotechnology, and provide a deeper understanding of the develop-
ment of life not only on our planet but also in outer space.
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The Role of SulfaTe ReDucTion in STRomaToliTeS  
anD micRobial maTS: ancienT anD moDeRn PeRSPecTiveS
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abstract Sulfate reduction is an evolutionarily ancient process and sulfate-reducing 
microorganisms were likely key members of Precambrian stromatolite communi-
ties, as they are in modern photosynthetic microbial mats. Some of the highest 
rates of sulfate reduction ever measured have been observed in hypersaline micro-
bial mats, supporting the view that sulfate respiration is a dominant carbon min-
eralization process in these communities. Sulfate consumption and the alkalinity 
that results from carbon utilization have also been linked to carbonate precipita-
tion in lithified mats. Diverse groups of sulfate-reducing bacteria (SRB), primarily 
members of the Deltaproteobacteria, have been found to live in stratified zones 
in microbial mats, some localized near the surface despite high levels of oxygenic 
photosynthesis by cyanobacteria. Culture studies have shown that some SRB can 
switch to aerobic metabolism under microaerophilic conditions; however, it is not 
known how SRB tolerate the very high levels found in situ. Possible strategies 
involve aggregation and diel migration. Recent application of technologies such as 
nanometer-scale secondary ion mass spectrometry (nanoSIMS) and metagenomics 
to mats have enabled ultra fine-scale mapping of sulfate reduction activity and 
have broadened our understanding of how sulfur metabolism fits into the broader 
picture of microbial diversity and functionality.

Keywords Microbial mat • Hypersaline • Sulfate-reducing bacteria (SRB)  
• Deltaproteobacteria • Desulfonema–Desulfosarcina–Desulfococcus (Dn–Ds–Dc) 
group • Microcoleus • Cyanobacteria • Oxycline • Lithification • Extracellular 
polymeric substances (EPSs) • Aragonite • Dolomite • Guerrero Negro • Solar 
Lake • Highborne Cay • 16S rRNA • Dissimilatory sulfite reductase (dsrAB)  
• CARD-FISH • nanoSIMS

1.  introduction

Modern photosynthetic microbial mats (both lithifying and soft) are found 
in a range of coastal and hypersaline habitats and are thought to be analogous 
to  fossilized stromatolites from the Precambrian (Stal, 1994; Walter, 1994; Des 
Marais, 1995). These mats are typically complex communities including all 
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major  biogeochemical processes including carbon, oxygen, and sulfur cycling 
(Canfield and Des Marais, 1993). Cyanobacterial (oxygenic) photosynthesis is 
often a dominant process near the surface of the mat; however, a range of anaero-
bic heterotrophic processes including fermentation and anaerobic sulfate respi-
ration are also important. Indeed, even the common hypersaline mat-forming 
cyanobacterium, Microcoleus chthonoplastes, will switch to perform fermentation 
in the dark consuming photosynthate produced during the day (Moezelaar et al., 
1996). It is thought that a significant fraction of the excreted products (e.g., organic 
acids) from cyanobacterial fermentation in mats is consumed by sulfate-reducing 
bacteria (SRB) (Stal, 2001). The effects of sulfate reduction are obvious in many 
mats where the mat or underlying sediments appear black below the oxycline due 
to the accumulation of metal sulfides (e.g., pyrite). This is especially true in non-
lithifying mats such as those found in evaporation ponds in the Exportadora de 
Sal (ESSA) saltworks in Guerrero Negro, Baja CA, MX, where the black precipi-
tates can obscure the mat’s layering, which only becomes apparent after the mat 
is reoxidized (Fig. 1). Overall, the interactions of cyanobacteria and SRB play 
central roles in the metabolic and geochemical functioning of modern microbial 
mats; roles that these two groups have likely been playing for billions of years.

2.  early evolution of Sulfate Reduction

The extent of metabolic diversity of microbial communities on the early Earth is a 
central question in microbial evolution. Since stromatolites are thought to represent 
some of the earliest communities that arose during the Archaean (Walter, 1994), 
metabolic activity present in those communities is of particular interest. Significant 
attention has focused on the importance of phototrophy, especially anoxygenic  

figure 1. Cross-sections of mat from Pond 4 Near 5 of the ESSA facility in Guerrero Negro, MX. 
Panel (a) shows freshly excised mat, (b) shows the mat after it was left in air overnight to oxidize.
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photosynthesis and later oxygenic cyanobacterial photosynthesis (Olson and 
Pierson, 1986; Nisbet and Fowler, 1999; Des Marais, 2000). Methanogenesis was 
likely an important process on the early Earth and may have produced greenhouse 
warming, which would have facilitated the rise of microbial life (Catling et al., 2001; 
Kasting and Siefert, 2002). However, the available carbon fixed by autotrophic 
community members would also have enabled the rise of other metabolic types. 
Because of the reducing atmospheric conditions, anaerobic heterotrophic path-
ways would likely have become important; their time of origin is a key question.

The relatively low sulfate levels in the Archaean ocean (<200 mM) are pre-
dicted to have limited the activity of SRB compared to modern seawater communi-
ties, likely favoring methanogenic archaea with whom SRB compete for substrates 
(Canfield et al., 2000; Habicht et al., 2002). However, stable isotopic (d34S) analyses 
of barite deposits indicate that sulfate-reducing activity may have evolved as early 
as ~3.5 Ga (Shen et al., 2001; Shen and Buick, 2004; Ueno et al., 2008). At that 
time, sulfate reduction may have centered in areas of localized sulfate concentra-
tion such as evaporation ponds. This very early origin of sulfate respiration has 
been disputed (Philippot et al., 2007); however, additional evidence exists for the 
origins being at least 2.8–3.1 Ga (Schidlowski, 1979). Recent isotopic studies have 
found evidence of sulfate reduction within stromatolites from 2.7 Ga (Kakegawa 
and Nanri, 2006). This suggests that sulfate reducers were important metabolic 
contributors to early microbial mat communities.

The chemical and geological evidence corresponds with molecular phyloge-
netic studies that support the early evolution of sulfate-reducing microorganisms 
(Wagner et al., 1998; Klein et al., 2001). Indeed, a recent phylogenomic analysis 
found that Deltaproteobacteria, whose common ancestor may have been an SRB, 
likely preceded the emergence of cyanobacteria (Blank, 2004).

3.  Sulfate Reduction Rates in a Range of mats

Sulfate reduction activity in mats and their associated sediments have traditionally 
been measured via 35SO4

2− radiotracer measurements (Jørgensen and Cohen, 1977; 
Skyring, 1984). These methods continue to be used either via bulk measurements 
in cores or slurries (Teske et al., 1998; Visscher et al., 1998) or via application 
of silver foil/disks, which allows the detection of localized utilization within the   
mats (Visscher et al., 2000; Fike et al., 2007). An overview of sulfate reduction 
rates reported from different mats and stromatolites is shown in Table 1. Overall, 
a wide range of  sulfate reduction from below detection to some of  the highest 
rates ever measured has been found in mats, both lithified and not (Table 1).

Some of the earliest sulfate reduction assays were made in mats found  
in Hamelin Pool, Shark Bay, W. Australia (Bauld et al., 1979). Sulfate respiration 
was undetectable in the sediments below intertidal pustular mats (Entophysalis-
dominated), but modest rates similar to those in sediments between the stromatolites 
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Table 1. Sulfate reduction rates reported in a range of lithifying and nonlithifying microbial mats.

location mat type References
maximal SRR 
(nmol cm−3 d−1)a

Depth integrated 
rates 
(mmol cm−2 d−1)

Intertidal,  
Shark Bay, AUS

Soft, Microcoleus Bauld et al.  
(1979)

100 0.5

Intertidal, Spencer 
Gulf, AUS

Soft, Microcoleus Skyring (1984) 1,880 0.2–10.4

Subtidal, 
Highborne Cay, 
Exumas, BAH

Lithified, 
Schizothrix

Visscher et al. 
(1998)

552 0.18–0.29

Salt Pond, Solar 
Lake, Sinai, EGY

Partially lithified, 
Microcoleus/
Halothece

Jørgensen and 
Cohen (1977)  
and Teske et al. 
(1998)

3,127–5,400 6.72

Salt Pond, 
Guerrero Negro, 
Baja CA, MEX

Soft, Microcoleus Canfield and 
Des Marais 
(1991)

~14,000 n.d.

Transplanted 
Solar Lake Mat, 
Eilat, ISR

Partially lithified, 
Microcoleus/ 
Halothece

Fründ and 
Cohen (1992)

~200 0.86–1.43

Salt Pond, Eilat, 
ISR

Endolithic  
gypsum crust, 
Halothece

Sørensen et al. 
(2004)

720 1.9

Salt Pond, Cabo 
Rojo, PUR

Soft, lightly  
lithified, 
Microcoleus

Casillas-
Martinez et al. 
(2005)

6,336 n.d.

Mushroom Hot 
Spring, YNP, 
USA

Soft, 
Synechococcus

Dillon et al. 
(2007)

14,000 0.83–5.92

aAssumes 1 cm−3 = 1 g = 1 ml for conversions from reported values

were detected in sediments below smooth mats (Microcoleus-dominated). 
Generally, high rates have been detected in the well-studied soft or partially lithi-
fied mats in Solar Lake and ESSA (Table 1). Lower rates were detected in mats 
from the Solar Lake system that were transplanted to an artificial experimental 
setting in Eilat, Israel (Fründ and Cohen, 1992). These studies also found signifi-
cant diel variation in sulfate reduction rates with higher overall per cm3 or per cell 
rates during daytime and typically higher rates in surface layers than at depth 
(Canfield and Des Marais, 1991; Fründ and Cohen, 1992; Teske et al., 1998).

What is known about sulfate reduction rates in modern carbonate-lithified 
systems is primarily known from the work of Peter Visscher and colleagues in 
studying the subtidal stromatolites in Highborne Cay in the Bahamas. This group 
has detected lower rates of sulfate respiration than in soft mats (Table 1; Visscher 
et al., 1998). By using the silver foil method, they have been able to identify local-
ized bands of sulfate reduction near the surface and at 3–4 mm depth in the 
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stromatolites (Visscher et al., 2000). These bands were found to correspond to 
lithified micritic horizons within the mat suggesting a role in carbonate precipita-
tion (see Sect. 7 below). Another study in an endolithic gypsum crust in a saltern 
in Israel found comparable rates to those in the carbonate mats (Table 1; Sørensen 
et al., 2004). Slurry experiments assaying the effect of variable salinity on rates 
showed sulfate respiration was maximal at ~10–12% salt and was significantly 
inhibited at the in situ saltern salinities (>20%). This suggests that SRB may not 
be optimally adapted to the gypsum crust environment; however, the rates meas-
ured in the slurries were 5–10 times lower than the crust incubations, so these 
results should be interpreted with caution.

The effect of other physicochemical milieu changes in mats has also been 
investigated. Seasonal changes in mats where climatic conditions vary across the 
year have been documented. A study of a lightly lithified mat in a salt pond in 
Puerto Rico found a tenfold increase in sulfate respiration during the wet season 
(Aug–Dec) compared with the dry (Jan–Apr), which correlated with increases in 
salinity, temperature and pH (Casillas-Martinez et al., 2005). In another study, 
sulfate levels were manipulated for sections of mat from the ESSA field site trans-
ported to NASA Ames in Mountain View, CA, USA where they were incubated 
in flumes in a rooftop greenhouse (Bebout et al., 2002, 2004). In flumes with 
reduced sulfate (<200 nM) meant to simulate early Earth levels, they found a 
threefold decrease in sulfate respiration rates compared to samples under in situ 
sulfate levels, resulting in an tenfold increase of methanogenesis. This supports 
the generally held view that methanogens are poorer competitors for carbon sub-
strates than SRB, but their existence in the mat suggests that methanogens play a 
role in the mats in situ as well, a finding consistent with recent molecular and 
biochemical analyses of the ESSA mat (Orphan et al., 2008).

Some studies have also looked at the stimulative affect on sulfate reduction 
of adding carbon substrates. In slurries of stromatolite, sulfate reduction as meas-
ured by sulfide gas release was found to increase upon addition of glycolate, 
organic acids (e.g., acetate), ethanol as well as more exotic substrates such as 
cyanobacterial EPSs and sulfonates (e.g., taurine, cysteate) (Visscher et al., 1998, 
1999). In the Solar Lake mat, glycolate addition (a typical photosynthate compo-
nent) was shown to enhance rates for surface populations, whereas ethanol and 
lactate (common fermentation products) were found to stimulate activity in 
deeper layers (Fründ and Cohen, 1992). Overall, these findings suggest that, 
despite the large amount of living biomass in these mats, because of the very 
rapid mineralization rates, usable carbon is actually limiting in these systems.

The importance of sulfate reduction has not only been observed in high 
sulfate, hypersaline mats. Past studies have shown the importance of sulfate res-
piration in microbial mats found in hot springs such as the high sulfate Bath Lake 
in Yellowstone National Park (YNP), WY, USA (Ward and Olson, 1980).  
A recent study in the ~60°C outflow of Mushroom Spring, a low sulfate 
(<200 mM) hot spring in YNP detected surprisingly high rates of sulfate reduc-
tion in the nonlithifying cyanobacterial mat, comparable with the highest rates 
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measured in high sulfate hypersaline mats (Dillon et al., 2007). This system may 
more closely mirror conditions on the early Earth when sulfate levels were lower 
and temperatures may have been higher.

4.  Role of SRb in carbonate Precipitation in modern Stromatolites

Stromatolites are lithified accretion structures that grow by trapping and binding 
of sediments and by precipitation of calcium carbonate (Bosak and Newman, 
2003). These are only found in a few places on the modern Earth including Shark 
Bay, Australia and the Exumas Islands in the Bahamas (Bauld et al., 1979; Reid 
et al., 2000). The precise mechanisms governing the precipitation of carbonates 
including the possible involvement of microorganisms have long been a matter 
of study, but have not been fully elucidated (Krumbein, 1979; Chafetz, 1986; 
Grotzinger and Knoll, 1999). The following are descriptions of two of the best-
studied types of stromatolites, the subtidal aragonite stromatolites in Highborne 
Cay, Bahamas and the dolomite stromatolites in South Australia and Brazil.

4.1.  ARAGONITE PRECIPITATING HABITATS

Sulfate reduction activity has been linked with precipitation of aragonite carbon-
ates in modern stromatolites found in Highborne Cay, Bahamas (Visscher et al., 
1998, 2000; Reid et al., 2000; Andres et al., 2006). In those studies, high rates of 
sulfate reduction and greater abundance of SRB correlated with fine layers of 
micrite lithification (Visscher et al., 1998, 2000). The process of sulfate reduction 
mediates CaCO3 precipitation via the reaction:

 [ ] 2 2

2 4 3 2 2
2 CH O SO Ca CaCO CO HS H H O

− + − ++ + → + + + +  (1)

where [CH2O] indicates organic carbon, typically photosynthate (Visscher et al., 
2000).

There is a close association between cyanobacteria and SRB in this system 
as the carbon in this system is largely derived from photosynthetic carbon fixed 
by the dominant cyanobacterium (Schizothrix sp.) found in these stromatolites. 
Overall, sulfate reduction is thought to be responsible for nearly half  of the car-
bon remineralization in these stromatolites (Visscher et al., 1998).

The metabolic activity of  stromatolite microorganisms, especially cyano-
bacteria and SRB, is thought to enhance carbonate precipitation in a number of 
ways. An increase in alkalinity can enhance carbonate deposition. Traditionally, 
it was thought that cyanobacterial photosynthesis was the primary activity driv-
ing this process (Riding, 1982). In this view, photosynthesis (CO2 fixation) 
results in localized CO2 depletion, which shifts the inorganic C equilibrium 
toward CO3

2−, increased pH and carbonate precipitation (Paerl et al., 2001). 
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However, sulfate respiration also results in increased alkalinity and likely plays 
a role in this process (Lyons et al., 1984).

Another important process in carbonate deposition is the heterotrophic 
breakdown of organic compounds that increases the availability of free calcium 
ions (Dupraz and Visscher, 2005). Particularly important could be the breakdown 
of extracellular polymeric substances (EPSs), which are often found in copious 
amounts in microbial mats and stromatolites. EPS is produced by a number of 
key mat and stromatolite-forming groups including both cyanobacteria and SRB 
(Stal, 2003; Decho et al., 2005). The initial formation of EPS in microbial mats 
and stromatolites can limit calcification due to the binding of minerals, especially 
magnesium and calcium (Decho et al., 2005; Braissant et al., 2007). This initial 
inhibition is greatly reduced when EPS is modified either biotically or abiotically 
(Dupraz and Visscher, 2005; Braissant et al., 2009), leading to subsequent carbon-
ate precipitation. The rates of EPS production and degradation were found to be 
key features in the heterogenous, fine-scale localization of mineral precipitation 
in the Highborne Cay stromatolites (Decho et al., 2005). A study of cultured SRB 
isolated from the Bahamian stromatolites found that SRB produced copious 
amounts of EPS and highlighted their potential influence on the morphology and 
mineralogy of the precipitated carbonate (Braissant et al., 2007).

A study in the Highborne Cay stromatolites used microautoradiography to 
explicitly investigate the relative importance of photosynthetic activity compared 
to that of heterotrophic bacteria (Paerl et al., 2001). That study found that the 
majority of carbonate precipitation was physically associated, not with the cyano-
bacterial filaments, but rather with heterotrophic bacteria (which would include 
SRB) and suggested that primary productivity is only indirectly responsible for 
deposition by serving as the primary source of organic photosynthate (Paerl 
et al., 2001). This has been further supported with d13C isotopic signatures of dis-
solved inorganic carbon (DIC) preserved in the aragonite (Andres et al., 2006).

4.2.  DOLOMITE PRECIPITATING HABITATS

The formation of  the magnesium-rich carbonate mineral, Dolomite, is much 
less common today compared with ancient rocks (Vasconcelos et al., 1995). 
It is thought that it is kinetically unfavorable under current conditions (e.g., 
temperature) in most locations on Earth. However, dolomite precipitation has 
been observed in association with stromatolites found in hypersaline coastal 
lagoons and ephemeral lakes in Brazil and Australia (Wright, 1999; van Lith 
et al., 2002) and has been detected in Holocene age (~6,400 years) deposits 
off  the coast of  Belize that may still be undergoing dolomitization (Teal et al., 
2000). The removal of  sulfate ions has been proposed to reduce the kinetic inhi-
bition of  dolomite formation; microbial sulfate reduction has been invoked as 
the primary process in these examples (Wright, 1999; Teal et al., 2000; van Lith 
et al., 2002). SRB-mediated precipitation is also partly caused by an increase 
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in pH/alkalinity as described above. This model is supported by pure culture 
studies that showed that SRB-meditated dolomite precipitation is possible 
under anoxic conditions even at low temperatures (Vasconcelos et al., 1995; 
Warthmann et al., 2000).

In both the coastal lagoons in Lagoa Vermelha, Brazil and the ephemeral, 
alkaline lakes in Coorong, S. Australia, there is a dramatic seasonal increase in 
salinity and the Mg/Ca ratio. In both systems, an increase in salinity as tempera-
ture increases in late spring/summer correlates with dolomite precipitation. 
Different mechanisms driving the Mg/Ca ration have been proposed. In Brazil, it 
was proposed that SRB take up magnesium, which forms an ion pair with sulfate 
in the water (Vasconcelos and McKenzie, 1997). The sulfate is then converted to 
sulfide, while excess magnesium beyond that needed for the microorganisms’ 
physiological requirements is released back into the local environment. In 
Australia, it was proposed that the magnesium is released from stromatolitic 
cyanobacteria as the ephemeral lakes evaporate (Wright, 1999). Elevated magne-
sium is a prerequisite of dolomite formation. However, these changes in salinity 
and Mg/Ca ratio were not found to be sufficient to overcome the chemical limita-
tions of dolomite formation. Instead, localized sulfate depletion, combined with 
the increase in alkalinity and the decrease in hydration energy of magnesium 
caused by sulfate respiration, was proposed as the most likely explanation over-
coming the kinetic inhibition of dolomite formation (Wright, 1999; van Lith 
et al., 2002).

One additional way that all microbes in these settings, not just SRB, may 
facilitate dolomite precipitation is by serving as nucleation sites (Bosak and 
Newman, 2003). This may also play an important role in the preservation of 
microfossils, as bacterial cells are encased as dolomite grains in these habitats 
(Wright, 1999; van Lith et al., 2003).

5.  Diversity of SRb in microbial mats and Stromatolites

Two main culture-independent sequencing approaches have been taken to study the 
diversity of microorganisms in mats and stromatolites. General 16S rRNA-based 
clone libraries broadly targeting entire Domains such as Bacteria have revealed 
great and perhaps unexpected genetic diversity in these communities including a 
number of novel phyla (Burns et al., 2004; Papineau et al., 2005; Sørensen et al., 
2005; Ley et al., 2006; Allen et al., 2009). In general, significantly higher diver-
sity has been observed in nonlithifying mats compared with lithified stromatolites 
even within the same lagoon (e.g., Hamelin Pool) (Allen et al., 2009).

These 16S rRNA gene-based studies, while showing significant levels of 
photosynthetic groups such as cyanobacteria and Chloroflexibacteria, have typi-
cally found the greatest abundance to be Proteobacterial sequences (Ley et al., 
2006; Allen et al., 2009). Within this broad bacterial group, the Deltaproteobacteria, 
a group dominated by SRB, typically represent ~5–10% of the overall clonal 
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abundance, suggesting a prominent role in these communities. Recently, a  
preliminary study of Deltaproteobacterial communities in lithifying vs. nonlithify-
ing mats in a salt pan in the Bahamas reported differences in SRB communities in 
the two types of mats and lower overall diversity in the lithified system 
(Baumgartner et al., 2006). Bacterial 16S rRNA gene clone libraries recovered 
from gypsum crusts in the ESSA and Eilat Salterns, where detectable sulfate reduc-
tion activity has been detected (see above), showed similar relative abundances of 
Deltaproteobacterial sequences (Sørensen et al., 2004; Sahl et al., 2008).

The second approach comprises targeted investigations of SRB in particu-
lar. These involve either using SRB group-specific 16S rRNA probes (Risatti 
et al., 1994; Teske et al., 1998) or sequencing specific functional markers, for 
example, the dissimilatory sulfite reductase (dsrAB) gene, which codes for a key 
enzyme in the sulfate reduction pathway (Minz et al., 1999a, b). These targeted 
approaches have been applied in the hypersaline mats in ESSA and Solar Lake, 
respectively. Overall, SRB diversity was found to be dominated by Deltaproteo-
bacterial SRB found in all layers, even those with high oxygen during the 
daytime due to cyanobacterial photosynthesis. In general, these studies found 
that surface layers tend to be dominated by members of the Desulfovibrionaceae, 
while the region bounding the oxycline (2–3 mm depth in daytime) tends to be 
dominated by members of  the Desulfonema–Desulfosarcina–Desulfococcus 
(Dn–Ds–Dc) and Desulfobacteriaceae clades (Risatti et al., 1994; Minz et al., 
1999a, b). Overall, these studies have shown strong vertical stratification in SRB 
community structure with highly localized bands of abundance near the oxycline 
with some phylotypes only found below the oxycline in permanently anoxic layers. 
This vertical variability likely reflects a number of  factors including gradients 
of  carbon availability (e.g., complete vs. incomplete oxidizers) as well as diel 
fluctuations of oxygen.

More recently, the functional gene approach has been applied in the ESSA 
mat as well (Dillon et al., unpublished data). Figure 2 shows a phylogram com-
paring the diversity of dsrA gene sequences recovered from ESSA with the Solar 
Lake sequences. As predicted from prior work in the ESSA mat, SRB diversity 
was dominated by Deltaproteobacterial lineages. Indeed, the ESSA dsr gene study 
recovered members of all of the groups of sequences recovered by Minz et al. 
(1999b); however, the relative abundance was not always similar. For example, 
ESSA clade 1, corresponding to part of the Solar Lake clade C and represented 
by one sequence in that study, contained almost half  of the over 400 sequences 
recovered in Baja. In addition to the groups in common with Solar Lake, the 
ESSA study found seven additional groups, including deeply branching lineages 
not closely related to cultured SRB.

These studies have expanded our understanding of SRB diversity in soft or 
partially lithified mats; however, similar studies using specific targeted 16S or 
functional gene approaches in lithifying systems are needed to compare the diver-
sity and better elucidate the role of diverse groups of SRB in mat formation and 
mineralization.
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6.  interaction of SRb with oxygen

The traditional view, based primarily on culture studies, was that sulfate reduc-
tion is a strictly anaerobic process due to the inactivation of key enzymes in the 
sulfate reduction pathway by O2 (Postgate, 1959; Widdel, 1988). This is logi-
cal considering the early evolution of SRB at a time when the atmosphere was 

figure 2. Unrooted neighbor-joining phylogram depicting relationships among DsrA amino acid 
sequences of clones obtained directly from the ESSA 4 near 5 microbial mat. Sequences from the 
Solar Lake mat (Minz et al., 1999) were included for comparison. Vertical wedge size corresponds to 
number of clones in each grouping.
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reducing and oxygen tolerance mechanisms would have been unnecessary (Shen 
and Buick, 2004). It is also supported by visual evidence with the black, sulfidic 
layers found below the pigmented photosynthetic layers at the surface (Fig. 1a) 
(Baumgartner et al., 2006). However, a number of culture studies have revealed a 
more complex relationship with oxygen ranging from mere tolerance to switching 
metabolic pathways to use oxygen in some groups of SRB (Cypionka et al., 1985; 
Cypionka, 2000; Sigalevich et al., 2000; Jonkers et al., 2005). This is particularly 
true of Desulfovibrio spp., which have been found to obtain ATP from using oxy-
gen as a terminal electron acceptor under microaerophilic conditions (Dilling and 
Cypionka, 1990) and in the case of D. oxyclinae, an isolate obtained from the oxic 
layer of the Solar Lake microbial mat, cell growth occurred (Krekeler et al., 1997; 
Sigalevich et al., 2000). Oxygen tolerance of SRB in microbial mat communities 
in the field was actually identified long before those studies (Jørgensen and Cohen, 
1977). These early results were expanded by Canfield and Des Marais (1991), who 
showed that some of the highest rates of sulfate reduction ever measured occurred 
in the oxygenated portion of the Microcoleus-based mat in Guerrero Negro 
(Table 1). In fact, the highest rates of sulfate reduction measured in that study 
occurred above the oxycline, where total rates are likely to be underestimates since 
some of the sulfide produced may have been reoxidized (Teske et al., 1998). This 
suggests that SRB are capable of utilizing photosynthate during the day, poten-
tially obviating the need to wait until darkness to consume primary production 
carbon and allowing them to compete more effectively with aerobic heterotrophs. 
However, it should be noted that none of the culture studies described above has 
been found to tolerate the very high levels of oxygen found in these mats nor has 
aerobic sulfate respiration been observed (Baumgartner et al., 2006). This indi-
cates that there are emergent properties found in the complex mat environment 
that cannot be replicated in pure culture (Des Marais, 2003).

Other studies in subtidal stromatolites and hot springs have found that rates 
were higher at night, but that significant sulfate reduction occurred at or above 
the oxycline during the day (Visscher et al., 1998; Dillon et al., 2007). Thus, 
different types of mat communities may display different relationships with oxygen. 
Indeed, even within a mat, different groups of SRB are likely to be differentially 
oxygen tolerant and a variety of oxygen tolerance mechanisms have been pro-
posed including enzymatic defenses (e.g., superoxide dismutase), clumping to 
create anaerobic microniches, and localized oxygen removal by active aerobic 
respiration and migration (Krekeler et al., 1998; Baumgartner et al., 2006).  
The co-occurrence of SRB with sulfur-oxidizing bacteria (SOB) that reoxidize the 
sulfide in the presence of oxygen may also play a role.

7.  Role of SRb migration in microbial mats

The role of migration of phototrophs and SOB in microbial mats, especially  
nonlithified, hypersaline mats, has been well documented (Garcia-Pichel et al., 
1994; Bebout and Garcia-Pichel, 1995; Kruschel and Castenholz, 1998; Jonkers 
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et al., 2003; Villanueva et al., 2007). Migration is often a response to changes in 
irradiance including harmful UV wavelengths. SRB have been shown to migrate 
in mats as well. Teske et al. (1998) probed DGGE bands and found evidence 
for migration of  the Desulfonema group down into the mat during the daytime, 
presumably to avoid rising oxygen levels. Interestingly, these are members of  the 
same Dn–Ds–Dc clade, which was found to localize near the oxycline in the Minz 
et al. (1999a) study above. Two recent studies have used terminal restriction frag-
ment length polymorphism (T-RFLP) to track migrating populations in mats 
over a diel period (Fourçans et al., 2006; Dillon et al., 2009). The former study of 
a Microcoleus-type soft mat in a saltern (Salins-de Giraud, Camargue, France) 
found evidence of  both upward and downward migration among members of 
the Dn–Ds–Dc clade and Desulfobacter, another group found to colocalize with 
the oxic–anoxic interface. The latter found evidence for extensive migration 
among numerous bacterial groups, including Deltaproteobacterial SRB, while 
others appeared to remain in the same location in the ESSA mat. These findings 
demonstrate that the complex laminated structure of  mats is highly dynamic over 
the diel cycle.

8.  Recent Developments

The application of cutting-edge technology to microbial mats has produced excit-
ing results. A recent study has combined both new and old approaches by using 
catalyzed reporter deposition fluorescent in situ hybridization (CARD-FISH) 
analyses to the mat in combination with applying nanometer-scale Secondary Ion 
Mass Spectrometry (nanoSIMS) to the silver foil/disk approach for measuring 
sulfide production in the mat (Fike et al., 2007). With the nanoSIMS approach, 
no radiolabeling is necessary because the Ag2S deposited on metal surfaces can be 
mapped and analyzed isotopically. This enabled simultaneous micrometer-scale 
mapping of both 32S and 34S, which enables calculation of d34S. That study found 
bands of sulfide deposition that were consistent in size and location with CARD-
FISH probing for Dn–Ds–Dc SRB populations. Evidence of sulfate reduction 
activity and the presence of SRB were found dispersed throughout the mat, but 
were concentrated in bands and aggregations within the upper ~2 mm in asso-
ciation with autofluorescent cyanobacteria (Fike et al., 2007) reminiscent of the 
findings in the Highborne Cay lithified system (Visscher et al., 2000). These results 
confirm past findings regarding the localization and potential aggregation strate-
gies to tolerate oxygen, but provide a much more fine-scale view of mat activity. 
Interestingly, some of the sulfur fractionations (up to 55 per mil) were higher than 
expected for sulfate reduction (Detmers et al., 2001), suggesting that sulfur dispro-
portionation may be important in this system as well.

Another use of new technology goes beyond the single gene sequencing 
approaches described above. The recent development of metagenomic analyses of 
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mixed genomes in environmental samples has enabled a more holistic view of 
microbial communities (Steele and Streit, 2005). Metagenomic sequencing was 
initially applied in fairly simple microbial biofilms composed of only a few species 
such as those found in acid mine drainages (Tyson et al., 2004), but has more 
recently been applied to the highly complex, hypersaline Pond 4 mat in ESSA 
(Kunin et al., 2008). Not surprisingly, the latter study found pronounced gradi-
ents of genetic diversity with depth in the mat. Deltaproteobacterial sequences 
showed a vertical gradient comprising <5% of the sequence assignments at the 
surface, but increased to ~10% for the remaining depths (Kunin et al., 2008). 
Future analyses of this large genomic dataset specifically targeting genes in the 
sulfate respiratory pathway are warranted.

More direct analysis of the sulfur cycle was performed in another metagenomic-
based study (Breitbart et al., 2009). That study combined metagenomic analyses 
with isotopic analyses of  freshwater stromatolites in the Cuatro Cienegas site 
in the Chihuahuan desert of  north-central Mexico. These extensive networks of 
geothermal springs, pools and streams are high in nitrate and sulfate, yet very 
low in phosphorus, which minimizes grazing and allows the formation of  a 
range of  stromatolitic communities that have been the site of  intensive study in 
recent years (Garcia-Pichel et al., 2004; Souza et al., 2006; Falcón et al., 2007; 
Desnues et al., 2008). In spherical oncolites in the Rio Mesquites and in domal 
thrombolites in the Pozas Azules II site, evidence of  genes for dissimilatory 
sulfate reduction activity coincides with negative sulfur isotopic depletion 
(−20–25 per mil d34S) (Breitbart et al., 2009). The sulfur-isotopic and gene 
sequencing evidence supports an active sulfur cycle in this system, and d13C 
measurements suggest that, similar to the Highborne Cay system, respiratory 
remineralization of  photosynthate is the main process responsible for carbonate 
precipitation. The low sulfur-isotopic depletion of  biogenic sulfides is consistent 
with sulfate reduction without sulfur reoxidation (Canfield and Thamdrup, 
1994). Interestingly, no evidence of  sulfur oxidation genes were detected, unlike 
in most other mat systems where SRB and SOB co-occur.
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abstract Stromatolites, laminated benthic microbial deposits, and other microbia-
lites have been known for more than three billion years since the very early periods 
of the history of life on Earth. Most of them are thought to have been formed as a 
result of photosynthetic processes. In contrast to such microbialites, chemo synthe-
tically produced microbialites, mainly carbonate minerals, have been found in deep 
sea settings where active hydrocarbon seeps (synonymous with cold seeps and meth-
ane seeps) existed. Seep carbonates are formed under the influence of the anaerobic 
oxidation of methane (AOM) mediated by anaerobic methane-oxidizing archaea and 
sulfate-reducing bacteria. Some internal textures of these chemosynthetically medi-
ated carbonates are similar to those of photosynthetically mediated microbialites. 
But the chemical signatures of the two types are different from each other. The most 
distinguishable signature is that the seep carbonate has 13C-depleted carbonate ce-
ments and lipid biomarkers. Here, we show lithological and chemical features of Late 
Cretaceous hydrocarbon seep carbonates, which were found in fore-arc basin depos-
its in Hokkaido, Japan, as examples of chemo synthetically mediated microbialites.

keywords Methane seep • Hydrocarbon seep • Cold seep • Gas hydrate • Chemo-
synthesis • Anaerobic oxidation of methane (AOM) • Anaerobic methane-oxidizing 
archaea • Sulfate reduction • Seep carbonate • Carbon isotope • Biomarker • 
Fractured sediment • Coated grain • Networked cement • Tube worm • Cretaceous

1.  introduction

Benthic microbial sediments mediated by photosynthetic processes have been 
known since the very early period of Earth’s history (e.g., Awramik and Sprinkle, 
1999; Riding, 2000). In contrast to these photosynthetically induced microbialites, 
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chemosynthetically induced microbialites have been found in deep-sea hydrocarbon 
seep environments (e.g., Greinert et al., 2002). The term “hydrocarbon seep” 
designates pore water, which contains reduced compounds such as methane, other 
light hydrocarbons or hydrogen sulfide, all generated at a subsurface level, and 
which gushes out from the sea floor. Reduced compounds contained in cold seep 
fluid result in substantial biogeochemical reactions. A key reaction in seep envi-
ronments is anaerobic oxidation of methane (AOM) as expressed below.

 
2 2

4 4 3 2 2
CH SO CO H S H O

− −+ → + +  (1)

This designates methane anaerobically oxidized by sulfate and generates car-
bonate ion and sulfide. It has recently been revealed that consortia of anaero-
bic methane-oxidizing archaea (ANME) and sulfate-reducing bacteria (SRB) are 
responsible for the AOM reaction (e.g., Orphan et al., 2001). The reaction leads in 
turn to increasing alkalinity and the subsequent precipitation of carbonate miner-
als (e.g., Aharon, 2000). Due to the fact that the AOM reaction occurs in anoxic 
conditions, the carbonates generally precipitate within sediments, although some 
situations, e.g., when the sea bottom water is anoxic or when the sea floor is cov-
ered by microbial mat, cause precipitation on the sea floor (Michaelis et al., 2002; 
Teichert et al., 2005).

Hydrocarbon seeps are widely distributed along the active and passive con-
tinental margins of the world’s oceans (Fig. 1; Campbell, 2006). Many carbonates 

figure 1. Distribution of modern and ancient cold seeps and hydrothermal vents. After Campbell (2006).
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are associated with the seeps, and investigations of the carbonates have revealed 
that some lithological textures similar to the photosynthetically mediated textures, 
for example, clotted micrite, stromatolite, and oncoid, are found (e.g., Greinert et al., 
2002). Such carbonates have significant geochemical signatures, such as strongly 
negative carbon isotopic compositions of carbonate minerals (usually less  
than −30‰ vs. PDB) and extremely negative carbon isotopic compositions of mic-
ro bial lipids (ca. nearly or lower than −100‰ vs. PDB; Peckmann and Thiel, 2004).

The lithological texture and chemical signatures were potentially imprinted 
in the carbonate rocks. Thus, the hydrocarbon seep signatures can be matched to 
the geological record to enable ancient hydrocarbon seep deposits to be recog-
nized (Campbell et al., 2002; Peckmann and Thiel, 2004). Here, we show as exam-
ples lithological and geochemical signatures of ancient hydrocarbon seep deposits, 
which were found in a Cretaceous (145 to 65 million years ago) deposit in 
Hokkaido, Japan.

2.  ancient Hydrocarbon Seeps in Japan

Many dozens of post-Cretaceous hydrocarbon seeps have been found in different 
parts of the Japanese archipelagoes (Majima et al., 2005). Cretaceous seep depos-
its are accumulated particularly in Hokkaido island, northern Japan (Fig. 2) apart 
from two localities in southwestern Japan, Sada in Shikoku Island (Nobuhara et al., 
2008), and Goshoura in kyushu Island (RGJ, unpublished data). The Cretaceous 
seep deposits in Hokkaido crop out within the Yezo Group and are distributed 
along the meridional belt (Fig. 2). The Yezo Group is composed of marine silici-
clastic deposits, which were sedimented in the Yezo forearc basin along the western 
margin of a subduction zone in the circum Pacific region during the Cretaceous 
Period (Takashima et al., 2004). It is noteworthy that the oldest seep, dated as 
upper Albian (ca. 100 million years ago), is located in the middle of the belt and the 
seeps become younger as one moves northward (Fig. 2). Between those Cretaceous 
seeps in Hokkaido, the youngest seeps (Campanian) exposed in the Nakagawa 
area, northern Hokkaido, have been investigated in detail by means of lithological, 
geochemical, and paleontological aspects. Thus, this chapter emphasizes a review 
of the Campanian (ca. 80 million years ago) seeps in the Nakagawa area.

3.  Campanian (late Creteceous) Hydrocarbon Seeps in nakagawa

3.1.  GEOLOGICAL SETTINGS

At least five Late Cretaceous hydrocarbon seeps have been exposed in the 
Nakagawa area (kaim et al., 2009). This is one of the best localities for inves-
tigating ancient hydrocarbon seeps, because of its well-exposed condition, the 
existence of several types of seep deposits, minor occurrences of diagenetic 
stresses, and well-preserved fossils. Two are well investigated, i.e., Yasukawa and 
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Omagari seeps (Fig. 2; Hikida et al., 2003; Jenkins et al., 2007b). The Yasukawa 
and Omagari seep deposits are exposed along the Abeshinai River. The Yasukawa 
seep is located about 3 km downstream from the Omagari seep. The two seeps 
are embedded in sediments of the upper part of the Omagari Formation, Yezo 
Group, and have been dated as Lower Campanian (Takahashi et al., 2007; ca. 80 
million years ago). The Omagari Formation, which is composed of alternating 
greenish sandstone and sandy siltstone with some intercalations of gravel beds, 
was deposited on the continental-shelf  margin to the continental slope (Jenkins 
et al., 2007b; Takahashi et al., 2007).

3.2.  LITHOLOGICAL AND CHEMICAL SIGNATURES

3.2.1.  Yasukawa Seep Carbonate
The Yasukawa locality crops out within tens of meters of the bank of the Abeshinai 
River. The locality consists of four carbonate bodies exceeding 50 cm in maximum 
diameter, and among these, we targeted the largest carbonate body, measuring 2 m 
in width (Fig. 3a, b). The lateral extension of the body is composed of siliciclastic 

figure 2. Distribution of Cretaceous seep deposits in Japan with special emphasis on Hokkaido.  
The geological map is modified from Takashima et al. (2004).
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sediments with small carbonate concretions (less than 10 cm in diameter). The 
body, together with its lateral flank, is representative of the Yasukawa seep as a 
whole. Using lithological and geochemical signatures as our criteria, we can say 
that the carbonates were formed under the influence of AOM in a hydrocarbon 
seep environment (Jenkins et al., 2007b, 2008).

The above carbonate body at the Yasukawa site can be divided into lower 
and upper parts (Fig. 3b). The most conspicuous texture in the lower part is com-
posed of fractured dark gray to grayish black micritic layers and fractured sand-
stone and tuffaceous siltstone layers (Fig. 3c). The fractures are often covered 
by pinkish to brownish networked calcite cement (Figs. 3c and 4b), which are 
composed of radiaxial bladed calcite, and connected to each other. Micritic parts 
show clotted fabric (Fig. 4c, d). Sandstone and tuffaceous siltstone are cemented 
by microsparry calcite, sometimes with siderite crystals. It is noteworthy that the 
lower part contains three layers, which are composed of accumulations of ooid-like 

figure 3. Photographs and sketch of the largest Yasukawa carbonate body. (a) Outcrop photograph 
of the carbonate body. The white arrow indicates an upward direction. (b) Sketch of the carbonate 
body. (c) Photographs of polished slab sample obtained from the lower part of the carbonate body. 
Sampling point is indicated in (b). The photograph exhibits characteristic fractured fabric, which can 
be seen elsewhere within the lower part of the carbonate body. (d) Thin-section microphotograph of 
“ooid-like” coated grains. Counterpart area of the sample for the thin-section is indicated in (c). The 
coated grains have siliciclastic nuclei and a micritic cortex. The grains are surrounded by radiaxial 
bladed calcite cement. Cross-polarized light.
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coated grains (Fig. 3c, d; Jenkins et al., 2008). The original composition of the 
upper part, i.e., before cementation, was medium- to coarse-grained sandstone. 
Characteristic cements in the upper part consist of laterally dispersed vein-like 
calcitic cement layers, ca. 1–2 cm in thickness, which have laminations (Figs. 3b 
and 4a). The marginal part of the layer is whitish to pinkish lamina, composed of 
radiaxial bladed calcite, while the central part of the cements is yellowish sparry 
calcite. Void spaces can sometimes be seen in the centermost part of the vein-like 
structures. Sandy siltstone overlying the carbonate body contains many small con-
cretions (ca. 1 cm in diameter). Small concretions surrounding the carbonate body 
are also found. Looking at the Yasukawa carbonate overall, we can say, on the 
basis of thin-section observations, that the clotted micrite and radiaxial bladed 
calcite were precipitated earlier and the sparry calcite was precipitated later.

The earlier precipitated minerals have strongly negative carbon isotopic 
compositions, ca. −40‰, whereas the later precipitated minerals have almost 0‰ 

figure 4. Photographs of the Yasukawa carbonate body. (a) Polished slab sample obtained from the 
upper part. Laterally dispersed cement layer composed of radiaxial bladed calcite is well visible. (b) 
Polished slab sample obtained from the lower part. (a, b) Upward direction of photographs is the 
same as the stratigraphic upward direction. (c, d) Clotted fabric is characteristically well visible in 
the micritic part of the lower part of Yasukawa carbonate. (c) Plane- and (d) cross-polarized light. cl 
clotted fabric, cg coated grain, nbc networked radiaxial bladed calcite, rbc radiaxial bladed calcite, sp 
sparry calcite cement.
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(vs. PDB; Jenkins et al., 2007b; Fig. 5). Archaeal lipid biomarkers, e.g., pentam-
ethylicosane (PMI), with extremely depleted 13C, less than −100% (vs. PDB), have 
also been detected on the basis of an analysis of the carbonate body (Jenkins 
et al., 2008). These negative carbon isotopic compositions of such minerals and 
lipids are comparable with those of thermogenic and biogenic methane, which 
have generally less than −30‰ (whiticar, 1999). The only archaea, which has such 
negative carbon isotopic composition, is anaerobic methane-oxidizing archaea 
(ANME; e.g., Michaelis et al., 2002). This archaea uses methane as the carbon 
source for its cell synthesis and performs AOM with SRB.

3.2.2.  Omagari Seep Carbonate
The Omagari carbonate body, which measures about 10 m wide and 5 m high, 
is exposed along the Abeshinai River as an islet (Fig. 6a). The surrounding sedi-
ments were eroded during the last half  century, making it difficult to know the 
exact dip angle. Geopetal structures which can be observed in the vestimentiferan 
tubes indicate that the carbonate body is roughly dipping eastward, at an angle 
between 20° and 60°. The body can be classified mainly into two lithofacies, i.e., 
boundstone facies and brecciated facies (Fig. 6b).

The boundstone facies is located mainly, relatively speaking, in the upper 
part, while the brecciated facies is located in the lower part. However, the bound-
ary between the facies intersects the estimated bedding plane, which was esti-
mated by reference to the geopetal structures, i.e., the facies undergoes a lateral 
change. Even so, it can be said that in general terms, the brecciated facies is under-
lying and the boundstone facies is overlying.

The brecciated facies is composed of brecciated gray micritic limestone 
showing a clotted fabric and a brown to pinkish white networked cement layer. 
The facies includes a considerable amount of siderite. This facies is distributed in 

figure 5. Cross-plots of carbon and oxygen isotopic compositions of the Yasukawa and Omagari 
carbonate bodies.
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the central to western parts of the body. Many peloids and oncoids can be seen 
in the facies. The boundstone facies is composed of framestone and boundstone. 
The framestone consists of abundant worm tubes as a rigid frame and radiaxial 
bladed calcite cement directly covering the worm tubes (Figs. 6c, d and 7a). 
Isopachous cement composed of radiaxial bladed cements without worm tubes, 
which can be classified within the boundstone category, can also be found. Several 
weak laminae can be observed within the radiaxial bladed cement (Figs. 6d and 7a). 
The layer becomes conspicuously visible when the carbonate is etched by weak 
hydrochloric acid. On the basis of its brownish color and resistance to acids, we 
concluded that the laminae were originally microbial mats. It is noteworthy that 
the facies contains almost no siliciclastic sediments. Framboidal pyrite is fre-
quently found around the worm tubes within the calcite cement (Fig. 7e, f). The 
paragenetic sequence of  calcite precipitation is similar to that of  Yasukawa 
carbonate, i.e., micrite and radiaxial bladed calcite, are precipitated earlier, and 
sparry calcite is precipitated later. The carbon isotopic composition of the car-
bonate minerals is around −40 to −45‰ (vs. PDB; Hikida et al., 2003; RGJ 
unpublished data; Figs. 5 and 6d). Biomarker analyses detected archaeal lipid 

figure 6. Photographs of the Omagari carbonate. (a) Outcrop. (b) Sketch of plane view of the 
Omagari carbonate. (c) Polished slab samples obtained from boundstone facies. (d) Thin-section pho-
tograph of the boundstone facies with carbon and oxygen isotopic compositions of each sampling 
point. worm tubes are covered by radiaxial bladed calcite. Silica and sparry calcite fill the void space. 
Cross-polarized light.
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biomarkers, e.g., PMI, with extremely depleted in 13C as well as Yasukawa car-
bonate (Ogihara, 2005; RGJ unpublished data). Thus, these lines of evidence 
again indicate that the Omagari carbonate body was formed under the influence 
of AOM activities mediated by anaerobic methane-oxidizing archaea. Furthermore, 

figure 7. Photographs of internal textures of the Omagari carbonate body. (a) Thin-section micro-
photograph of concentric calcitic laminae covering a delaminated worm tube. Cross-polarized light. 
(b) Thin-section microphotograph of typical clotted fabric. Cross-polarized light. (c) Photograph of 
a polished slab sample. Stromatolite-like laminated structures can be observed. (d) Photograph of a 
polished sample. Peloids and ooid-like grains are observed. (e) Aggregations of framboidal pyrite. 
Plane-polarized light. (f) Close-up microphotograph of framboidal pyrites. Reflected light. cl clotted 
fabric, oo ooid-like grain, pl peloid, rbc radiaxial bladed calcite, sp sparry calcite, tb worm tube.
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the existence of framboidal pyrites in earlier precipitated carbonate phases sug-
gests that sulfate reduction occurred at the same time as AOM. This is a reason-
able assumption because hydrogen sulfide produced as a result of AOM may 
combine with reduced iron to form monosulfide, i.e., a precursor of pyrite. 
Subsequent reaction of the precursor with elemental sulfur or sulfides promotes 
the formation of pyrite. The sulfate reduction during AOM is responsible for 
SRB. The SRB is commonly associated with anaerobic methane-oxidizing 
archaea in hydrocarbon seeps. Thus, it is possible to say, on the basis of associa-
tions of SRB and anaerobic methane-oxidizing archaea, that the Omagari seeps 
may also have experienced such microbial activities.

3.2.3.  Comparison Between the Yasukawa and Omagari Seeps
The major feature distinguishing the Omagari and Yasukawa carbonates is that 
the Omagari has carbonate cements growing directly on the worm tubes with a 
very minor amount of sediment. This texture is not found in the Yasukawa. The 
presence of the texture evokes the presumption that the facies was formed above 
the sea floor at the Omagari. However, it is difficult to think that the carbonate 
precipitation could be mediated by AOM reaction in an open water column. This 
is because the AOM occurs only in anoxic conditions. Thus, such AOM-derived 
carbonate cements are usually formed under the sea floor apart from cases, where 
the bottom water is anoxic as in the Black Sea (Michaelis et al., 2002). Recently, 
Teichert et al. (2005) proposed that a layer of microbial biomats covering the sea 
floor made it possible for carbonate precipitation mediated by AOM to take place 
on the sea floor. In the case of Omagari, the alleged worm tubes, which prob-
ably inhibited the insertion of oxic water from open water column, and the fact 
that worm tubes were covered by the microbial biomats, which also inhibited the 
insertion of oxic water, created conditions that were preferably suited to AOM. 
Furthermore, on the basis of a larger carbonate body size, framestone with very 
minor sediments, and much larger scaled fracturing in the Omagari carbonate, it 
can be said that the Omagari seep was much more effusive than the Yasukawa seep. 
The effusive fluid would cause the oxic–anoxic boundary to rise up. These factors 
would be responsible for creating thin layers of anoxic bottom water within the 
level of the alleged worm tubes and created conditions that were favorable for the 
precipitation of carbonate minerals on the worm tubes above the sea floor.

The differences in the strength of  fluid flows of  the two seeps might be the 
cause of  different faunal associations (Jenkins et al., 2007a, b; kaim et al., 
2009). The vestimentiferan tube worms and associated limpet Serradonta, which 
lived on the tubes are abundant in the Omagari but are extremely rare in 
Yasukawa. The gastropod Provanna sp., a common genus in modern hydrother-
mal vents and hydrocarbon seeps (warén and Bouchet, 2001), can be found in 
both sites but is more common in Omagari. The gastropod Hokkaidoconcha 
hikidai, related to provannid lineage, is absent in Omagari but abundant in 
Yasukawa. Acharax, a solemyid bivalve which is known as low-sulfide specialist 
in recent hydrocarbon seep (Sahling et al., 2002), is rare in Omagari and the 
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central part of  Yasukawa whereas it is commonly found in the periphery of  the 
Yasukawa seep. Faunal changes of  this kind are observed in recent hydrocarbon 
seeps (e.g., knittel et al., 2005).

4.  Summary

The Omagari and Yasukawa carbonate bodies show various textures, which are 
similar to the texture found in photosynthetically mediated microbialites, for 
example, stromatolite-like laminated carbonates, ooid-like grains, and oncoids. 
However, the geochemical evidences, for example, carbon isotopic compositions 
and lipid biomarkers, clearly characterize the Omagari and Yasukawa carbon-
ates as having been formed under the influence of AOM mediated by anaerobic 
methane-oxidizing archaea and SRB. Thus, such textures can be formed not only 
as a result of photosynthetic microbial activities but also as a result of microbial 
activities based on chemosynthetic energy as found in hydrocarbon seeps. Before 
the appearance of macro-benthic animals in hydrocarbon seep environments (i.e., 
before Silurian), the hydrocarbon seep might have supported chemosynthetic 
life forms excluding macro-benthic animals and might have formed authigenic 
carbonate sedimentary structures similar to those formed by photosynthetic 
microbes. Thus, some of the ancient stromatolites that existed before Slurian might 
be misinterpreted as being stromatolites formed by photosynthetic microbes.

In summary, there is a very strong need for comprehensive techniques,  
for example, observations of  the mode of  occurrence of  carbonates and their 
internal textures, and analyses of  geochemical signatures such as carbon iso-
topic compositions and lipid biomarkers, to be carried out to understand what 
kind of  microbial activities produced each stromatolite and related microbial 
sediments.
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1.  introduction

The Assam–Arakan Basin in the northeastern region of  India (22°N–28°N: 
90°E–96°E) is one of the largest sedimentary basins encompassing the states of Assam, 
part of Arunachal Pradesh, Meghalaya, Tripura, Nagaland, Manipur and Mizoram 
(Fig. 1). The exposed sedimentary sequence in the geosyncline ranges in age from Late 
Mesozoic to Cenozoic and the bulk of the succession comprises the Tertiary strata. 
The sediments are represented in two distinct shelf and basin lithofacies. The distinc-
tion is more pronounced in the Paleogene sequence than in the Neogene. The rocks 
of the shelf facies are exposed in the Garo Hills, Khasi–Jaintia Hills, part of North 
Cachar and Mikir Hills and also in the subsurface below the alluvium of Upper 
Assam. The basinal facies are developed in the Naga Hills, Manipur, Surma Valley of 
south Cachar, Tripura and Mizoram. Due to rarity of fossils, particularly microfossil 
markers in the region, lithostratigraphic classification formed the basis for correlation. 
The basin has drawn the attention of explorationists for search of oil ever since the 
discovery of petroleum in Assam at Digboi in the year 1889.

Occurrences of Neotethys Tertiary Basins and sediments in the Northeast 
India are described separately for each region.

(a) Arunachal Pradesh
(b) Assam Shelf
(c) Nagaland–Manipur
(d) Meghalaya
(e) Tripura–Mizoram Fold Belt
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2.  arunachal Pradesh

Arunachal Pradesh comprises four geotectonic blocks, viz., (1) the Himalaya, 
(2) The Mishmi Hills, (3) Naga–Patkai ranges of the Arakan–Yoma mountain,  
(4) The Brahmaputra plain, each characterised by distinct stratigraphy and 
structure, and separated from each other by major tectonic lineaments, and 
therefore, have different geological history beginning from Proterozoic to Cenozoic 
(Kumar, 1997; Tewari, 1998). The oldest succession is of Paleoproterozoic 
consisting of Sela Group, Bomdila Group and granites. Mesoproterozoic to 
Neoproterozoic and Early Paleozoic sediments are mainly shallow marine quartzite–
carbonate and conglomerate deposits (Tewari, 1998, 2001, 2002, 2003).

Tewari (2001) discovered microstromatolites and associated filamentous 
microbiota from the Buxa Dolomite well exposed in the Menga window, Subansiri 
valley. The new revised stratigraphic succession for the Arunachal Lesser Himalaya 

figure 1. Geological map of Assam and surroundings, NE Himalaya, India showing occurrences of 
the fossiliferous formations (simplified after Das Gupta, 1977).
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from Kameng in the west to Siang in the east has been proposed by Tewari (2002, 
2003). Carbon isotope chemostratigraphy of the Buxa Dolomite has been estab-
lished for the first time in Arunachal Lesser Himalaya, which is suggestive of 
Neoproterozoic marine sea water chemistry (Tewari, 2002, 2003, 2007). Late 
Neoproterozoic microfossils were described for the first time from the Buxa cherts 
by Shukla et al. (2006) from West Siang district and a global correlation of the 
microfossil assemblages has been discussed. Tewari (2009a) further described addi-
tional paleomicrobial community of the Neoproterozoic age. The significant assem-
blages described are 31 benthic and planktic forms. The cyanobacterial remains are 
Huronispora psilata, Eosynechoccus moorei, Glenobo trydion aenigmatis, Myxococcoides 
minor, Oscillatoriopsis breviconvexa, O. robusta, Siphonophycus typicum, Obruchevella 
parva and a variety of acritarchs. Stromatolites and microbiota have been studied 
from the Buxa Dolomite in Ranjit valley, Sikkim Lesser Himalaya by Tewari 
(2004a,b). Schopf et al. (2008) have done Laser Raman Spectroscopy (LRS) and 
Confocal Laser Scanning Microscopy (CLSM) of the micro-organisms for the first 
time and detected organic matter (kerogen) in the cellular structures. They have also 
discussed the astrobiological implications of the LRS and CLSM studies on Buxa 
micro-organisms. Early Permian marine Gondwana sediments were deposited under 
marginal marine and glacial conditions in the Arunachal and Sikkim Himalaya. 
Maithy et al. (2006) reported Gangamopteris cyclopteroides, G. intermedia, Glossopteris 
angustifolia, G. communis, G. damudica, G. intermittens, from the Bhareli Formation, 
West Kameng district, Arunachal Pradesh. Based on these Lower Gondwana plant 
fossils, Early Permian age to the Bhareli Formation has been suggested. After a 
major hiatus with a duration of 193 My, the transgressive Late Paleocene to Middle 
Eocene sediments of Yinkiong Group consisting of shallow marine sediments and 
volcanics were deposited. A hiatus of 22 My occurs between Bartonian and 
Chattian. Sediments of Siwalik Group deposited under fluvial conditions overlying 
Late Oligocene–Early Miocene igneous rocks (Raju, 2008).

Singh (1983) reported foraminifera Nummulites atacicus, N. dandotica,  
N. daviesi, N. laminose, N. globulus, N. spinosa, etc. and Prasad and Dey (1986) 
reported palynomorphs assemblage Dandotiaspora, Cyathidites, Malayaeaspora, 
Foveotriletes, Spinainaperturites, etc. from the Dalbuing Formation. Based on 
these findings, Early Eocene age is assigned to the Dalbuing Formation. The 
foraminiferal assemblage is indicative of shallow marine environment. Sinha 
et al. (1986) suggested the Eocene basin was initially marked by the freshwater 
regime, which gradually turned into a marine basin. Tripathi and Mamgain 
(1986) recorded Nummulites cf. N. globules, Orbitolites cf. O. complanata and 
Discocyclina sp. from Dalbuing Formation, assigned Early Eocene age and also 
compared it with the Subathu Group of the northwestern Himalaya.

3.  assam

The state of Assam is geologically divided into Mikir Hills, Dhansiri Valley and 
Upper Assam. The review of fossiliferous horizons, age and depositional environ-
ment is discussed separately.
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3.1.  MIKIR HILLS

The Shillong Plateau, Mikir Hills and the Assam Valley are an autochthons 
consisting of crystalline rocks partly covered by nearly horizontal or low dipping 
Tertiary and younger sediments (Mathur and Evans, 1964). The oldest rocks of 
the Mikir Hills (Fig. 1) are the Mikir Traps of Early Cretaceous age and are over-
lain by Tura Formation of Late Paleocene–Early Eocene with a hiatus of 51 My. 
Tura Formation is overlain by a succession of Sylhet Limestone deposited under 
shallow marine platform conditions. Whiso et al. (2006) reported Planorotalites 
palmerae from the Mikir Hills and suggest latest part of Early Eocene to Late 
Eocene age for the Sylhet Group of rocks. Kopilli Formation deposited under 
marginal marine to outer shelf, Barail Group deposited under marginal marine 
to non-marine followed by a major hiatus from Late Oligocene to Early Miocene, 
Bokabil Formation followed by Khoraghat Sandstone deposited under shallow 
inner shelf  to marginal marine environment. They are overlain by a non-marine 
succession of Tipam Group, Namsang Formation, Dihing Formation and allu-
vium (Raju, 2008).

3.2.  DHANSIRI VALLEY

Dhansiri Valley is a part of Upper Assam platform in the Assam–Arakan basin. 
The sedimentary fill in this shelf part of the basin is about 7,000 m (Murty, 1983). 
The oldest rocks are of Early Cretaceous and non-marine sediments. The suc-
cession from Late Paleocene to Holocene includes Tura, Sylhet, Kopili, Barail, 
Bokabil, Tipam and Girujan formations (Venkatachala and Berry, 1985). Sylhet 
Limestone was deposited under inner shelf. Lower Kopilli Formation contains uvi-
gerinids suggestive of middle shelf condition. Upper part of Kopilli Formation is 
richly fossiliferous. The Barails in Tynyphe Valley yielded arenaceous foraminifera 
(Raju, 2008).

3.3.  UPPER ASSAM

The Upper Assam shelf  represents the platform part of Assam–Arakan geosyn-
cline, encompassing an area of 57,000 km2 consisting of Assam Valley including a 
part of the Himalayan frontal deep (Sahai, 1985). The oldest sediments reported 
are of Early Permian age. They are overlain by Tura Formation with a major 
hiatus of 193 Ma duration. Bardalaya et al. (2002) recognised three 3rd order 
sequences within Tura Formation and it is both source and reservoir rock for the 
hydrocarbons. Deb et al. (2007) recognised four unconformities suggestive of five 
sequences within the succession of Late Eocene to Pleistocene (Raju, 2008). The 
Disang shale, Kopili shale and shales of Barail coal-shale sequence are the main 
source rocks in the area south of Brahmaputra River.
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4.  naga hills (nagaland and Manipur)

The Naga Hills comprise the Manipur and Nagaland states (Figs. 1 and 2), 
which form an integral part of the Indo-Myanmar Ranges (IMR) of Northeast 
India, have evolved as an accretionary prism due to subduction of the Indian 
plate below the Myanmar plate during the Alpine Himalayan tectogenesis 
(Desikachar, 1974; Acharyya et al., 1986). The oldest group of rocks, the meta-
morphic complex lies on the extreme eastern part of the states while the Ophiolite 
Melange Zone comprising the ophiolite suite and its associated sediments such 

figure 2. Reconstruction of paleogeographic map of Eocene, NE Himalaya (modified after Ranga 
Rao, 1983).
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as chert, limestone, shale and sandstone of the Late Cretaceous age occupies the 
eastern part of the state. Chungkham and Jafar (1998) reported Santonian to 
Maastrichtian foraminifera and nannofossil assemblage from pelagic limestone 
of Melange Zone of Manipur Ophiolite Belt (MOB). The recovered  foraminifers 
are Abathomphalus mayaroensis, Contusotruncana contusa, Dicrinella asymetrica, 
Gansserina gansseri, Globotruncana aegyptica, G. ventricosa, Globotruncanita 
angulata, G. conica, G. elevata, Margiotruncana sinuosa, Pseudoguembelina 
excolata, Globotruncana arca, G. ganssiri, G. staurti and Heterohelix globulosa. 
Lower Disang consists of low-grade metamorphics and Upper Disangs are sig-
nificant from the view point of hydrocarbon exploration in the western part of 
Nagaland. Lokho et al. (2004b) reported Hantkenina alabamensis’, Hantkenina 
liebusi, Cribrohantkenina inflata, Pseudohastigerina naguewichiensis, P. micra, 
P. barbadoensis, Turborotalia cerroazulensis pomeroli, T. cerroazulensis cocoaen-
sis, T.c. cerroazulensis, Chiloguembelina martini, C. cubensis, C. cf. tenuis, 
Chiloguembelina sp., Globigerinatheka semiinvoluta, Globigerina sp., Nummulites 
chavannesis, N. pengaronensis, Baggina cojimarensis, B. dominicana, B. dentate,  
B. subinaequalis, Cibicidoides sp., Cancris mauryae, Nonionella sp., Cibicidoides 
sp., Cyclammina sp., Pseudonodosaria sp., Cibicides sp., Lagena acutiscosta var 
proboscidialis, Lagena striata, Lagena sp., L. sulcata, var. spicata, Lenticulina 
sp., Pyrgo sp., Praebulimina sp., Osangularia sp., O. plummerae, Bolivina sp., 
Rectobolivina sp., Dentalinoides sp., Elphidiella sp., Miliola sp., Triloculina sp., 
Turrilina robertsi, Turrilina sp., Parafissurina sp., Uvigerina continuosa, U. cf. 
eocaena, U. longa, U. cf. steyeri, U. cocoaensis, U. Moravia, U. vicksburgensis, U. 
cf. steyeri, U. jacksonensis, U. glabrans from the Upper Disang Formation exposed 
in and around Pfutsero of southcentral Nagaland. A collection of fossil ptero-
pods, including some unidentified species, provisionally referable to the families 
Limacinidae, Creseidae and Clioidae is reported from the late Middle Eocene–
Late Eocene beds of the Upper Disang Formation exposed near the town of 
Pfutsero, Phek District, South Central Nagaland, Assam– Arakan Basin, north-
eastern India (Lokho and Kumar, 2008; Fig. 3).

In the south central part of Nagaland, the Upper Disangs were deposited 
under upper bathyal indicating anoxic condition with the findings of uvigerinids 
and pteropods with its pyritised tests (Lokho et al., 2004a; Lokho and Kumar, 
2008). Baruah et al. (1987) reported Nummulites pengaronensis, N. discorbinus, 
Discocyclina dispansa, D. eamesi, Pellatispira madaraszi, P. inflata, Hantkenina 
alabamensis, Globorotalia centralis, Globorotalia cerroazoalensis, Globigeriniata 
ampliapertura, Pseudohastigerina barbadoensis, etc. from near Heningkunglwa 
and Lotsu village, SW of Dimapur, Nagaland. Based on these findings, Barail 
Group is suggested as Late Oligocene age and deposited under brackish water envi-
ronment of deposition for the Barails. The Barails are unconformably overlain by 
the Surma Group of  Miocene age with transitional characters from flysch to 
molasses sediments (Ibotombi, 1998). The Surma Group is followed by the 
Tipam, Girujan, Namsang, Dihing Formations and alluvium all deposited under 
non-marine condition during Late Miocene to Holocene (Fig. 10).
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5.  Meghalaya (shillong Plateau)

The northeastern extension of Indian Peninsular shield is represented by Shillong 
Plateau of Meghalaya (Fig. 5). The Plateau shows an extensive development of 
Cretaceous-Eocene sedimentary rock sequence in its southern part (Evans, 1932). 
As a result of tectonics in the Himalayan and in the adjoining Arakan-Yoma region, 
the Shillong Plateau occurs as an uplifted part of the basement bounded by nearly 
east–west aligned normal faults towards the northern and southern  boundaries 

figure 3. Fossil Eocene pteropods from the NE Himalaya, India (Lokho and Kumar, 2008).
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of the Plateau. Cenozoic transgression in the Shillong Plateau began in the 
Danian (Nagappa, 1959; Garg and Jain, 1995), which was followed by a very large 
transgression during the Late Paleocene when an arm of sea from the western Tethys 
covered extensively the Shillong Plateau via the Middle East, Pakistan and Tibet 
(Jauhri et al., 2006; Tewari et al., 2008, 2010). In the Northeast India, K/T boundary is 
delineated at Um Sohryngkew river section (Pandey, 1980, 1990; Bhandari et al., 1987; 

figure 4. Miocene foraminifera from Bhuban Formation, Mizoram (Lokho and Raju, 2008).
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Garg and Jain, 1995; Tewari, 2004c, 2009b; Tewari et al., 2007). Iridium enrichment at 
Cretaceous/Tertiary boundary in Meghalaya (Pandey, 1980; Bhandari et al., 1987) sug-
gest Maastrichtian age to the Mahadeo Formation and Paleocene age to the Langpar 
Formation based on the foraminiferal assemblages in Um Sohryngkew river section. 
Kak and Subramanyam (2002) on the basis of field, petrography and textural studies 
show that Lower Mahadeo (Mahadek) sediments are of fluvial and Upper Mahadek 
sediments are of marine origin in the Mahadeo (Mahadek) Formation of Wahblei 
river section, West Khasi Hills, Meghalaya. Jauhri et al. (2006) identified two facies 
associations in the carbonate sequence. (1) Facies A characterising the lower 50 m part 
and (2) Facies B characterising the upper 50 m part. The facies A corresponds to the 
Thanetian sedimentation cycle in which deposition occurred in a relatively low-energy 
environment on a shallow subtidal ramp (protected lagoon). The Facies B correlates 
with the Ilerdian sedimentation cycle during which deposition occurred under low-to- 
moderate energy conditions on a relatively deeper mid-uppermost outer ramp, which 
allowed development of sediment-binding coralline algae and foraminifera such as 
discocyclinids and Ranikothalia sp.

Tewari et al. (2008) carried out carbon and oxygen isotope analysis of 
Paleocene algal–foraminiferal Lakadong Limestone samples from Mawsmai and 
Mawmluh section profiles for the first time (Fig. 9). The C and O isotope ratios 
and algal–foraminiferal assemblage suggest shallow marine carbonate build-up 
depositional environment for the Lakadong Limestone. Tewari et al. (2010) have 
also carried out a detailed microfacies analysis of the Lakadong Limestone and 
have interpreted that they are tidal flat deposits (Figs. 6, 8).

6.  Cretaceous–Paleogene Boundary in the shillong Plateau Meghalaya

The Cretaceous–Paleogene and Paleocene–Eocene boundaries represent global 
catastrophic and palaeoclimatic events well documented by the bolide impact 
evidence and faunal extinction. Tewari (2009b) and Tewari et al. (2007) have 
discussed this global event in detail. The Um Sohryngkew River and other 
sections in Shillong Plateau, Meghalaya, northeast India are very promising 
areas to study these events in India for regional and global correlations. Several 
potential Cretaceous–Paleogene and Paleocene–Eocene boundary sections such 
as Cherrapunji (Sohra)–Shillong Road section, Mawmluh Limestone Quarry sec-
tion, Komorrah Limestone Quarry section, Shella River section, Mawsmai-Shella 
Road section, Mawlong–Mashmak–Sohra Road section, Ranikaur–Dirang road 
section and Mawsynram section have been studied in the south Shillong Plateau 
in parts of East and West Khasi Hill districts, Meghalaya. Coevals of some of 
these sections were also studied in West Khasi Hills for vertebrate and other bio-
tas. Particular emphasis was laid on Late Cretaceous–Paleocene sediments, which 
are represented by the Mahadeo, Langpar and Lakadong Formations in ascending  
order. The sequences are rich in well preserved foraminifers, echinoids,  molluscs, 
plant fossils, trace fossils, etc. Among the vertebrate fossils, some dinosaur 
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remains in the Mahadeo Formation and fragmentary fish scales in the Lakadong 
Formation have been collected. Marine transgressive and continental environ-
ment was recognised in the Mahadeo Formation during Late Cretaceous period. 
Cretaceous anoxic event (reducing environment) is represented by the black shale–
pyrite and fossil wood found in the Mahadeo Formation. The lithostratigraphy, 
fossil content and age of the sedimentary formations of the south Shillong Plateau, 
Meghalaya is shown in Table 1. Petrographic thin sections of the Lakadong 
Limestone from Mawsynram and Mawmluh sections were studied for the micro-
facies analysis of the algal–foraminiferal limestone. The Lakadong Limestone is 
mainly composed of calcite, dolomite and smaller and larger microfossils. The 
X-ray diffraction has confirmed the presence of dominantly carbonate minerals 
calcite and dolomite; however, minor peaks of quartz, mica and clay minerals have 
been recognised. The microfacies identified include micrites, intramicrites, sparite, 
oosparite and intrasparite. The calcareous algal–foraminiferal assemblage recog-
nised (Fig. 7) include coralline algae Lithophyllum, Dasycladaceae and Miscellania 
sp., Rotalia sp., Ranikothalia sp., Miliolids, Dentaloides, Textularia sp., Alveolina 
sp., Discocyclina sp., Nummulites foraminifera. The Palaeocene–Lower Eocene 
age is indicated by these microfossil assemblages. The limestone was deposited in 
shallow marine conditions and tidal influence is recorded since reworked clasts, 
oolites, intraclasts, broken shell fragments are intimately associated with algae 
and foraminifera. Algal facies indicate deposition in carbonate reef environment.

The carbon and oxygen isotopic analysis of some representative Paleocene 
algal–foraminiferal Lakadong Limestone samples from Mawsmai and Mawmluh 
section profiles was carried out for the first time. Figure 2 shows that the d13C ratio 
vary from −0.05‰ (PDB) to +1.83 ‰ (PDB) and d18O ratio vary from 16.62‰ 

Table 1. Lithostratigraphy, fossil content and age of the sedimentary formations in the south Shillong 
Plateau, Meghalaya (Tewari et al., 2008).

Lithounits/formations Dominant lithology fossil content age

Kopili formation Shale, sandstone, marl Foraminifera Late Eocene

Sylhet 
Limestone

Prang limestone Limestone Foraminifera Middle–Late Eocene

Nurpuh sandstone Hard sandstone Foraminifera? Middle Eocene
Umlatodoh limestone Limestone Foraminifera Middle Eocene
Lakadong sandstone Soft friable sandstone Plant impressions Early Eocene
Lakadong limestone Dolomitic and pure 

limestone
Foraminifera,  
Algae, trace fossils

Late Paleocene–
Early Eocene

Therria formation Coarse sandstone Plant impressions Late Paleocene
Langpar formation Shale and limestone Foraminifera Early Paleocene
Mahadeo formation Sandstone Foraminifera, plant 

remains, dinosaur 
bones, trace fossils

Late Cretaceous

Bottom formation Late Cretaceous
Jadukuta formation Late Cretaceous
Sylhet traps Volcanics Cretaceous–Jurassic
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(SMOW) to 23.49‰ (SMOW). The C and O isotope ratios and algal–foraminiferal 
assemblage suggest shallow marine carbonate build-up depositional environment 
for the Lakadong Limestone. The sedimentary facies, trace fossils, microfossils 
and carbon isotope profiles from the Southern Alps in Italy (Western Adriatic 
Tethys Platform) is tentatively correlatable with the South Shillong Plateau 
(Tewari, 2009b; Tewari et al., 2009).

7.  Paleocene eocene Thermal Maxima

Prasad et al. (2007) carried out palynofacies studies for Paleocene Eocene 
Thermal Maxima (PETM) from two shallow marine successions encompassing 
the Paleocene–Eocene transition from Jathang and Cherrapunji areas of Khasi 
Hills, Meghalaya. The studies conclude that high sediment supply as a result of 
excessive warm and humid climate of PETM in low equatorial zone during slowly 
rising sea level resulted in the conversion of carbonate ramp into clastic domi-
nated coastal marine setup with extensive development of freshwater marshes 
brackish lagoons and estuarine and bay fill deposits within a transgressive system 
tract. Carbon isotopic studies are in progress for the PETM excursion in the NE 
region. A global paleogeographic map (Fig. 12) of the world shows the distribution 
of the Late Cretaceous–Eocene marine deposits.

8.  Mizoram

Mizoram is a part of the Neogene Surma Basin comprising a belt of elongated 
folds having submeridonal trend and arcuate shape with westward convexity 
(Figs. 1 and 2). The fold belt is elongated in the N–S direction almost parallel to 
the suture zone of the Arakan-Yoma subduction (Karunakaran, 1974; Ganguly, 
1975, 1983; Nandy, 1982; Nandy et al., 1983). The Hills comprises an uninter-
rupted succession of the order of 5,000 m of Tertiary clastic sediments, consisting 
of a hybrid association of arenaceous and argillaceous fractions. The oldest out-
crops belong to the Surma Group (Miocene) that comprises mainly alternating 
shale/clay stone with sandstones and siltstones. The Surma Group is divided into 
the Bhuban and Bokabil formations. On the basis of landsat imagery, five lith-
ostratigraphic units, i.e. Lower Bhuban, Middle Bhuban, Upper Bhuban, Bokabil 
and Tipam are identifiable in the Neogene. The Upper Bhuban beds occur in the 
anticlinal part along the western Mizoram but in the central and eastern Mizoram 
they are confined to synclinal lows. Jauhri et al. (2003) reported two species of 
foraminifera viz. Pseudotaberina malabarica and Borelis pygmaeus from Upper 
Bhuban Formation of Mizoram. Lokho and Raju (2007) reported the foramin-
iferal assemblage of Ammonia umbonata, Baggina sp., Clavatorella sturanii, Lagena 
sp., Orbulina bilobata, Praeorbulina glomerosa circularis and Praeorbulina transitoria 
and placed them in the planktonic foraminiferal Zone N9 (Fig. 4). These data 
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suggest that two maximum flooding surfaces (MFSs) can be recognised within 
Upper Bhuban. Tiwari et al. (2007) delineated a total of seven Normals and seven 
reverse magneto zones in Middle Bhuban and suggested an age of 21.77 Ma to 
15.16 Ma. These ages correspond to Middle Aquitanian to Earliest Langhian. 
Available data from planktonic foraminifera and magnetostratigraphy relate well 
with standard stages. Singh (2007) reported P. escornebovenesis, A. umbonata, 

figure 5. Geological map of Shillong Plateau, Meghalaya, NE India.
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Cibicides sp., Anomalinoides sp., Elphidium sp., costate uvigerina sp., Austrotrillina 
fragments, Globigerina praebulloides, etc. The findings suggest a Burdigalian age 
for the Upper Bhuban member depositing under an inner to middle shelf  paleoen-
vironment condition.

9.  Tripura–Cachar fold Belt

The Tripura–Cachar Fold belt represents the frontal fold belt of the Assam–
Arakan Basin along the convergent Indo-Burmese plate margin. This area con-
stitutes the Surma sub-basin of the Assam–Arakan Basin. The belt comprises 
long linear tight N–S trending anticlines separated by broad synclinal troughs 
(Ram and Venkataraman, 1984). Subsequent subduction of Indian plate margins 
underneath the Burmese plate to the southeast formed a trench for deposition of 
alternating fine-to-medium grain size siliciclastic sediments, which range in age 
from Eocene to Recent (Singh et al., 2007).

In Tripura, the outcrop section consists of Barail of Oligocene age, Bhuban, 
Bokabil of Surma Group, Jaipur and Gobindpur Formation of Tipam, Dupitila 
and Dihing formations.

Bhatia (1996) studied a detailed foraminiferal biostratigraphy scheme for 
Tripura–Cachar region and led to the recognition of a marine biozones and six 

figure 6. Field photograph of the Lakadong Sand stone, Mawmluh Quarry, Meghalaya, NE India.
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subzones ranging in age from Late Oligocene to Early Pliocene. Kale et al. (2007) 
built a Mio-Pliocene stratigraphy of Tripura. They recognised four 3rd/4th order 
sequences based on primary sequence boundary and surfaces of major onlap 
identified on seismic data constraint with seismic, wireline logs, paleontological, 
palynological and sedimentological inputs. Das (2003) recognised six genetic 
sequences in Middle, Upper Bhuban and Bokabil formations. These sequences 
are bounded by MFSs. Baruah et al. (1996) reported Globorotalia praebulloides, 

figure 7. (1, 2) Corallina algae, MQ-2, MQ-3; (3) Distichoplax sp., MQ-12; (4, 5) Textularia sp.?, 
MQ-9,4; (6) Spiroloculina? sp., MQ-0; (7, 8) Nummulites, MQ-9,4; (9) Miscellanea sp., MQ-0; (10) 
Assilina sp., MQ-5; (11) Rotalia sp., MQ-14; (12) Operculina sp., MQ-12 (Tewari et al., 2010).
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figure 8. Litho column of the Lakadong Limestone and Sandstone, Meghalaya (Tewari et al., 2010).

G. obesa, G. peripheronda, G. siakensis, Neogloboquadrina continuosa, Globogerina 
falconensis, Globigerinoides immaturus, G. trilobus from the Middle Bhuban 
Formation and a species of Globigerinoides from Upper Bhuban unit at Well 
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Bhubandar-A from Cachar area, Assam. Ramesh (2004) reported abraded 
 benthic foraminifera of Planulina sp., Uvigerina flinti, Lenticulina sp., Baggina sp., 
Ammonia umbonata, Roephax, Haplophragmoides suborbicularis, H. stomatus, 
Karrerulina conica and Trochamminoides folius from lower Bhubans unit at well 
Badarpur-L (BP-L). He also reported foraminifera of Globorotalia mayeri,  
Gl. continusa, Globogerinoides bisphericus, Globoqudrina altispira, Globigerina 
prae bulloides, Lenticulina, rare Uvigerina javana, Baggina, Recurvoides, 
Cyclammina, Bathysiphon, Gerochammina, Reophax and radiolarian at well 
Badarpur-L (BP-L) from Middle Bhuban unit from subsurface of Cachar area, 
Assam. Baruah et al. (1996) reported Globorotalia obesa, G. cf. acostaensis, 
Globigerinoides trilobus and Streptochilus globigerum from upper part of Bokabil 
Formation at Patharia-A in Cachar area in Assam. They described fluvio-deltaic 
for most of the Bokabil time. The sea receded gradually in the top part of the 
Bokabil Formation from the entire Cachar area. Judging from the lateral facies 
variations in the marine sequences in different wells, they suggest that all the 
marine incursions encroached from west (Figs. 10–12).

figure 9. Carbon and oxygen isotope chemostratigraphy of Lakadong Limestone (Tewari et al., 2010).
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10.  Discussion and Conclusions

The Northeast comprises two major segments, a shelf  region bordering the 
Shillong Plateau and Mikir Hills (Fig. 1). This shelf  may be divided into three 
segments – South Shillong, Mikir Hills and Upper Assam (Figs. 1 and 2). The Shelf  
is bordered in the south by the Dauki Fault (Fig. 5) and in the east by the Naga 
Thrust (Fig. 1) is often referred as Schuppen Belt made up of imbricate thrusts. 

figure 10. Generalised lithostratigraphy (not to scale) of  Paleogene and Neogene sediments of 
Northeast India.
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figure 11. Correlation of foraminiferal zones (Venkatachalapathy et al., 2007).

figure 12. Global palaeogeography of the Cretaceous-Tertiary boundary (http://www.scotese.com).
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The entire Schuppen Belt is 25–30 km wide. To the east of Schuppen Belt lies the 
Nagaland, which is continuous with the similarly folded and faulted sedimentaries 
of Manipur (Figs. 1 and 2). To the southeast and west of this fold belt, it continues 
in Tripura where the folded and faulted sediments of mostly of Neogene age are 
recorded. In the Cachar–Tripura area, sediments ranging in age from Oligocene to 
Pleistocene are found (Pandey and Dave, 1998). The stratigraphic successions are 
described with special emphasis to age, environment of deposition and fossils in 
this chapter to give a general idea about the shelf  in the NE region. Assam–Arakan 
region falls in the Category I basins of the Oil and Natural Gas Corporation 
(ONGC, Dehradun, India, Pandey and Dave, 1998). The biostratigraphy of the 
Tethyan sediments has been based on rich fossil assemblages. Recently, Lokho 
et al. (2004a) have prepared detailed biostratigraphic correlation charts for the 
northeastern fossiliferous basins. Tewari (2009b) and Tewari et al. (2008, 2009) 
have interpreted that the Paleocene–Eocene sediments are shallow marine (tidal 
flat) based on carbon isotope ratios in Shillong Plateau, Meghalaya. However, the 
hydrocarbon exploration in the Tethyan Himalayan zone is difficult since there is 
absence of long anticlinal features expected to be petroliferous. The steep heights 
and inaccessibility of the regions prevents the oil exploration in the Himalayan 
Tethyan basins.
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Abstract Carbonate microbialites representing microbial mat and/or stromatolite  
development are remarkable fossils from the early Earth’s environment. Even though 
their biogenicity can be questionable, since they often lack any proof of the original 
microorganisms in the form of fossils and rarely retain their primary biogeochemi-
cal signatures, recent studies of subfossil and fossil stromatolites demonstrate that 
microbialites can preserve evidence of microbial biomineralization processes.

Modern lithifying microbial mats produce a range of carbonate precipitates 
resulting from the interplay of the biological activities of microorganisms and 
the environmental conditions. The mechanisms of crystal nucleation and growth, 
such as the final texture of the precipitates and the fossilization of organic com-
ponents, are recognizable in fine-grained Holocene stromatolites which have been 
subject to little diagenetic alteration. These stromatolites show diversified fabrics 
characterized by thin or crude lamination and/or thrombolitic clotting, but they 
exhibit a pervasive peloidal microfabric consisting of dark micritic aggregates sur-
rounded by limpid crystals of aragonite arranged in spherulitic aggregates. The 
co-existence of submicron flat and filamentous mucus-like remains of degraded 
EPS and fossilized bacteria, strictly associated with the carbonate phases, implies 
that the organic matter and the microbial metabolism played a fundamental role 
in the precipitation of the minerals. The initial products of calcification are nano-
globules (60–200 nm) that subsequently merged into larger spheres (200–500 nm), 
playing a primary role as centres of nucleation for succeeding crystal growth. Sub-
micron crystals, resulting from the coalescence of carbonate nanoglobules around 
nuclei of degraded organic matter (EPS and/or bacterial bodies), grew to form 
larger aggregates that constitute dark peloids. Precipitation of aragonitic spheru-
lites around peloids then occurs filling inter-peloidal space. This process results in 
the formation of a structure that has an intimate mixture of micrite and microspar; 
this is comparable with the microstructures of Triassic stromatolites, which also 
preserve fossilized bacteria and EPS. These features confirm a biological origin for 
these ancient microbialites through similar microbial-mediated biomineralization 
processes that occur in the modern lithifying microbial mats.
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1.  introduction

Biological, chemical and physical processes interacting together produce a large 
variety of organo-sedimentary deposits within sedimentary systems. These include 
stromatolites, which provide evidence of life in the early Earth. Important processes 
operating to generate these typically laminated deposits include trapping of sedi-
ment grains by organic substrates, mineralization of autochthonous microorgan-
isms and precipitation of carbonate minerals, either inorganically or through 
biological microbial mediation. In modern microbial mats, a complex biological 
and biochemical organization leads to several zones of photoautotrophic organisms 
with layers of aerobic and anaerobic heterotrophs metabolizing within a variable 
amount of extracellular polymeric substance (EPS). Modern lithifying microbial 
mats produce a range of carbonate precipitates resulting from the interplay of the 
biological activities of microorganisms and the environmental control on organic 
matter consumption, and the saturation state of the solution; these are the crucial 
factors that drive precipitation (Dupraz and Visscher, 2005). Even when stroma-
tolite accretion is strongly influenced by a large amount of trapped grains, the 
processes of biologically induced mineral precipitation follow similar biochemical 
paths and are indisputably fundamental for the formation of the microbialitic 
deposit (Reid et al., 2000).

Macroscopic lamination and growth-form are the best-known features of 
ancient and modern stromatolites, which are indubitably comparable in terms of 
morphology. Identification of components and mineral fabrics helps to under-
stand the organisms and processes involved in stromatolite formation, even if  
they form at the microscale or nanoscale. Trapped grains, fossilized prokaryotes 
and micro-eukaryotes, micrite and microsparite are fundamental components of 
stromatolites. The relative abundance of grains and fossils distinguishes aggluti-
nated from skeletal stromatolite end-members, whereas only a micrite/microsparite 
mineral fabric characterizes the laminae of “fine-grained” stromatolites (Riding, 
2000). Many ancient and modern stromatolites lack any concrete proof, in the 
form of actual fossils, for the original microbes and rarely retain their primary 
geochemical signatures. for these reasons, proving the biogenicity of stromatolites 
can be very difficult and contentious. Moreover, although the biochemical 
processes leading to carbonate precipitation in the microbial mat communities 
have been measured in the field and reproduced in lab cultures, the mechanisms of 
crystal nucleation and growth structures, such as the final textures and processes 
of fossilization, are less investigated. Here are reported results of studies on modern 
(from Brazil) and subfossil Holocene (from Australia) fine-grained stromatolites, 
compared with fossil Triassic counterpart (from Italy) (Perri and Tucker, 2007). 
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These stromatolites show original fossil structures, mineral textures and geochemical 
signatures that are very similar to some modern carbonate-producing microbial 
mats.

2.  Stromatolite Mineral texture

Stromatolites are forming in Lagoa Vermelha, a small shallow (<2 m) hypersaline 
lagoon located 100 km east of Rio de Janeiro and situated in a semi-arid climatic 
setting (Vasconcelos et al., 2006). The bottom surface of the lagoon is dominated 
by a widespread microbial mat that covers, in the shallower areas, low-relief lithified 
subfossil stromatolites, which form individual heads ~10 cm high and ~30 cm in 
diameter (fig. 1).

The internal fabric of the stromatolites is composed of alternating continu-
ous and regular millimetre-thick, convex-upward laminae intercalated with sub-
centimetric, massive, broadly laminated layers and millimetre-size elongate 
cavities. Allochthonous sand-size particles and larger bioclasts (small bivalves, 
gastropods, foraminifers and ostracods) are locally incorporated into the laminae, 
but these are generally rare. In thin section, the stromatolite reveals a peloidal and 
aphanitic fabric (fig. 1b, c). The peloidal texture originates from the 20–50 mm 
size aggregates of dark micrite surrounded by microspar (layer 1; fig. 1c). Inside 
the thinner laminae, this texture passes gradually from peloidal to more solid and 
homogeneous (aphanitic) micrite (layer 2; fig. 1c). Within the poorly laminated 

figure 1. (a) Cross-section of a domal stromatolite from Lagoa Vermelha, Brazil. (b) Subregular laminae of 
the stromatolite in thin section. White areas are cavities. (c) Close-up view of laminae, dashed lines indicate 
the trend of lamination. Thin laminae (1 and 2) are followed by a massive thrombolitic layer (3) with large 
cavities forming crudely laminated layer. Bright white areas are primary porosity. P peloidal microf abric, 
A aphanitic microfabric, p peloids composed of dark micrite, s microspar, pp clots of peloidal aggregate,  
c cavities, cm primary marine cements. Scale bars: (a) 2 cm; (b) 2 mm; (c) 250 mm.
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layers, a clotted thrombolitic fabric, containing many microcavities, is recognizable 
(layer 3; fig. 1c). Clots, 50–100 mm in size, are composed of aggregated or single 
peloids and typically show a relatively evenly spaced distribution in a matrix 
composed of microsparite (fig. 1c). Microcavities are lined by thin (~30–50 mm) 
isopachous fringes of primary marine cements, clearly formed after the peloidal 
texture. They locally contain intra-bioclastic sediment or are empty, lacking later 
diagenetic cements. Peloidal texture is formed by oval-shaped crystal aggregates 
from 5 to 10 mm, together with microsparite that appears as spherulites and 
fringes of acicular limpid crystals, with a typical thickness of 1–3 mm and a length 
of 10–20 mm (figs. 2 and 3). The oval-shaped masses originate from the iso- 
oriented assemblage of small trigonal polyhedrons, which are ~1 mm wide and 
~0.3 mm thick (fig. 3b). Mineralogical and compositional analyses indicate that 
the polyhedrons of ovoid crystals are high Mg-calcite with a 25–35 mol.% of Mg 
and Na around 1–2 mol.%. The acicular crystals are aragonite with Ca 
94–96 mol.% and only traces of Mg, Na and Sr.

Higher magnification observations of the crystal surfaces show the presence 
of much smaller spheroidal structures or nanoglobules, 50–100 nm in size, aggre-
gated to form a granular texture (fig. 3b). These finer-scale structures are patchily 
distributed, but they are particularly abundant in the dark micritic calcite. They 
are, however, absent in the aragonitic microsparite.

figure 2. SEM pictures of the stromatolite crystalline microfabric, composed of oval-shaped aggre-
gates of crystals of high Mg-calcite, constituting micrite peloids, surrounded by spherulitic fans of 
acicular crystals composed of aragonite, corresponding with microsparite. Lagoa Vermelha stromatolite, 
Brazil. Scale bar 25 mm.
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Subfossil stromatolites also occur on a regressive marginal flat surrounding 
Marion Lake on the Yorke Peninsula, South Australia. The depression last became 
inundated by the sea during the Holocene transgression (~6,500 years ago), when a 
protected lagoonal marine environment was initiated and after aragonite/gypsum 
deposition (between 5,000 and 3,000 years ago) the stromatolite-rich layer was 
formed (Von Der Borch et al., 1977). Stromatolites formed hemispheroids that are 
stacked or laterally linked (fig. 4a); oncolites are also common, notably irregular 
forms, which encrust a variety of substrate irregularities.

Internal lamination is characterized by an extremely fine sub-millimetric 
alternation of porous and dense laminae, light-grey and dark-grey,respectively 
(fig. 4b). Cavities in the porous laminae are very small (tens of microns) and 
empty. Trapped grains are absent. The microfabric of the laminae is composed of 
a widespread peloidal texture, although in many finer and darker laminae peloids 
coalesce to form uniform aphanitic layers (fig. 4b, c). Aggregates of very fine 
anhedral to subhedral micrite (crystal size <1 mm) constitute the peloids, which 

figure 3. (a) Dark micrite (white arrows) forming peloids, formed by cloudy irresolvable crystals, and 
microsparite (black arrows) composed of acicular fans of limpid crystals. Thin section. (b) SEM view 
of oval-shaped aggregate of high Mg-calcite showing iso-oriented assemblage of trigonal polyhedrons 
(white arrow: c-axis view; black arrow: a/b-axis view). (c) Granular nanometre-scale texture (black 
arrows) on the surface of high Mg-calcite crystals. White arrows indicate EPS remains, see below. 
Lagoa Vermelha stromatolite, Brazil. Scale bars: (a) 50 mm; (b) 15 mm; (c) 0.7 mm.

figure 4. (a) Cut surface of a hemispheroidal stromatolite from Marion Lake, the internal lamina-
tion, is characterized by an extremely fine alternation of light and dark-grey laminae which grew on 
porous carbonate. (b) Microfabric of laminae (dashed lines) composed of a prevalent peloidal texture. 
Thin section. (c) Dark micrite forming peloids (white arrows) surrounded by fine fringes of acicular 
microspar (white crystals). Thin section, crossed polars. Scale bars: (a) 1 cm; (b) 200 mm; (c) 50 mm.
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are 10–20 mm in size and surrounded by fine fringes of acicular microspar; the 
latter creates the general spherulitic organization of these mineral phases (fig. 5a, b). 
SEM observations reveal that micrite crystals in the spherulite nuclei and the 
aphanitic layers are made up of coalescing nanoglobules, which can pass to small 
polyhedrons (fig. 5c). Acicular crystals show a prismatic elongate shape, broadly 
hexagonal in transverse section. Close to the spherulite nuclei acicular crystals 
present a granular texture on their external surface (fig. 5b). XRD bulk analyses 
of the rock give a general aragonitic composition but, through EDS spot analy-
ses, Ca in the two mineral phases varies from 94–95 mol.% in the acicular crystals 
to 89–90 mol.% in the nanocrystal aggregates. The remaining is represented by 
2–3 mol.% of Sr and Na, plus ~1 mol.% of S in the acicular crystals, and 
2–4 mol.% of Mg, Sr and Na, plus 1–2 mol.% of S and Si in the nanocrystals. The 
quite high content of minor elements, mainly in the nanocrystals, distinguishes 
this aragonite from normal primary marine cements.

Upper Triassic (~210 My) stromatolites, formed within restricted hypersa-
line peritidal marine environments, crop out in NW Calabrian Arc (Italy) (Perri 
et al., 2003; Mastandrea et al., 2006; Perri and Tucker, 2007). These deposits have 
been affected by high-pressure and low- or medium-temperature metamorphism 
during the Alpine–Apennine orogeny. Two types of growth structure are recog-
nizable in the stromatolites: low-relief  planar-domal and high-relief  columnar 
forms (fig. 6a). Lamination consists of an alternation of layers of light-grey 
microspar (planar anhedral to subhedral crystals 5–60 mm) and homogeneous 
and/or peloidal dark-grey micrite (planar euhedral crystals <5 mm) (figs. 6b and 
7a, b). Laminae vary from isopachous, even and smooth, to an alternation of thin 
dark irregular, even strongly crinkled, micritic layers intercalated with thicker and 
lighter-coloured microsparitic layers (fig. 6b). The laminated macrofabric commonly 
passes to thrombolitic layers, which can form laterally continuous beds several 
centimetres thick, and also low-relief  small-scale mound structures (fig. 6a). 

figure 5. (a) Spherulites formed by radial oriented acicular crystals. (b) Inner view of a spherulite 
showing the micritic nanoglobular crystals in the nucleus (forming peloids) and the gradual transition 
to the acicular ones. (c) Close-up view of the micrite in the nuclei, which composed of nanocrystals 
with globular (arrows) to polyhedral shape (dashed lines). Scale bars: (a) 25 mm; (b) 5 mm; (c) 500 nm. 
Marion Lake stromatolite, Australia.
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Small gastropods, ostracods, green algae and foraminifera, as well as other sand-size 
particles, were rarely trapped. few cavities are present in the stromatolitic frame-
work, and these are generally rimmed by isopachous fringes of fibrous or micritic 
cement, and later filled by sparry dolomite cement. A granular texture, consisting 
of spheroidal bodies ranging in size from 70 to 150 nm, is commonly present on 
the micrite crystal surface (fig. 7c). These features are absent in the coarser 
microsparitic and sparitic crystals. They were observed on the surfaces of both 
fresh, untreated samples and acid-etched samples. Stromatolites have an almost 
wholly dolomite mineralogy. Spot analyses show that micrite crystals have an 
average of 53 mol.% Ca, whereas larger crystals have an excess of Mg up to 
52 mol.%. Stable isotope measurements give an average d18O = +0.3‰ (PDB) and 
d13C = +2.7‰ (PDB). Under cathodoluminescence, the micritic laminae are non-
luminescent, whereas microsparry and sparry dolomite have a dull luminescence. 
This suggests little or no later alteration of the dolomite crystals comprising the 
stromatolitic laminae.

figure 6. (a) field view of  Triassic stromatolite, Italy. (b) Various types of  microfabric in the 
stromatolitic laminae (1) isopachous and smooth thin micro-laminae, (2) peloidal/aphanitic, (3) sparse 
crinkled and irregular laminae. Scale bar: 2 mm, thin section.

figure 7. (a) SEM view of a micritic area surrounded by microsparite. (b) Well-developed peloidal/
aphanitic microfabric. Thin section. (c) Granular texture, consisting of nanoscale spheroidal bodies on 
the crystal surface. SEM view, gentle acid etching, after Mastandrea et al. (2006). Scale bars: (a) 2 mm; 
(b) 1.2 mm; (c) 600 nm. Triassic stromatolite, Italy.
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3.  biogenic organo-Mineral Structures

3.1.  BACTERIAL fOSSIL REMAINS

Mineralized bacteria-like fossil remains were found closely associated with mineral 
phases in all studied stromatolites. They mainly consist of filamentous and sub-
spherical coccoid forms preserved as either empty moulds or mineralized bodies.

In the Lagoa Vermelha samples, filamentous and rod-like fossils are slightly 
curved, apparently solid, tubes (fig. 8). They have a uniform diameter of ~2 mm 
and have been observed as isolated fragments or closely associated, appearing to 
form colony-like clusters (fig. 8a). The observed mineralized filaments apparently 
have retained their original size, since the tubular moulds, locally preserved with 
the mineralized bodies, show an internal diameter a little larger than the filaments 
(fig. 8b). The coccoid fossils mainly consist of spherical and ovoidal, solid or 
empty mould, structures (fig. 9). According to their dimensions, it is possible to 
recognize two distinct classes, which are around 2 and 4 mm in diameter and are 
often seen as isolated forms (fig. 9a, b). Another type of  submicron-sized 
coccoid mould with a diameter of 200–300 nm is recognizable, forming colonial-
like clusters, closely stacked or thinly grouped (fig. 9c). Both filamentous and 
coccoid fossils show a fine granular texture formed by nanocrystal globular aggre-
gates of calcite or aragonite. It is commonly observed that the coccoids are often 
the nucleation centres for growth of aragonite crystal spherulites and fans.

A less variegated mineralized bacteria-like fossil biota was found in the 
stromatolites of  Marion Lake. It consists of  empty moulds and mineralized 
bodies of subspherical coccoid forms, composed of aragonite, varying in dimen-
sion from 0.5 to 11 mm. In terms of dimensions, it is possible to distinguish three 

figure 8. SEM photomicrographs of filamentous bacterial fossils. (a) Closely associated slightly 
curved mineralized (high Mg-calcite) tubes (white arrows) forming a colony-like cluster. (b) Close-up 
view of a filament (white arrow) embedded in a mucus-like organic membrane (black arrow). Scale 
bars: (a) 10 mm; (b) 5 mm. Lagoa Vermelha stromatolite, Brazil.
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classes of abundance: 0.5–1 mm (50%), 5.5–6 mm (45%) and 2.5 mm (5%). Where 
visible, a granular-nanoglobular texture characterized these mineralized bacterial 
cells (fig. 10a).

In the Triassic stromatolites, fossil remains of autochthonous filamentous 
microorganisms, including Girvanella and Ortonella sp. (probably cyanobacteria) 
and encrusting forms (red algae) are recognizable in thin section (fig. 11a). SEM 
observations of untreated surfaces reveal the presence of spheroidal structures, 
particularly within the dark micritic laminae. The majority of these remains con-
sist of submicron-sized fragments of hollow spheroids with 100–150-nm-thick 
walls, in some cases enclosed within dolomite crystals and protruding from their 
surfaces. Spheroids occurring between crystals within the intercrystalline pore 
space are commonly collapsed or crushed between flanking crystals. Rarely, 
whole spheroidal structures are preserved, with a uniform diameter of around 

figure 9. Coccoid bacterial fossils. (a) Single mineralized ovoidal bacteria (arrow) in the centre of aragonite 
crystals. (b) Mineralized spherical form (arrow) encased in high Mg-calcite. In both (a) and (b) fossils 
present a nanoglobular texture. (c) Dwarf empty moulds (arrows) in high Mg-calcite. All SEM views. 
Scale bars: (a) 5 mm; (b) 1.8 mm; (c) 1 mm. Lagoa Vermelha stromatolite, Brazil.

figure 10. Spherical bacteria-like forms. (a) Cluster of mineralized solid internal moulds (arrow).  
(b) Empty (white arrow) and solid (dark arrow) moulds. Note in both pictures the nanoglobular texture 
of the fossil bodies and of the encasing aragonite. SEM views. Scale bars: (a) 1 mm; (b) 2 mm. Marion 
Lake stromatolite.
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1.0 mm (fig. 11b). Spheroid walls have a fine granular texture formed by nanocrystal 
aggregates of Ca-rich dolomite (fig. 11b) with an average Ca content of 
55.4 mol.%, reaching in some cases nearly 70 mol.%, and C-enriched organic 
matter. Higher magnification observations of the same micritic laminae show a 
second type of spheroidal–ovoidal structure of submicron size. These are 150–400 nm 
in diameter, isolated or in small clusters, and usually enclosed within the dolomite 
crystals (fig. 11c).

3.2.  EXTRACELLULAR SUBSTANCES fOSSIL REMAINS

In the Lagoa Vermelha stromatolites, the dark micrite that constitutes the peloids, 
isolated or aggregated, is characterized by a strong autofluorescence indicating 
the diffuse presence of organic matter (fig. 12). In contrast, aragonite crystals that 
surround the peloids show very low autofluorescence. Moreover, autofluorescence 
reveals delicate folded layers lining the cavities and tubular forms, otherwise almost 
transparent in transmitted light (fig. 12a). SEM analyses confirm the diffuse pres-
ence of organic matter, the majority of which consists of planar or sheet-like features 
(fig. 12b). Gently folded sheets, 0.5–1 mm thick, line the cavities and/or envelop the 
crystal aggregates extending for several tens of microns. These sheets locally form a 
subpolygonal honeycomb-like network and/or gradually pass from flat sheets to fila-
ments of a mucus-like substance (fig. 12b). Moreover, filamentous tubular organic 
moulds of bacteria-like bodies are associated with the mucus-like planar sheets. As 
they lack any mineral affinity, in terms of shape and composition, the nature of these 
substances is clearly organic, see later discussion. Submicron flat and filamentous 
organic structures commonly occur between the polyhedrons of high Mg-calcite, sug-
gesting a close association with this mineral phase (fig. 12c). Aragonite crystals, which 
are locally partially coated with large sheets, lack these small-scale organic structures. 
Thin organic membranes and filaments cover mineralized fossils (fig. 8b).

figure 11. (a) filamentous fossil remains (arrows) of autochthonous microorganisms, Girvanella. 
Thin section. (b) Well-preserved spheroids within the intercrystalline space interpreted as mineralized 
bacteria in the Triassic stromatolite. (c) Submicron-sized spheroidal structures interpreted as mine-
ralized dwarf bacteria (arrows). (b) and (c) SEM views after Perri and tucker (2007). Scale bars:  
(a) 50 mm; (b) 2 mm; (c) 500 nm.
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Similar to Lagoa Vermelha, in the Marion Lake stromatolites the dark micrite 
that constitutes the peloids shows a strong autofluorescence, due to organic matter 
remains, in comparison with the acicular crystals that show very low autofluorescence 
(fig. 13a). Under SEM, planar or sheet-like structures with features indicating an 
original viscous mucus-like behaviour commonly coat cavities and envelop crystals 
(fig. 13b). A honeycomb-like network has not been observed, but organic 
membranes and filaments may envelop mineralized bacterial fossils.

In the Triassic stromatolites, associated with the bacterial fossil structures, are 
planar or sheet-like features. They consist of 100–200-nm-thick gently folded 
sheets that occur within crystals and cross between crystals; they also envelop the 

figure 12. (a) Peloidal microfabric of Lagoa Vermelha stromatolites under UV light: calcite is strongly 
autofluorescent (dark arrows) (green fluorescence) compared with the less intense response of aragonite 
(white arrows) (compare with fig. 3a). Note also the thin organic fluorescent remains in the cavities 
(dashed arrow). (b) Thick sheets of organic-rich mucus-like remains (EPS) forming subpolygonal hon-
eycomb-like network (white arrows, SEM view). (c) flat and filamentous mucus-like organic structures 
(arrows) between the polyhedrons of calcite. Note the granular texture particularly abundant on the 
surface of the polyhedrons of calcite (see also fig. 3c). Scale bars: (a) 50 mm; (b) 5 mm; (c) 500 nm.

figure 13. (a) Marion Lake stromatolite microfabric with UV confocal microscope reveals a strong 
green autofluorescence of micritic nuclei (dark arrow) and very low fluorescence of the acicular crystals 
(white arrow). Dark areas are empty cavities. Compare with fig. 4c. Scale bar: 30 mm (b) Mucus-like 
organic matter remains (arrows) enveloping microcrystals in a spherulite nucleus. Scale bar: 5 mm. 
SEM view.
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larger spheroids (fig. 14). Generally, they are seen as even, isopachous ribbons 
extending for several microns, but they are also fragmented, showing an irregular 
granular-textured surface, enveloping nanoglobules <100 nm (fig. 14b). The planar, 
sheet-like structures have the same (quite Ca-rich) dolomite composition as the 
adjacent and enclosing crystals, even if they appear strongly enriched in organic carbon. 
In fact, dark micritic dolomite laminae show strong autofluorescence (fig. 14c).  
A draped arrangement of a delicate folded layer between and upon the dolomite 
crystals that surrounds the submicron-sized spheroidal bodies is often seen. The loca-
tion, form and dimensions of  these organic matter relicts, inferred from their 
autofluo rescence, coincide exactly with the spheroidal and planar-sheet structures 
seen with the SEM, confirming their biological origin (fig. 14).

4.  Discussion and conclusion

Holocene subfossil and Triassic fine-grained stromatolites show distinctive fabrics, 
characterized by thin or crude lamination and/or thrombolitic clotting and exhibit 
a pervasive peloidal or subordinately aphanitic microfabric of the micrite. In the 
former case, the micrite texture consists of dark aggregates of carbonate (pelo-
ids) (high Sr–Na–S–aragonite and high Mg–Na–calcite) that originated from the 
random to iso-oriented assemblage of submicron nanocrystals and organic mat-
ter remains. Limpid acicular crystals of aragonite (depleted in minor elements) 
are arranged in spherulites surrounding these aggregates. The crystal assemblage 
characterized by the aggregation of nanocrystals, the widespread presence of ben-
thic fossil microorganisms clearly embedded in the micrite structure and the anti-
gravity assemblage of peloids indicate the autochthonous origin of the micritic 
aggregates that constitute the laminae. Thus, their origin is related to some in 
situ process of precipitation that also probably represents the main mechanism 

figure 14. (a) Gently folded sheets occur within crystals and extend across them; they envelop the 
larger spheroids (arrows). (b) Planar structures (arrows) connecting dolomite microcrystals and show-
ing a nanoglobular textured surface. (a) and (b) SEM views. (c) Stromatolitic fabric under UV light 
using a confocal microscope. Organic matter relics show a draped arrangement of delicately folded 
surfaces and submicron-sized spheroidal granular bodies around the external sides of the crystals 
(dark areas). Scale bars: (a) 2 mm; (b) 500 nm; (c) 15 mm. Triassic stromatolite, Italy, after Perri and 
tucker (2007).
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for the stromatolite formation. Similarly, Upper Triassic stromatolites consist of 
peloidal and aphanitic aggregates of dark-grey micrite (<5 mm) alternating with 
light-grey microspar (5–60 mm). Later diagenetic processes generated coarse, near-
stoichiometric to quite Mg-rich, fabric-destructive dolomite crystals (>60 mm) 
that contrast with the fine crystalline texture of the stromatolitic laminae con-
taining the fossil remains composed of Ca-rich dolomite. It is thus likely that the 
mineralized organic remains, together with the smallest dolomite crystals, have 
retained their original composition. Moreover, the d18O values of micrite crystals 
indicate that there has been little resetting of the isotope signatures through later 
re-crystallization; the non-luminescent nature of the micritic dolomite supports 
this interpretation (Mastandrea et al., 2006). The limpid acicular crystals of 
aragonite that surround the micritic aggregates in the subfossil stromatolites 
possibly correspond, after burial diagenesis, to the limpid anhedral microspar in 
the fossil forms.

The purely descriptive term “peloid” refers to micritic aggregates of uncer-
tain origin including allochthonous grains with various origins (flügel, 2004). 
They have often been regarded as being autochthonous, benthic and microbial in 
origin, since they constitute the most common microfabric of modern and ancient 
microbialites (Monty, 1976; Riding, 2000; Riding and Tomás, 2006). However, it 
has been demonstrated that very similar micro-morphologies can be created by 
purely abiotic mechanisms (Bosak et al., 2004). Chafetz (1986) and Riding (2002) 
suggested that peloids could be calcified aggregates resembling bacterial micro-
colonies in Phanerozoic fossil biofilms. following studies of modern microbial 
mat lithification, the formation of  peloidal carbonate precipitates has been 
associated with the metabolic activities of bacteria; see below.

The (optically) dark micritic carbonates, forming peloid nuclei and more 
uniform aphanitic microlayers in all stromatolites, show a consistent presence of 
organic matter remains, as indicated by their strong autofluorescence in com-
parison with microsparite crystals. These organic matter remains are observed as 
submicron, flat and filamentous mucus-like structures inside the interspaces of 
the crystals and are mainly interpretable as remains of degraded (mineralized or 
not) EPS. Such mucus-like structures occasionally closely resemble the subpo-
lygonal honeycomb arrangement of the natural EPS (Défarge et al., 1996). 
Holocene stromatolites lacking burial diagenesis preserve EPS, but possibly only 
after drying in the absence of degrading organisms. EPS from hot springs is stable 
to temperatures of at least 72°C and can partially retain the three-dimensional 
geometry as the water cools (Allen et al., 2000). On the other hand, during ageing 
the EPS can be preserved by a variety of elements and compounds, and the tex-
tures and structures, as well as some of its organic breakdown products, can be 
even mineralized (Camoin et al., 1999; Westall et al., 2000). The presence of fossil 
EPS strictly associated with the smallest crystal units (polyhedrons and/or 
nanoglobules) of carbonate implies that organic matter played a primary role in 
the precipitation of the mineral that forms the micrite. At the same time, EPS is 
virtually absent in the later, microsparitic (i.e. aragonite) phase, indicating different 
mechanism of precipitation.
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In all the discussed stromatolites, there are many micron-sized spheroidal 
bodies, interpreted as the fossilized remains of original bacterial cells, which are 
strictly associated with carbonate mineral phases. They mainly consist of subspheri-
cal, rod-like and filamentous forms, isolated and in colony-like clusters, and these are 
easily referable to the bacterial fauna which is well documented in the living carbonate-
producing mats. The observed dimensions of  the mineralized bodies should 
correspond with the original width of the bacterial cell since the moulds, locally 
preserved with the mineralized bodies, show a slightly larger internal diameter. 
This also could indicate an early process of mineralization affecting bacterial bodies 
before a reduction of their dimensions due to loss of fluid. fossilization of the 
bacterial bodies is possible since, during entombment, the bacterial cells adsorb Mg2+ 
and Ca2+ ions that then combine with bicarbonate to precipitate crystals on the sur-
face of the cellular membrane (van Lith et al., 2003).

The nanospheres in the range of 150–400 nm could be interpreted as fossilized 
dwarf bacteria-like life forms, since living dwarf bacteria are recognized as significant 
components of stromatolite-producing microbial mat communities (Stolz et al., 
2001). However, the identification and even existence of living and fossil sub-bacteria-
sized (<300 nm) microorganisms (known as “nannobacteria”, “nanobacteria” or 
“nanobes”) remain controversial. Nevertheless, spheroidal mineralized objects 
<300 nm in size have often been interpreted as fossilized microbes in sulphides, oxides, 
clays and particularly in microbial carbonates (Vasconcelos et al., 1995; Camoin 
et al., 1999; folk, 1999; Sprachta et al., 2001; Dupraz et al., 2004). Moreover, living 
“nanobacteria”, in the range of 100–300 nm, have been found in several living organic 
tissues from which they have been isolated and cultured (Sommer et al., 2004). An 
additional biological explanation for the nanospheres is that they could be interpreted 
as mineralized ultramicrobacteria (Southam and Donald, 1999). An alternative 
explanation is that the nanospheres are the result of decomposition, dehydration and 
shrinkage of micron-sized bacterial forms.

Spheroids or nanoglobules less than 200 nm commonly characterize the 
early stage crystalline units of Holocene and Triassic stromatolites. They have 
been found extensively in sedimentary environments and have controversially 
been interpreted as nanobacteria (folk, 1993) or as mineralized macromolecules 
(Southam and Donald, 1999). Very similar nanoscale globules have been observed 
in microbial carbonate precipitation experiments (Aloisi et al., 2006; Bontognali 
et al., 2008). They also form as a result of enzyme-driven bacterial decay of 
organic tissues (Schieber and Arnott, 2003). In any case, nanoscale calcified 
spheres commonly occur both in nature and in nucleation experiments, suggesting 
that nanoglobules represent an important early stage in microbial-induced miner-
alization, including fossilization of bacterial bodies.

The relationship between microbial communities, organic matter and carbonate 
precipitation has been described in several papers (see Dupraz et al., 2008 for a 
review). The processes of EPS degradation are particularly significant in modern 
microbial mats because they commonly lead to carbonate precipitation, whereas 
the bacterial bodies themselves seem less involved (Trichet et al., 2001; Dupraz 
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et al., 2004; Gautret et al., 2004). It has been shown that nanospheres (200–500 nm) 
with a high organic matter content replace the EPS structure (Dupraz et al., 2004) 
and even bacterial bodies (Sprachta et al., 2001; van Lith et al., 2003). Nevertheless, 
the initial products of calcification are nanoglobules (60–200 nm) released from 
the microbial cell wall in the surrounding aquatic environment (Aloisi et al., 2006; 
Bontognali et al., 2008). These subsequently are merged into larger spheres, which 
apparently play a primary role as centres of nucleation for succeeding crystal 
growth. Moreover, nanospheres, in a more advanced stage of mineralization, 
coalesce to form larger aggregates followed by precipitation of microsparite and 
sparite in the remaining spaces.

In conclusion, the co-existence of submicron flat and filamentous mucus-like 
remains of  degraded or mineralized EPS and fossilized rod-like and filamen-
tous bacteria, strictly associated with the nanoglobular micrite crystals, implies 
that the organic matter and the microbial metabolism played a fundamental 
role in the precipitation of  the minerals. At the same time, the complex processes 
that induce mineral precipitation in living microbial mats seem well recorded 
in the studied lithified stromatolites; the bacterial metabolism and the organic 
matter degradation promote the precipitation of  micron-scale carbonate 
aggregates resulting from the agglutination of  nanometer-scale nanoglobules 
formed during the degradation processes. Carbonate precipitation processes 
progressively substitute, eventually replacing, the degraded organic structure 
(EPS and microorganisms). The continuation of  this aggregation process 
forms larger subhedral crystals (small polyhedrons), which subsequently merge 
to form isolated or connected peloids. All these steps may represent the first 
stage of  stromatolite formation. The subsequent gradual formation of  acicular 
crystals around primary micrite aggregates may occur as the organic matter 
availability for heterotrophs progressively decreases, and this creates ideal con-
ditions for purely inorganic precipitation (Dupraz et al., 2004; Riding and 
Tomás, 2006) or for the establishment of  different metabolic activities in a 
distinct bacterial community, able to induce mineral precipitation (Arp et al., 
2003). Ultimately, early primary marine cements eventually fill remaining 
cavities. The final product is the formation of  the fabric documented in the 
subfossil stromatolites. Burial diagenesis, inducing re-crystallization and geo-
chemical equilibrium, produces crystal growth and inevitably partial (or complete) 
destruction of  original mineral and organo-mineral structures; organic matter 
remains evolve into kerogenic compounds and new precipitation of  late cements 
may take place.
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Abstract Eight iron (Fe) isotopic compositions of iron deposits in biofilms and gran-
ules found in two recent burrowing marine invertebrates (the sea urchin  Echinocardium 
cordatum and the bivalve Montacuta ferruginosa) were obtained by Multiple-Collec-
tor Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS). d56Fe values 
ranged between –1.78‰ and −0.74‰. The lightest d56Fe is  associated with the iron 
granules in the intestinal wall of E. cordatum and may be due to the abiotic oxida-
tion of source Fe(II) with an isotopic composition reflecting that of light reduced 
Fe in sediment porewater. This lightest value could represent the best value for the 
pristine value. Fe in the biofilms was typically heavier by up to +1‰, mean ~ +0.7‰. 
These results are compared with Fe isotopic composition of 17 Jurassic limestones 
from the Rosso Ammonitico Veronese (Italy) containing red and gray hemipelagic 
facies. The red facies show clear evidence of iron bacteria and fungi, which are inter-
preted as a possible equivalent of the iron microbial communities associated with the 
recent organisms. Pronounced Fe isotope fractionation was observed in the Jurassic 
red hardground levels and in the more condensed red facies where bacteria and fungi 
lived and have accumulated, with values  typically lighter by −1‰ than the gray facies 
where microorganisms were absent. This fractio nation probably involved the passive 
accumulation of originally light porewater Fe in the exopolymeric substances (EPS) 
produced by filamentous bacteria, thereby favoring heavier Fe isotopes. Alternating 
stages of oxidation Fe(II)/Fe(III) occurred near the sediment/water interfaces as a 
consequence of microenvironmental changes in the marine porewaters and caused 
the red/gray facies interlayering. The comparison of the Fe isotopic compositions of 
the “biominerals” in the recent organisms and in the iron minerals of the red and gray 
Jurassic facies suggests an isotopic biofractionation of at least ~+0.7‰. Both studied 
organisms (the sea urchin and the bivalve) thrive in similar microenvironmental con-
ditions as the  microorganisms of the condensed red facies. Their Fe isotope composi-
tions are the same, as is the range of the probable biofractionation.
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1.  Introduction

We have recently investigated the iron (Fe) isotopic composition of 17 Jurassic 
limestones from the Italian Rosso Ammonitico Veronese (Fig. 1) on a millimeter–
centimeter scale between thinly interstratified red and gray–yellow facies (Préat 
et al., 2008a).

Four localities were investigated for Fe isotope analyses and concerned 
Voltascura, Castelletto, San Sisto, and Forte di Campo Luserna. In the first one 
(Voltascura), the interbedding of gray–yellow and red facies is due to the occurrence 
of neptunian sills filled with different sediments, known as Lumachella a Posidonia 
alpina (white-to-pink thin-shelled bivalve wackestone to grainstone) of Plienbachian–

Figure 1. Stratigraphic framework of the Rosso Ammonitico Veronese (modified from Martire, 1996). 
RAI Rosso Ammonitico Inferiore, RAM Rosso Ammonitico Medio, RAS Rosso Ammonitico Superiore. 
Fe isotopic composition was determined from gray and red matrices of the RAI and grayish yellow and 
red matrices at the contact of the neptunian sills with the RAI (Préat et al., 2008a, b).
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Bajocian age. This long interval is related to subaerial and conspicuous submarine 
erosion before renewal of sedimentation in a pelagic environment with red facies 
(Rosso Ammonitico Inferiore). In the three other localities, the samples came from 
the Rosso Ammonitico Inferiore (lower to upper part in the pseudonodular facies, 
Fig. 1) and the gray–red interlayering occurs on a millimeter–centimeter scale. 
However, one gray–red interlayered sample (sample RAV94 in Préat et al., 2008a, b) 
has been taken from the Rosso Ammonitico Inferiore (1 m from its base). The 
paleoenvironment was hemipelagic to pelagic and characterized by scarcity or 
absence of light, as indicated by the lack of phototrophic algae and corals, scarcity 
of oxygen (variable bioturbation in the red matrices), and a low sedimentation rate 
as indicated by numerous ferruginous hardgrounds. Scanning electron microscopy 
(SEM) observations showed that the red matrices contain numerous fragile micro-
filaments attributed to iron-oxidizing bacteria and fungi (Mamet and Préat, 2003). 
These observations, along with the iron sheaths observed in the outer wall of the 
micrometric filaments suggested a simple mechanism for the accumulation of the Fe 
(oxyhydr)oxides (now hematite) in the samples. The proposed mechanism includes 
the following steps (Préat et al., 1999):

1. Ferric iron mineral precipitation in the exopolymeric substances (EPS) of the 
microorganisms that formed a benthic community at the water–micrite inter-
face or within the sediment.

2. Strong bacterial upward growth in the form of small microtufts of unorien-
tated biofilms around various carbonate particles with further degradation 
supplying the micritic sediment with submicronic iron hydroxides.

3. Progressive burial of the mineral-encrusted microorganisms.
4. Lysis of these microorganisms and EPS degradation liberating further the sub-

micronic iron hydroxides (now hematite) in the matrix.

These red matrices display four different homogeneous fabrics (1) dense micrite,  (2) 
“peloidal” clotted, (3) finely laminar or stromatolitic, and (4) fine microspar. Finally, 
the micrite matrix of the red facies has been influenced by bacterial filaments, which 
have been considered microaerophilic (Préat et al., 2006) i.e., they are gradient bac-
teria with regard to oxygen concentration in neutral pH environments (Fenchel 
and Finlay, 1995; Emerson and Moyer, 1997; Hallberg and Ferris, 2004; Fortin and 
Langley, 2005). In contrast, grayish samples are linked with increasingly coalescent 
structure of anhedral micrite and microsparitic crystals. They consist mainly of 
peloidal packstone recording higher energy levels. Microfossils of iron bacteria and 
fungi have not been observed in these gray samples. The presence of different col-
ored facies in the Jurassic Rosso Ammonitico of Verona is linked with variation in 
oxygenation gradients. Bottom oxygenated conditions favored the spreading of bur-
rowers and prevented the development of iron-oxidizing bacterial biofilms, which 
require a poorly oxygenated environment (Fenchel and Finlay, 1995).

Our previous iron isotope study of this Jurassic unit showed that there is a clear 
iron isotopic difference or “fractionation” on a millimeter–centimeter scale in the red 
facies relative to the gray ones. The red residues, mainly composed of hematite 
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(X-ray diffraction or XRD), displayed d56Fe down to −1.46‰, while Dd56Fe between 
red and gray residues ranged from −1.52‰ to −0.06‰ (median −0.97‰). This dif-
ference is especially intense in the hardground levels where bacteria and fungi lived 
and have accumulated (Préat et al., 2008a). Two hypotheses have been considered to 
explain this light Fe isotopic compositions in the red facies (1) a possible “vital 
effect” related to passively adsorbed iron or precipitated iron, or both, within the 
bacterial EPS (sheaths or extracellular matrix) in the bacterial sheaths or inside fer-
ruginous microstromatolites or (2) an effect of assimilation of a Fe(II)aq source with 
a negative Fe isotopic signature followed by a microbially mediated iron precipita-
tion by oxidation characterized by a positive Fe isotopic signature. In the gray facies, 
the iron isotopic compositions of the residues are quite constant (d56Fe values vary 
from −0.34‰ to +0.23‰) and constitute a “baseline” relative to the Fe isotopic 
values of the red facies. In contrast to the red samples, the gray Fe isotopic data 
match the Fe isotopic signature of the terrestrial baseline established for igneous 
rocks and low-Corg clastic sedimentary rocks (Beard et al., 2003a, b). The Fe isotopic 
compositions of the gray laminations could reflect the detrital input of iron minerals 
in the paleoenvironment, where no redox processes and no iron bacterial occurrences 
have been recorded at the water interface, as the oxygen level was too high.

The preceding study did not conclude on the mechanism responsible for the 
measured iron isotopic compositions. The fact that this fractionation is observed 
on a millimeter–centimeter scale suggests that it occurred in the early marine 
diagenetic iron cycle. The aim of this paper is to shed new light on the possible 
fractionations in abiotic and biotic systems occurring between oxidized and 
reduced phases of Fe in marine sediments. For this purpose, two recent marine 
organisms (the sea urchin Echinocardium cordatum and the bivalve Montacuta 
ferruginosa), which carry iron microbial communities (De Ridder, 1994; Gillan 
and De Ridder, 1997; Gillan, 2003), were investigated to determine the iron iso-
topic composition of the minerals they have produced. Understanding the Fe 
isotope composition of these recent iron-encrusted microbial communities may 
help to decipher fossil counterparts, here the microbial-mediated Fe redox cycling 
in the Jurassic Rosso Ammonitico of Verona.

2.  background and Methodology

2.1.  STRUCTURE OF THE BIOFILM MATS AND THEIR 
MICROENVIRONMENTS

The sea urchin Echinocardium cordatum and its commensal bivalve, Montacuta 
 ferruginosa were sampled in December 2008 at the lower intertidal level on the 
sandy beach of Wimereux (France). The animals were buried in fine-to-medium 
grained sediments at ca. 15 cm depth and above the level of redox potential dis-
continuity (RPD) layer. Nodules and intestinal wall isolated from living E. corda-
tum and entire individuals of M. ferruginosa were kept frozen at −80°C until the 
mineral separation.
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2.1.1.  The Oncoid-Like Nodules in Echinocardium cordatum
Nodules built by bacteria and structured as oncoids occur in the intestinal cecum of 
several species of burrowing sea urchins including E. cordatum (De Ridder, 1994). 
They consist of a centrally located particle (the nucleus), usually hard debris of 
animal or plant origin (shell, fish skeletal piece, algal, or wood fragments), wrapped 
by a bacterial mat where filamentous bacteria predominate (De Ridder et al., 1985) 
(Fig. 2a, b). Anaerobic conditions prevail in the nodules allowing the development 
of fermentative and sulfate-reducing bacteria (Thorsen, 1998). Three main bacterial 
groups occur in the nodule mat, the d-Proteobacteria, the Bacteroidetes, and the 
Firmicutes (Gomes et al., 2006), but large filamentous d-Proteobacteria, belonging 
to the genus Desulfonema, are recurrent members of the nodule microflora (Thorsen 
et al., 2003; Gomes et al., 2006). These gliding bacteria live in the peripheral layer 
of the nodule and play a conspicuous role by structuring the mat. They produce 
an extracellular matrix (EPS) that persists after the bacterial lysis. This results in 
downward accumulation of EPS and in the formation of concentric EPS layers 
around the nucleus (Fig. 2b, d). Mature (old) nodules usually reach 0.5 cm in diam-
eter, the mat thickness and the nucleus width determining the nodule size. Soluble 
reduced iron (Fe2+aq, originating from porewater in the ingested sediment) appears 
to be immobilized by the negatively charged EPS, similar to the process described 
for iron–manganese nodules (Libes, 1992). In the sea urchin nodules, the adsorbed 
cations could react with sulfide produced by sulfate-reducing bacteria to form iron 
sulfide (FeS) as noticed by Thorsen (1998). Iron sulfide supposedly accumulates in 
the nodule inner layers being “trapped” in the extracellular polymers (De Ridder 
and Brigmon, 2003). Occasionally, the inner layer of the nodules present a rusty 
color suggesting that iron can be oxidized owing to the sporadic presence of oxygen 
in the close vicinity of the nodule (De Ridder and Brigmon, 2003).

2.1.2.  Iron Granules in the Intestinal Wall of Echinocardium cordatum
The connective tissue layer of the intestine of E. cordatum and of Brissopsis  lyrifera 
(and of several other related spatangoid species) contains ferric iron granules 
(Fig. 2e) (Buchanan et al., 1980; De Ridder and Jangoux, 1993). These spherical 
granules consist of insoluble ferric phosphate giving the intestinal wall a typical 
yellowish-to-orange color (Buchanan et al., 1980). Their number and size increase 
across the digestive wall (from the digestive epithelium toward the mesothelium) 
(Fig. 2e). Their diameter ranges from 0.1 to 1.0 mm in B. lyrifera (Buchanan et al., 
1980) and from 30 to 350 nm in E. cordatum (De Ridder and Jangoux, 1993). They 
also accumulate with the age of the individuals, accounting up to 30% of the dry 
weight of the intestinal wall for B. lyrifera (Buchanan et al., 1980). Because  bacteria 
are totally lacking in the digestive wall of the echinoid, they cannot be involved 
in oxidation processes that occur in the connective tissue layer (Buchanan et al., 
1980; De Ridder and Jangoux, 1993). Soluble iron (Fe2+) originating from the anoxic 
intestinal lumen presumably circulates (via diffusion or water movements) across 
the digestive wall. On the way, it precipitates into insoluble oxides in the connec-
tive tissue layer where it meets oxygen, i.e., where it is brought closer to the well-
oxygenated coelomic cavity (Buchanan et al., 1980; De Ridder and Jangoux, 1993). 
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Figure 2. (a) Section through a bacterial nodule (optical microscopy). (b–d) Bacterial mat (SEM): (b) 
detail of the inner layer showing released EPS, (c) detail of filamentous bacteria in the nodule outer 
layer, (d) section in the outer and inner layer of a nodule, showing the progressive accumulation of 
EPS in the inner layer. (e) Section in the intestinal wall showing iron granules in the connective tissue 
(TEM). b basal lamina of the digestive epithelium, bmi inner layer of the bacterial mat (EPS), bmo 
outer layer of the bacterial mat (living filamentous bacteria), c connective tissue layer, fe ferric iron 
granules, leu leukocyte in the connective tissue layer, n nucleus of the nodule (vegetal fragment).
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This is supported by the occurrence of an oxygen gradient across the digestive wall 
demonstrated by Thorsen (1998).

2.1.3.  The Iron-Encrusted Microbial Community of Montacuta ferruginosa
M. ferruginosa is a marine bivalve that lives in the burrow of the echinoid 
E.  cordatum (Gage, 1966). The shell of the bivalve is covered by an iron-encrusted 
biofilm (Fig. 3). Under the SEM, the biofilm of M. ferruginosa appears as a struc-
tured microbial mat with three separate layers (Gillan and De Ridder, 1995, 1997; 
Gillan et al., 1998). The inner layer is relatively thick (about 50 mm) and made of 
densely packed mineral granules that adhere to the shell. Remains of filamentous 
bacteria (ferric iron-encrusted empty sheaths and extracellular material) are occa-
sionally found in this layer. The intermediary layer is relatively thin (up to 10 mm) 
and consists of various types of ferric iron-encrusted microorganisms. The outer 
layer consists of living microorganisms that are similar to those of the intermedi-
ary layer. The filamentous bacteria are particularly abundant, they extend up to 
3 mm away from the bivalve. Filamentous bacteria related to Beggiatoaceae are 
predominant in all parts of the biofilm (Gillan and De Ridder, 1997). The genesis 
of this mineral-microbial mat could be partly explained by a three-step process 
(1) ferric iron deposition within microbial EPS in the outer layer; (2) release and 
accumulation of heavily ferric iron-encrusted EPS after lysis of the bacteria in the 
intermediary layer; (3) degradation of EPS and accumulation of ferric iron minerals 
in the inner layer.

XRD and energy-dispersive X-ray (EDAX) analyses have indicated that the 
mineral forming in the biofilm is amorphous and rich in iron, phosphorus, and 
calcium with traces of silicon and magnesium (Gillan and De Ridder, 1995, 1997). 
The mineral forms granules whose diameter ranges from 0.05 to 1 mm in the col-
loidal range. Infrared absorption spectra of the mineral were obtained by applying 
the KBr disk method. Phosphate absorption bands due to P–O stretching vibra-
tions were observed at 1,100 and 1,020 cm−1 (Gillan and De Ridder, 2001). This 
result, as well as the similarity of spectra with other well-known (bio)minerals, 
suggests that the mineral is an amorphous iron oxyhydroxide gel with phosphate 

Figure 3. Left: General view of Montacuta ferruginosa; binocular, scale bar 1 mm. Right: Filamentous 
bacteria encrusted with ferric iron minerals in the biofilm of Montacuta ferruginosa; differential inter-
ference contrast, scale bar 20 mm.
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sorbed on its surface rather than a pure ferric phosphate. Iron oxyhydroxide gels 
are minerals that may form abiotically in seawater (Byrne and Kester, 1976). 
However, transmission electron microscopy observations have suggested that the 
mineral is not the result of a simple microbial bioaccumulation but the result of 
an in situ microbial biomineralization process taking place in the EPS.

Two microbial iron precipitation pathways are possible in the biofilm, namely 
microbial iron oxidation and microbial degradation of organic Fe(III) complexes 
(Gillan et al., 2000). The iron-oxidizing activity was assayed spectrophotometrically 
following the formation of the dye Wurster blue in biofilm extracts. An iron-oxidiz-
ing activity was effectively detected in extracts obtained by oxalic acid treatment of 
biofilm fragments. On the contrary, extracts obtained without oxalic acid treatment, 
heated extracts, or extracts supplemented with HgCl2 did not show any activity. This 
suggests that an iron-oxidizing factor (IOF), possibly an enzyme, was coprecipitated 
with the iron mineral (oxalic acid dissolves iron precipitates). Additional informa-
tion gathered using sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), gel filtration chromatography, and ultraviolet (UV) spectrophotom-
etry indicate that the IOF would be a small peptide or glycopeptide (MW 1,350 Da). 
Microbial degradation of organic Fe(III) complexes was assayed with living biofilm 
fragments incubated in a media containing ferric citrate (1 mM). Analysis of the 
supernatants at various intervals of time using atomic absorption spectrometry 
revealed that the iron complex was degraded by living microorganisms much faster 
than in the heat-killed negative controls. We conclude that ferric iron precipitation 
in the biofilm, in addition to other processes, may proceed via microbial Fe(II) oxi-
dation as well as microbial degradation of organic Fe(III) complexes.

2.2.  GEOLOGICAL SETTING OF LIMESTONES

The Rosso Ammonitico Veronese (Middle-Upper Jurassic) is a thin lithostrati-
graphic unit, consisting of red, mostly nodular, pelagic limestones deposited on 
a current-swept structural high, in the Southern Alps (Clari and Martire, 1996). 
Sedimentation rates were very low, and omission surfaces and mineralized hard-
grounds were common. Facies are varied and show evidence of early lithification 
near the sediment/water interface (Jenkyns, 1974; Massari, 1981; Clari et al., 1984; 
Clari and Martire, 1996; Martire, 1996; Préat et al., 2006). Many microfacies are 
similar to those observed in other Paleozoic and Mesozoic red carbonates, with an 
abundance of hematite bioconstructions (Mamet and Préat, 2006). We have shown 
that the origin of the pigmentation is similar in all the studied cases and due to the 
activity of iron-oxidizing bacteria. The dispersion of the omnipresent hematite in 
the matrix causes the pigmentation grading from pink to deep red. Among the 
eight major recognized hematite concentration types in nearly all the studied cases 
(Mamet and Préat, 2006; Préat et al., 2008b), various types of stromatolites are 
observed and consist of microstromatolites, crenulated stromatolites, endolithic 
stromatolites, and oncolites (Martire, 1996; Clari and Martire, 1996).
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Nevertheless, two notable differences are observed in the Ammonitico Rosso 
Veronese: the presence of manganese and the existence of in situ bacterial–fungal 
mats in the matrix. These microbial mats can represent up to 20% of the sediment 
(Mamet and Préat, 2003) (Fig. 4).

Their excellent preservation (absence of packing or crushing) is due to the 
slow sedimentation rate of the pelagic sediments or of the hardgrounds. The para-
genesis of the carbonates of the Jurassic Ammonitico Rosso Veronese shows the 
following sequence (Préat et al., 2006) (1) early stage of submicronic deposition 
with picoeucaryotes, nanodebris, and iron bacteria; (2) first matrix recrystallization 
with formation of  neomicrite sensu Loreau (1972); (3) microsparitization;  
(4) residual pores progressively filled by three types of calcite cements, nonlumines-
cent, luminescent, and dull; and (5) fractures filled by luminescent cement. At a 
larger scale, diagenetic conditions changed from oxidizing (sea floor) to weakly 
reducing (very shallow burial) and to more intensively reducing (deeper burial) 
conditions (Martire, personal communication).

In the studied cases, including the Ammonitico Rosso Veronese, red pigmen-
tation was not related to alteration or contamination (Mamet and Préat, 2006). 
Iron bacteria were present between the initial micritic components (coccoliths and 
others) and the latter recrystallized neomicrite. Bacteria thrived in open marine 
water near the sediment/water interface. There is no evidence for a relation with 
warmer mineralized fluids. Under cathodoluminescence, all the cements are dull 
marine suggesting that during sedimentation slightly reducing conditions prevailed 
and that no meteoric cementation occurred. Iron bacteria colonized dysoxic–
anoxic interfaces that produced various microaerophilic environments. The limit-
ing factor was the oxygen content, which is always low in these very quiet and 
relatively deep environments. This oxygen probably presented steep gradients over 
short distances (Fenchel and Finlay, 1995; Little et al., 1997; Munn, 2004). The 
studies by Gillan and De Ridder (1995, 1997) on recent sediments highlight the 
importance of steep dysoxic–anoxic gradients on a millimeter–centimeter scale, 

Figure 4. SEM photomicrographs from the Castelletto section (Lower Rosso Ammonitico, sample 
RAV135 in Préat et al., 2006) showing presumed iron oxidizing bacteria filaments on submicronic to 
micronic micrite. They appear not to be fungi, because they are much smaller than typical fungi, or 
cyanobacteria, because they are coated by iron. They can constitute up to 20% of the micrite matrix.
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indicating that when these interfaces are available, they are quickly colonized by 
iron bacteria. This is particularly the case in the Castelletto, San Sisto, and Forte 
di Campo Luserna sections where no stratigraphic gap is present. In Voltascura, 
the color interlayering is not due to true interstratification (except for sample 
RAV94) since a large stratigraphic gap is present (Martire, 1996), but the red facies 
were also dysoxic as they contain iron bacteria.

2.3.  IRON ISOTOPE ANALySIS

Analytical procedures have been described elsewhere in more detail (Préat et al., 
2008a; De Jong et al., 2007, 2008), but will be briefly repeated here.

Reagents. We used 14M HNO3 24M HF and 6M HCl acids purified by 
subboiling distillation in Teflon stills, as well as Merck Suprapur 30% H2O2.and 
ultrahigh purity water (UHP) (18.2 MΩ grade). Thoroughly acid cleaned 
Savillex® beakers (Savillex, Minnetonka, MN, USA) were used throughout.

Biological sample treatment samples. Five deep frozen M. ferruginosa 
bivalves were thawed in filtered seawater. The animals were removed and the 
shells with biofilm (weighing approximately 15 mg each) were put in Savillex 
beakers, dried and weighed. Deep frozen intestinal nodules (weighing 4.4 and 
8.7 mg) as well as one intestinal wall (40 mg) of the sea urchin E. cordatum were 
thawed for careful rinsing with filtered seawater to remove sediment particles. The 
tissue was put in Savillex beakers, dried, and weighed.

Limestones sample treatment. Powdered subsamples were extracted by 
means of a small hand drill (Proxxon Micromot, Germany) with a titanium drill 
head. Approximately 25 mg of powder was collected into a Savillex beaker.

Leaching procedure limestones. A weak HCl leaching treatment was applied 
to dissolve the carbonate phase and to isolate the Fe-bearing mineral phases.

Total dissolution: Biological samples, as well as the limestone leachates and 
residues were digested in a mixture of 14M HNO3, 30% H2O2, and 24M HF in 
closed Savillex beakers on a hot plate at ~125°C over a period of 24 h, and dried 
down at 100°C. The efficiency of the acid-digestion method was verified by 
Isotope Dilution MC-ICP-MS, using the reference material IAEA-392 (Algae, 
International Atomic Energy Agency). We found 505 ± 2 mg g−1 (n = 2), in excel-
lent agreement with the certified value (497 ± 13 mg g−1).

Iron separation and purification. Fe fractions were isolated from the sample 
matrix by a one-step anion-exchange chromatographic separation following the 
procedure by Maréchal et al. (1999) using BioRad AG-MP-1 resin. Coeluted 
organics from sample or resin may cause matrix effects (Shiel et al., 2009). 
Therefore, the samples were digested by refluxing the residue with concentrated 
HNO3. To verify quantitative yield of the chromatographic separation, hence 
absence of isotopic artifacts, concentration data were obtained on sample splits 
before and after separation. An alkalic ocean island basalt Kerguelen LVLK-132 
was recovered at 95.8 ± 2.6% (n = 3). Three different Rosso Ammonitico  limestones 
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(RAV100, 102 and 160: both red and gray facies) yielded 97.7 ± 4.1% (n = 6). 
RAV102G and the reference material IAEA-392 (Algae) were measured with 
Isotope Dilution MC-ICP-MS and yielded 99.8% and 99.5% recoveries, respec-
tively. Total procedural blanks were typically <10 ng Fe.

Mass spectrometry. Isotopic measurements were performed on a Nu Plasma 
MC-ICP-MS (Nu Instruments). For the limestones, a combination of standard 
sample bracketing and elemental doping (Cu) was applied, with the instrument 
operated at low resolution(~300 M/∆M) (De Jong et al., 2007). To minimize inter-
fering argide formation, a Cetac Aridus desolvating sample introduction system 
was used. All measurement solutions (400 ppb Fe) were made up in 0.05 M 
HNO3. Internal precisions (1SE) are typically on the order of ±0.03‰ on d56Fe 
and ±0.04‰ on d57Fe.

The biological samples were analyzed in static mode without elemental dop-
ing. A Nu Instruments DSN-100 desolvating sample introduction system was 
used. The mass spectrometer was upgraded with an E2M80 high capacity primary 
pump and high sensitivity “B” cones, and operated in pseudo-high resolution 
(~1,500 M/∆M), with high voltage lens “5” set at 0 V to improve the edge resolu-
tion power (resolution of leading edge at 5% and 95% peak height) (Abraham 
et al., 2008). All analytical solutions contained 2 ppm Fe. Internal precisions (1SE) 
are typically on the order of ±0.02‰ on d56Fe and ±0.03‰ on d57Fe.

Isotopic data are reported here in delta notation (‰) for ratios 56/54 and 
57/54, relative to the international iron standard IRMM-014 (Taylor et al., 1992). 
Regularly measured as quality control samples are: IRMM-014, basalt LVLK-132, 
an in-house atomic absorption Fe standard (“Merck”), and hematite and iron 
chloride (“Fe salt”) in-house standards obtained from the Swiss Federal Institute 
of Technology (ETH, Zürich). Results on accuracy and reproducibility of the Nu 
Plasma are listed in Table 1. IRMM-014 yielded a d56Fe of 0 within error for both 
low- and high-resolution measurements. The basalt LVLK-132 values agree well 

table 1. Accuracy and reproducibility.

Mode d56Fe (‰) sD d57Fe (‰) sD n

IRMM-014 LR 0.00 0.08 0.01 0.10 189
IRMM-014 HR −0.02 0.05 −0.01 0.08 22
Kerguelen basalt LVLK-132 LR 0.14 0.07 0.21 0.11 31
Merck std LR 0.40 0.11 0.60 0.14 71
ETH hematite LR 0.55 0.05 0.82 0.08 13
ETH hematite HR 0.53 0.05 0.80 0.09 4
ETH “Fe salt” LR −0.74 0.09 −1.08 0.13 7
ETH “Fe salt” HR −0.71 0.06 −1.01 0.08 11
Avg. terrestrial igneous rocka 0.09 0.05 0.11 0.07 54
ETH hematite, “certified”b 0.55 0.04 0.82 0.05 >500
ETH “Fe salt,” “certified”c −0.73 0.05 −1.07 0.08 >400
a Data from Beard et al. (2003a)
b Average value compiled from literature (see text for references)
c J. Wiederhold personal communication
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with the terrestrial igneous rock average (Beard et al., 2003a). The Fe isotopic 
compositions of the ETH hematite and “Fe salt” in-house standards are for both 
the low- and high-resolution analyses in good agreement with reported values 
from expert laboratories equipped with various types of MC-ICP-MS instruments 
(Fehr et al., 2008; Dideriksen et al., 2006; Teutsch et al., 2005; Poitrasson and 
Freydier, 2005; Williams et al., 2004).

3.  Results

Fe isotopic compositions (d56Fe) from Fetot solid phase (amorphous minerals) 
trapped in the microbial mats of E. cordatum and M. ferruginosa are negative and 
range between −1.78‰ and −0.74‰. Solid phase Fetot concentrations range from 
10.10% to 0.75% as determined by isotope dilution (Table 2). The d56Fe isoto-
pic compositions of the amorphous minerals related to the bacterial mats associ-
ated with the sea urchin and the bivalves are similar to the compositions of the 
Fe-oxide (hematite) of the red facies in the Rosso Ammonitico of Verona (median 
−0.84‰, range: −1.46 to + 0.26‰) (Préat et al., 2008a). As for the results of the 
Rosso Ammonitico, the observed Fe fractionations are not correlated with the 
total iron concentrations in the analyzed fractions.

4.  Discussion

4.1.  ORIGIN OF THE IRON

Different pathways have been proposed to explain the origin of the iron respon-
sible for the red pigmentation of various red limestones including (1) a telogenetic 
 alteration (Miller and Folk, 1955; Walker et al., 1967); (2) a detrital input (Krynine, 

table 2. Iron isotopic composition of iron-encrusted biofilms of M. ferruginosa (samples 
M1–M5) and iron-encrusted nodules and intestinal wall of E. cordatum (samples E1, E2, 
E3). First column gives the iron content (%) of the samples. Sample description in text. 
See Préat et al. (2008a, b) for comparison with iron isotopic composition of Rosso 
Ammonitico Veronese samples.

% Fe

d56Fe (‰) d57Fe (‰)

Avg sD Avg sD n

Bivalve M1 1.61 −0.84 0.04 −1.25 0.07 2
Bivalve M2 0.80 −0.74 0.01 −1.08 0.00 2
Bivalve M3 0.78 −1.66 0.04 −2.44 0.03 3
Bivalve M4 1.72 −1.14 0.04 −1.71 0.04 3
Bivalve M5 0.75 −1.15 0.01 −1.64 0.00 2
E1 nodule 2.73 −1.06 0.01 −1.54 0.01 2
E2 nodule 2.72 −0.76 0.06 −1.08 0.09 2
E3 wall 10.10 −1.78 0.02 −2.64 0.01 2
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1949, 1950; van Houten, 1961, 1973); and (3) the activities of iron bacteria (Boulvain 
et al., 2001; Préat et al., 2006; Préat et al., 2008b). The reader will find a detailed 
discussion of this problem in Préat et al. (2008a), who concluded that regardless 
of the Fe content, one can reasonably attribute the primary origin of the hematite 
iron of the Rosso Ammonitico to incorporation of exchangeable iron from the clay 
fraction as suggested by Hofstetter et al. (2003) and Bensing et al. (2005). Hofstetter 
et al. (2003) documented the ability of clay minerals to transport iron as Fe2+, bound 
by ion exchange, which is not readily released and made available for oxidation. 
Bensing et al. (2005) investigated the Permian Abo Formation in New Mexico and 
concluded that the detrital iron-bearing clay-size material is the primary source of 
iron in the studied Formation, and not the iron-bearing sand and silt grains, which 
are typically considered to be the principal source of iron for hematite precipitation 
in the red beds. These authors considered also the possibility of colonization of the 
microporous network in the clay fraction by microbes (because of the greater con-
tent in microbes and greater reactive surface of the clay) that caused the release of 
iron trapped in the clays.

Detailed understanding of the pathways by which biological processing of 
Fe occurs has been reviewed by Johnson et al. (2004) and include (1) lithotrophic 
or phototrophic metabolism; (2) dissimilatory Fe(III) reduction and (3) assimila-
tory Fe metabolism. Bacteria may cycle Fe through valence changes in various 
situations. For example, anoxygenic photosynthetic bacteria or chemolithotrophic 
microbes could derive energy from Fe(II) oxidation (Staubwasser et al., 2006). 
High pore fluids Fe(II)aq contents have been reported by Severmann et al. (2006) 
in eastern boundary of the North Pacific from California near Monterey Bay at 
a water depth of 450 m or more where bottom water oxygen is very low (±10 mM 
O2, Zengh et al., 2000).

4.2.  IRON ISOTOPIC COMPOSITION

4.2.1.  Marine Porewaters and Recent Organisms
Marine pore fluids and sedimentary solid phases displayed negative d56Fe along 
two sediment profiles at the California continental margin (Severmann et al., 2006). 
Light Fe isotope compositions of Fe(II)aq in porewaters (minima of −3.0‰ and 
−1.8‰ for each of the profiles) were observed by these authors near the sediment 
surface, which increases to heavier values with burial depth. These negative values 
are the result of various diagenetic pathways that include significant dissimilatory 
iron reduction, bacterial sulfate reduction and in some cases production of sul-
fide (FeS and pyrite). Analysis of porewaters allowed these authors to assess the 
Fe isotope composition of the benthic Fe flux in a classical shelf  setting. Our Fe 
isotope compositions of the modern organisms (E. cordatum and M. ferruginosa) 
provide therefore important constraints on the mechanisms involved in producing 
Fe isotope variation in the formation of induced biominerals through the activity 
of microbial communities (iron bacteria). Moreover, Fantle and DePaolo (2004) 
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and Staubwasser et al. (2006) demonstrated that marine porewater Feaq has a low 
d56Fe value complementary to the heavier residual reactive Fe(III) that remains 
in the sediment column. This is particularly true for anoxic and low-oxygen sedi-
ments on some shelf  and continental slopes at present day.

Our sample “E3 Wall” is of particular importance in determining the pris-
tine iron isotope composition in the marine porewaters of the studied site. This 
sample that has no relation with the bacteria corresponds to the chemical oxida-
tion of Fe(II)aq into ferric iron granules. The conditions inside the digestive tube 
are anoxic allowing intratissue migration of dissolved Fe(II)aq and its subsequent 
oxidation when reaching oxygenated area within the intestinal wall (Buchanan 
et al., 1980). The d56Fe value of −1.78‰ (sample E3 Wall) can thus be considered 
as reflecting the d56Fe(II)aq from porewaters in the ingested sediment. The Fe iso-
tope composition of the granule is probably very close to the original Fe(II)aq 
since the oxidation process occurred very fast and may not introduce an addi-
tional fractionation. Our observed d56Fe value is in good agreement with those 
expected at circumneutral pH of most low-temperature aqueous systems for Fe2+ 
(Johnson et al., 2008). Since E. cordatum did not experience burial (at a geological 
scale) no negative isotope composition imprint has been added to the iron.

Ferrous iron (FeS?), in the nodules of E. cordatum (Thorsen, 1998), and ferric 
iron, in the epibiotic mat on M. ferruginosa (Gillan, 2003), present similar isotope 
compositions ranging from −0.74‰ to −1.66‰. In both cases, iron seemingly 
accumulates more specifically in EPS produced by filamentous bacteria. In both 
cases too, iron seemingly presents alternating stages of oxidation (Fe2+/Fe3+) owing 
to punctual variations in the surrounding conditions. The nodules usually consti-
tute an anoxic environment where iron occurs in a reduced form (Thorsen, 1998); 
sometimes however, iron is oxidized presumably in the sporadic presence of oxy-
gen (De Ridder and Brigmon, 2003). Oxygen is usually present in the surrounding 
of M. ferruginosa, and ferric iron occurs in its epibiotic bacterial mat; anoxic con-
ditions may, however, occasionally have induced reduction (Gage, 1966; Gillan and 
De Ridder, 1997). The minerals observed in the studied recent organisms have of 
course been formed during the early marine diagenesis and their iron isotope com-
positions are related to the redox changes of mobilized Fe(II) aq. As demonstrated 
by our results, the produced isotope variations are considerable, up to ~ +1‰ 
(sample M2) relative to the pristine E3 value and around 0.6‰ (samples M4 
and M5) or less (samples M3). Fractionation of this size and direction can be 
attributed to several factors such as microbial assimilation (Wasylenki et al., 2007; 
Schoemann et al., 2008), adsorption to microorganisms (Brantley et al., 2001, 2004), 
adsorption to Fe(hydr)oxides (Teutsch et al., 2005; Crosby et al., 2005; Icopini 
et al., 2004). These data suggest that our reported Fe-isotope values could be 
regarded as a direct or indirect “biosignature,” which produced the isotopic frac-
tionation in the minerals formed through metabolic processes related to the micro-
bial activity observed in E. cordatum and M. ferruginosa. However, we have to 
remain cautious since similar Fe isotopic fractionations may be produced by abio-
logical processes (review in Beard et al., 2003a), but Fe isotope composition of 

666



POSSIBLE FE ISOTOPE FRACTIONATION DURING MICROBIOLOGICAL 

sample E3, which has not been altered by bacterial activities, supports that the 
other measured Fe isotopes have been modified by the iron bacteria, since at this 
local scale the origin of the iron is the same.

4.2.2.  Implications for the Jurassic Rosso Ammonitico
The Rosso Ammonitico Veronese “red” samples show Fe isotopic values ranging 
between −1.52‰ and –0.06‰ (Préat et al., 2008a). These values (median –0.84‰) 
are in the same range as reported here for the recent organisms. There are also 
other important similarities between the Jurassic and the recent materials, the 
most important being the activity of iron bacteria at the dysoxic–anoxic sediment/ 
water interfaces. In both cases, iron bacteria thrived in the superficial part of 
unconsolidated sediment in microaerophilic environments with steep oxygen  
gradient over short distances. These microenvironments have no paleogeographic 
or depth connotation, the main point being the presence of dysoxic–anoxic inter-
faces on millimeter to centimeter scales (Mamet and Préat, 2006; Gillan et al., 
2000). The Fe isotopic values of the Jurassic unit is also very similar to those 
reported on Fe oxyhydroxides in shallow sediment profiles from reducing and 
oxic environments in the Arabian Sea margin ranging from −0.77‰ to −0.19‰ 
(Staubwasser et al., 2006).

We have shown that an iron isotope fractionation of the “red” samples of the 
Rosso Ammonitico Veronese could be deduced when the values are compared on 
a millimeter–centimeter scale to the iron isotopic values of the associated “gray” 
samples in Castelletto, San Sisto, and Forte di Campo Luserna sections (Préat 
et al., 2008a). A similar isotope fractionation has been reported in the Voltascura 
section between the gray–yellow limestones of the shallow platform and the over-
lying red Rosso Ammonitico. Despite that about 20 My separate both facies, an 
iron isotope fractionation has been established, which is of the same type as those 
of the preceding sections and as sample RAV94 belonging to the lower part of the 
Rosso Ammonitico Inferiore. As mentioned earlier, clear evidence of iron bacteria 
fossils has been observed in the red matrix (Fig. 4), whereas the gray matrix is 
characterized by the absence of iron bacteria fossils. In gray facies, the Fe isotopic 
compositions of the residues are quite constant (d56Fe values vary from −0.34‰ to 
0.23‰) and constitute a “baseline” relative to the Fe isotopic values of the red 
facies. The gray data match the Fe isotopic signature of the terrestrial baseline 
established for igneous rocks and low-Corg clastic sedimentary rocks (Beard et al., 
2003a, b). The Fe isotopic compositions of the gray laminations could reflect the 
detrital input of iron minerals in the paleoenvironments where no redox processes 
and no iron bacterial occurrences have been recorded at the water interface, as the 
oxygen level was too high (Préat et al., 2008a), as was the case, for example, in the 
gray facies of the shallow platform. Upon introduction into seawater, iron reacts 
with oxygen and is converted into insoluble oxides (Libes, 1992).

One way to explain the observed differences of the Fe isotopic compositions 
of the red and gray samples is to consider the early marine diagenetic iron cycle as 
recently studied by Staubwasser et al. (2006). Within the sequence of early marine 
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diagenetic redox reactions, Fe oxyhydroxides may be reduced in the sediment 
column along two competing pathways (1) microbial reduction or dissimilatory Fe 
reduction and (2) abiotic reduction by dissolved sulfide. Following these authors, 
when Fe is diagenetically recycled between reducing sediments at depth and an 
oxic top layer, the process may result in the accumulation of light Fe in top layer 
while the complementary heavier residual is buried. Fe diffusing from the seafloor 
back into the ocean should reflect the low d56Fe diagenetic source of dissolved Fe. 
Another consequence of this recycling is that d56Fe of the leached reactive Fe is 
considerably lighter than that of the bulk sediment (Staubwasser et al., 2006).

The gray matrix in the Ammonitico Rosso Veronese (d56Fe near 0‰) could 
be regarded as an analog of bulk sediment and the EPS of the Jurassic iron bac-
teria could be the analog of the “oxic top layer” on the Recent Arabian Sea margin. 
Chemolithotrophic Fe oxidation by microbes may have affected Fe isotope frac-
tionation during oxidation of porewater Fe(II)aq. This process is therefore sug-
gested for the red samples of the Ammonitico Rosso Veronese and the biofilm of 
Montacuta ferruginosa, where ferric oxyhydroxides and ferric phosphates were 
formed. The precise processes involved in these Fe isotope fractionations have to 
be investigated by new analyses. It is well established that the largest fractiona-
tions in biotic and abiotic systems occur between oxidized and reduced phases of 
Fe, where ferric Fe species tend to have the highest d56Fe values (see Severmann 
et al., 2006 and references therein). Canfield et al. (1993) estimated that individual 
Fe atoms may undergo hundreds of oxidation–reduction cycles before ultimate 
burial. Equilibrium fractionation by kinetic effects during mineral precipitation 
also plays an important role in the process, slow microbial oxidation of Fe(II) that 
might constitute a biosignature could effectively be overprinted by relatively rapid 
isotopic equilibration between Fe(II)aq and Fe(III)aq pools (Balci et al., 2006).

5.  Conclusions

Despite our somewhat limited number of observations on modern living organ-
isms, this paper offers the preliminary results of a fascinating geomicrobiological 
investigation of modern biological and ancient geological samples. The following 
conclusions are proposed on the basis of consistent ecological (biology) and sedi-
mentological observations (geology), and on Fe isotopic analyses of amorphous 
minerals present in E. cordatum and M. ferruginosa, and iron minerals associated 
with the red and gray laminar limestones from the Mid-Jurassic of the Trento 
Plateau (Lower Rosso Ammonitico Veronese).

The Fe isotopic compositions of the gray facies display values in a narrow 
range in d56Fe (around 0‰) and reflect the conservative behavior of Fe during 
weathering under oxygenated surface conditions (Fig. 5a) (Beard and Johnson, 
2004). All other Fe isotope compositions are negative and display significant Fe 
isotope variations. This is particularly the case for the red facies of the Rosso 
Ammonitico and it seems also the case for the studied recent marine organisms. 
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These results are preliminary and need support from future additional analyses. 
The pristine and the lightest d56Fe (Fig. 5 Gr) is associated with the iron granules 
in the intestinal wall of E. cordatum, which were probably related to the chemical 
oxidation of Fe(II) into Fe(III) without the activity of iron microbial communities. 
This lightest Fe isotopic composition could have resulted of former fractionation in 
the interstitial fluids present in the porewaters of the silty quartzoze (Fig. 5b) sedi-
ment through dissimilatory Fe(III) reduction or other processes as those invoked by 
Severmann et al. (2006) in the marine porewaters along the California Coast.

Ferrous iron in the nodules of E. cordatum, ferric iron in the amorphous 
minerals of M. ferruginosa and in the hematite of the red facies of the Rosso 
Ammonitico Veronese show an iron isotopic fractionation (at least up to +1‰, 
Fig. 5c) on a local scale (in the same burrow for the recent organisms and on a 
millimeter–centimeter scale in the red facies relative to the gray ones) through the 
activity of iron bacteria. In these cases, iron accumulated passively more specifi-
cally in the EPS produced by the filamentous bacteria. Alternating stages of 
oxidation Fe(II)/Fe(III) occurred near the sediment/water interfaces as a conse-
quence of microenvironmental changes in the marine porewaters. The resulting 
Fe isotope fractionation is more pronounced in the Jurassic red facies with values 
lighter than −0.7‰ observed in the hardground levels and in the more condensed 
facies where bacteria and fungi lived and have accumulated (Préat et al., 2008a) 
and less pronounced (between 0% and −0.20%) in the red burrowed facies. The 
oxygen content is probably one of the main controlling factors (Fenchel and 
Finlay, 1995). Both modern organisms (the sea urchin and the bivalve) studied 

Figure 5. Abbreviations: G gray facies, Rosso Ammonitico; R red facies, Rosso Ammonitico with 1 for 
burrowed sediments and 2 for hardgrounds and condensed levels; M M. ferruginosa, N and Gr nodules 
and granules of  E. cordatum; Fe(II)aq reduced iron in the porewaters. The Fe isotopic composition 
values are from the iron in the associated minerals; (a), (b) and (c) see text for explanation.

669



ALAIN R. PRÉAT ET AL.

here thrive in similar microenvironmental conditions as those of the condensed 
red facies. Their Fe isotope compositions are the same, as is the range of the prob-
able fractionation.

This contribution highlights the role of the EPS in the microbial biofilms. 
They potentially may provoke a biosignature through the Fe isotope composition 
of the minerals they induce. This is of particular importance in studying micro-
bial communities and stromatolites in the geologic record. Our study also shows 
that the iron communities have no paleogeographic and depth significances: the 
intertidal sandy beach (E. cordatum and M. ferruginosa) and the hemipelagic 
carbonate (Rosso Ammonitico) environments display a similar Fe isotopic cycling 
during early diagenesis despite completely opposite contexts (different lithologies, 
different depths). We believe the key is EPS.
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According to fossil records stromatolites are known to have existed since 3.5 
billion years ago. They are considered a product of  the interaction of  life 
(microorganisms) with the sediments. The use of  stromatolites for stratigraphic 
purposes indicates their complexity in column forms and time-controlled varia-
tion in morphology. Such results are in contrast to the theory of  the low-level 
integrity of  the cyanobacterial community as an individual microorganic settle-
ment. In some cases microorganic settlements cannot be distinguished by their 
stability and succession to total morphological characters over whole geological 
periods.

The main reason for the nature of stromatolite morphology may be 
explained by their ability to form a community, both in the presence and absence 
of mineral deposits. So the main objectives of our investigation are (1) experimen-
tal study of the formative reactions in recent microbial communities of filamen-
tous cyanobacteria; (2) the detection of the integrity level of the community and; 
(3) the comparison of recent microbial community features with those of fossil 
stromatolites.

The pioneer workers on stromatolites have considered mainly two factors: 
stromatolite formation as a result of  colony formation and as a microbial 
buildup. It means that stromatolite formation is the interaction of  mineral 
matter with microbial fibers assembled in the colony. On the other hand, mor-
phological features of  stromatolites are described as genus and species on the 
basis of  the coordinated activity of  fibers and secondary presence of  heredity 
coordination. The previously known concepts of  stromatolite investigations 
do not answer the main question – What are the factors responsible for the 
nature of  existence of  definite forms of  stromatolites and their morphological 
stability in time?
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The authors have attempted to explain this problem by comparing the data for 
stratigraphic distribution of stromatolites in geological sections and laboratory 
observations on the behavior of filamentous cyanobacteria and their communities.

Stromatolite investigation dates back to more than 150 years (Fig. 1). 
Earlier, stromatolites were considered a nonorganic species. Since the organic 
nature of these fossils was recognized, the attribute of sponges, corals, and stro-
matoporoids as skeletons of the multicellular eukaryotes or integrated organisms 
has been recognized. Walcott (1914) described the chains of  spherical cells in 
layers of fossil stromatolites and compared them with filamentous blue-green 
algae. The main conclusions of Walcott’s research established the blue-green algal 
nature of stromatolites. This point of view is confirmed by modern investigations 
of the presence of blue-green algae in modern stromatolites on Bahamas bank 
(Black, 1933).

In the early twentieth century, there was some attempt to use stromatolites 
for stratigraphy (Dingelshtedt, 1935). The complexes of stromatolites were estab-
lished for identification of the biostratigraphical zonation. Stromatolites were 
also found useful for interregional and intercontinental correlations (Korolyuk, 
1956; Krylov, 1963; Keller, 1966; Semikhatov, 1962; Komar, 1966; Semikhatov 
and Raaben, 2000). Therefore, the distribution of stromatolites in the Precambrian 
played the same role as skeletal organisms (fossils) in the Phanerozoic period.

Stromatolites are considered a tool for biostratigraphic reconstructions; 
therefore, hierarchy in structure, morphological changes within a single section, 
mutual correlation, adaptive nature, and irreversible time-change should occur. 
However, there is a controversy regarding the potential of  stromatolites to form 

1842 1914 1935 1975 2002

Colony– 
products

 of ability to live

Organism– 
a skeleton

Inorganic 
origin objects

Stromatolite
-former

Stromatolite

Phase of 
research

Degree
of integrity

figure 1. Scheme of changing opinions about former stromatolite and stromatolite.
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a colony – i.e., a combination of organisms, living densely together temporarily 
or permanently. If  the colony status of  stromatolites is true, they cannot be use-
ful in stratigraphy. Heredity is an obligatory quality for biostratigraphy, but not 
necessarily for the formation of colonies. Only a combination of environmental 
influence and heredity fixing can be used for biostratigraphy (Menner, 1962). 
This is a point of  contention between theoretical suggestions about the forma-
tion of stromatolites and their practical application in geology.

The time-controlled changes in the columnar stromatolites from many sites 
have shown some evolutionary variations. The Riphean stromatolite morphology 
changed regularly, slowly, and irreversibly. The change occurred simultaneously 
at three hierarchical levels of structure: form (whole buildup), structure (details 
of buildup), and microstructure (at the elementary level). The common tenden-
cies are (1) complication in types of branching and outlines of columns (from 
passively branching to actively branching with a complex form of columns); (2) 
changing of sides of columns (from nonflat with falling edges to columns fully 
multilaminated); and (3) variation of microstructure (from single and flat to com-
plex, dense and elongated). The same variation was also observed in the Riphean 
stromatolites in the Ural, East Siberia, and northern part of the Siberian plat-
form (Krylov, 1963; Semikhatov, 1962; Komar, 1966).

morphogenesisStart of 
morphogenesis 

process 

Appearance of 
abundance  

resource 

R1 R2 R3 V

The surface  of sediments 

A separate column 

Structure as a whole

figure 2. Scheme of morphogenetic transformations of Riphean stromatolites.
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Morphogenesis in Riphean stromatolites is illustrated in Fig. 2. At Lower 
Riphean, the stromatolites were more abundant with nearly flat layers. In Middle 
Riphean, stromatolites with peaks and ridges were common. These morphological 
changes may be attributed to the evolution of specific photosynthesis and more 
intensive carbonate deposition. The appearance of additional features that char-
acterized Middle Riphean helped the stromatolite to evolve side mantling instead 
of peak forming and layer steepness. This tendency increased in Upper Riphean 
when layer prominence evolved, and mantling also increased and became multi-
layer. Stromatolite taxa acquired species with the so-called “wall.” Wall firmness 
allows stromatolite to construct columns with actively complex branching 
(Sumina and Sumin, 2006).

In summary, all such morphological variations provided photosynthetic 
assistance to the stromatolite to sufficiently increase its extent; due to the 
increased height of the columns, its elevation increased and permitted the film to 
cover lateral parts of the column in addition to the upper surface. The regular 
evolutionary changes have been observed by various authors for different groups 
of stromatolites and interpreted as a reflection of natural evolution. However, in 
recent studies on stromatolites, a controversy about the colony status of stroma-
tolite formation exists.

The controversy is the result of  assumptions about the nature of  objects 
forming stromatolites, whose life-activity is to coordinate fossil regularities. 
They indicate symbiosis, master-species, various algae complexes, a stable com-
munity of  algae reaching high cenosis, and even the presence of  control mecha-
nisms for the community. The definition leads to macroscopical discrepancy, 
with several parts and different mineral constituents appearing as a result of  the 
assembly of  macroscopic organisms. The concept of  “colony,” especially for 
prokaryotic organisms, is insufficient for describing a creation as complex as the 
stromatolite.

The results of the analysis of published reports on stromatolites were sum-
marized in the preceding section. The next is devoted to the formation of stroma-
tolites. The most probable early stromatolite appears as a filament cyanobacterial 
community, existing mainly as a film. So the terms “film” and “community” are 
used synonymously in this chapter. One needs to note that a “community” means 
the density of the settlement of independent elements or filaments. The film is a dense 
skin-type formation, consisting of randomly interwoven filament cyanobacteria.

It is typical for them to thicken up to 1 mm as a result of the sliding motion. 
In our experiments, we used the culture of thermophilic cyanobacterial genus 
Oscillatoria terebriformis as the main component that regulates the film structure 
and Phormidium angustissimum as the minor component. In some experiments, 
the culture of halophilic genus Microcoleus chthonoplastes was used.

The filaments inside of the film move slowly but constantly. Since the 1980s, 
such a lime-type community has been used in model experiments for stromatolite 
constructions, with Geological institute Russian Academy of Sciences (RAS) and 
Institute microbiology RAS. The model experiments were followed to obtain liv-
ing and growing biomodels, morphologically identical to fossil stromatolites.
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The main morphotypes of  building, stratiform, actively branching, and 
passively branching (Orleanskij and Raaben, 1996, 1997) were obtained, but the 
mechanism of building formation could not be determined.

So the building of biological communities was observed, in the presence or 
absence of mineral deposits. The experiments established the ability of the com-
munity to morphogenesis, expressed by the formation of several structures such 
as the film, photosynthetic networks, envelopes of gas bubbles, multibeam units, 
fibers, rings, and capillary structures (Fig. 3). All of them differ in form, and the 
functions carried out arise originally in the homogeneous film; hence, the ability 
of the community to form them can be interpreted as a differentiation (Sumina, 
2006). However, unlike the majority of eukaryotes, the differentiation in commu-
nity cyanobacteria is reversible, that is, arising structures are not constant and by 
a regrouping of filaments can be transformed to a skin-like film. In experiments 
also, it has been shown that filaments react to various influences not as separate 
individuals but as parts of the complete structure. So filaments that are not dam-
aged take part in the restoration of a damaged site. Besides, the phenomenon of 
redistribution of the substance in a film is noted. It is due to oxygen produced by 
cyanobacteria during photosynthesis.

Regarding stromatolites, it is possible that differences in time and type of 
microstructure of stromatolite layers, namely carbonate, cause interposition of 
grains as a result of the same processes of redistribution. Sedimentation of a 
deposit on the surface of a film delays the process of photosynthesis that, possi-
bly, has led to the ability of filaments to rearrange mineral particles. To delay 
photosynthesis and reduce the time of crawling of filaments through a deposit, 
dropping out particles were formed by filaments in the form of compact accumu-
lations, with free space between them. It enabled not only the individual filaments 
but also their groups to crawl through a layer of the dropped carbonate. It is 
necessary to note that this is only an assumption based on a comparison of the 
types of microstructures and their changes over time. Tewari and Joshi (1993) 
have studied the microstructures of the Riphean, Vendian, and Lower Cambrian 
stromatolites from the Lesser Himalayas of India and tried to establish that the 
major changes in the stromatolite microstructures are time-controlled.

To sum up the results of the experiments (1) it appears that filaments act not 
as independent elements but as parts of the whole, (2) there is the phenomenon 
of differentiation, and (3) there is the phenomenon of redistribution of substance. 
On this basis, it is possible to assume that the community of cyanobacteria does 
not have a colonial but an organism-like level of integrity.

Their organism-like behavior may be explained as follows. In the literature, 
replace “stromatolite former” with colony, biocenose, or symbiosis. It is clear that 
the same object cannot belong to all the listed categories because each of them 
reflects different levels of  integrity. For a definition of the stromatolite status, it 
is necessary to compare the interaction character of the filaments in a film to 
those of the elements in each category. Proceeding from definitions of these 
terms, interaction and attitudes can be characterized as (1) an origin (a heredity) 
of  elements, (2) their reaction against each other and on the system as a whole, 
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figure 3. Structures formed from filaments by the (1) film, (2) photosynthetic networks, (3) envelopes 
of gas bubbles, (4) multibeam units, (5,6) fibers, (7) rings, and (8) capillary structures (thickness of 
filament 4 mcm).
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(3) trophic interactions and (4) the ability for morphogenesis. In a film, (1) fila-
ments, most likely, possess the general heredity as they do not have a sexual proc-
ess; (2) filaments actively support integrity of a film, for example, restoration of 
its structural continuity after destruction, and allocation of the differentiated 
sites; (3) there is no competition between filaments, particularly for lighting and 
thus, the film can be carried to objects or organisms at a level of  integrity, instead 
of to a colony, biocenose, or symbiosis; (4) the ability for morphogenesis is a 
property of organisms, and as the film possesses this ability, it can belong only to 
organism category.

It is necessary to note that a cyanobacterial film, seen in an organismic view, 
differs from “organisms” in a number of features. The film does not have irrevers-
ible differentiation, a constant size, or a developed internal content. In most cases, 
the mutual formation of structures in a film is not caused both in space and time. 
Dependence on the formation of mutually connected structures is observed only 
in such pairs as fibers – envelopes of gas bubbles and fibers as multibeam units. 
Correlation is noted also in consecutive stages of the formation of the film after 
deposit (Sumina, 2005). The existence of the internal content appears in all mor-
phogenesis processes with the participation of a mineral deposit, resulting in 
stromatolite formation. It is expressed in interdependence of morphological signs 
of constructions and stability of morphotypes. The reason in favor of the pres-
ence of the rudimentary internal content might be the establishment of a fermen-
tative mechanism for the regulation of a calcium carbonate by means of the 
presence of carboanhydrase, recently found in the matrix (“glycocalix”) of the 
filament of cyanobacteria (Kupriyanova et al., 2004).

This allows us to assume that in the cyanobacterial community, an organism-
level structure exists at the stage of morphogenesis, which precedes the occurrence 
of irreversible differentiations, steady correlations, and developed internal content.

After considering the stromatolite formation, it is necessary to also define 
the status of the mineral formation as a result of the interaction with a deposit, 
namely stromatolite. From the thesis about the organismic level of stromatolite-
former integrity, the assumption follows that stromatolites can be considered a 
product skeleton performing the function of a cyanobacterial community.

To resolve whether such an assumption is acceptable, it is important to 
note two points, (1) the main part of  the mineral in stromatolites is biogenic in 
nature; (2) the form and structure of  the stromatolite is defined by a cyanobacte-
rial film as a matrix, and the mechanism of  action is enzyme dependent. 
Stromatolites have their own spatial organization and hierarchical connection 
of  elements that is the final result of  skeleton forming (Barskov, 1984). The 
biomineralization-type (Lowenstam, 1984) process occurs for stromatolites as a 
transition from an induced mineralization, which results in complication and 
microstructure ordering.

It is considered impossible to identify stromatolites with a skeleton as  
they are not produced by soft fabrics and “fabrics” are not generated yet. The 
cyanobacterial film also cannot be named “a soft body.” But it is obvious that the 
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film represents itself  as a matrix in relation to the mineral layers of stromatolites. 
Layers are formed as a result of its live activity. The mineral layers perform the 
basic, supporting function for a mucous and soft film. Due to the presence of 
the form-building function, stromatolites have a certain, constant form, following 
adaptive laws. Stromatolite formation, therefore, can be considered an evidence 
of the morphogenetic opportunities of the community in conditions of deposit 
sedimentation. Morphology details, therefore, are equivalent to the structures of 
a film in the absence of a deposit.

The integrity of stromatolites as “skeletal” formations is shown in the fea-
tures of their evolution: direction, irreversibility, and changes. This is most clearly 
expressed by columnar stromatolites, which are forms with evident and distinctly 
observable attributes. It is important to remember that it has been established that 
in the Riphean interval of geological history, that stromatolites were in abun-
dance. Thus, the conclusions have been made for an interval when their morpho-
logical opportunities were expressed and fixed in terms of mineral records.

The form of construction during the Riphean indicates the structural and 
functional continuity that provides biological control, which is the characteristic 
of the film as a whole.

The indirect evidence of the mineral body as a skeleton may point to the 
relation between the number of groups and the number of taxons, for example, a 
genus rank (Fig. 4). This relation shows that there are no combinations of 
attributes and correspondence to the number of real taxons. The lack of combi-
nations is the result of a soft body. It permits the comparison of stromatolites 
with fossil skeletons such as eukaryotes, for example, Anthozoa, Bivalvia, and 
Ammonitida (accordingly, 10, 10, 14 and 12) on this parameter. It indicates that 
there is a similar level of soft body control above the mineral formation.

Thus, stromatolites are formed entirely by the biological object. Their 
structure is hierarchical, that is, they are coordinated with each other and with 
the whole formation. The evolution of stromatolites seems stable and there is 
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figure 4. Comparison of internal correlation degree of stromatolit-former and skeletons of some 
invertebrates.
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orientation and stability over time, as well as an adaptive ability. Hence, stromato-
lites can be considered prokaryote analogs of the skeleton multicellular eukaryote.

A study of the geological history of the Archean period shows that even at that 
time, all the basic morphological signs of stromatolites were developed. They were 
characterized by a variety of laminations and constructions, including the branching 
forms (Hofmann, 2000). A comparison of the morphological varieties of the 
Archean and Proterozoic forms reveals that their structure is practically similar to 
the Riphean, despite fewer taxons in the Archean (Semikhatov and Raaben, 1996).

The presence of these processes implies that such a community possessed a 
certain integrity, an ability to adapt in relation to the environment, control over 
moving of elements inside the system, and the hierarchy of the elements compos-
ing it. These processes developed within the limits of formed prokaryote “mac-
roorganic” cyanobacterial communities. It can be seen as an indication of the 
level of development of life in a given period of geological time. It is necessary to 
note that the development of such basic biological processes occurred under con-
ditions of the regenerative hydrosphere as a whole, but the events occurred under 
microaerophilic conditions which developed due to the photosynthetic activity of 
cyanobacterial communities.

The conclusions can be summarized as follows:

1. It is experimentally shown that the cyanobacterial community that forms stro-
matolites possesses the complete macroscopic properties of an organism.

2. Stromatolites are formed due to an interaction of carbonate mineral formation 
(sediments) and cyanobacterial communities.

3. The biostratigraphic conclusions based on the study of stromatolites are debat-
able because the stromatolite-forming mechanisms maintain integrity and 
appear as co-subordinated morphological features of constructions.
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abstract Intense biological sulfur cycling characterizes modern marine microbial 
mats as well as their ancient counterparts – stromatolites. Respective microbially 
driven processes, such as bacterial sulfate reduction, sulfide oxidation, or the dis-
proportionation of sulfur-bearing compounds of intermediate oxidation states, 
are associated with distinctive and frequently substantial fractionations of their 
four stable sulfur isotopes. These biosignatures are reflecting microbial sulfur cycling 
in modern and ancient sedimentary environments alike, whether they are stroma-
tolitic or nonstromatolitic. Sulfur isotopes provide a unique opportunity to identify 
and quantify biological sulfur metabolism on Earth and possibly beyond.

Keywords Sulfur isotopes in stromatolites • Biological sulfur • Biosignatures •  
Chemofossils • Metabolism • Microbial mats • Precambrian • Microbes • Photosyn-
thetic organism • Anaerobic heterotrophs • Chemolithoautotrophs • Geochemical 
environment

1.  Introduction

Stromatolites provide a unique record of microbial life and respective activity 
throughout Earth history with the oldest example dating back to ~3.5 Ga (Allwood 
et al., 2006). Stromatolites, microbial mats, and biofilms – the complex terminolo-
gies in part already reflect the observation that microbial life has conquered all 
available environments, both in terms of marine and nonmarine habitats and in 
the modern and ancient world alike. Included are microbially mediated sedimen-
tary deposits that originate through trapping and binding of particles or via active 
precipitation. In particular, throughout the Precambrian, stromatolites represent 
the most impressive evidence for life on our planet.

Although each occurrence is unique in its composition, the vertical architec-
ture of most microbial mats in surface environments displays some overarching 
features, reflecting the principal functional groups of microbes: (a) oxygenic pho-
tosynthesizers being the primary producers, (b) anoxygenic photosynthetic 
organisms using sulfide as electron donor, (c) aerobic heterotrophs consuming 
organic carbon via aerobic respiration, (d) fermenters using organic carbon or 
sulfur compounds, (e) predominantly sulfate reducers as anaerobic heterotrophs, 
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and (f) sulfide oxidizing organisms, many of which are chemolithoautotrophs 
(Dupraz and Visscher, 2005). A somewhat different picture emerges when consid-
ering microbial mats in environments devoid of light energy such as in cave 
deposits or deep sea communities.

The specific community structure at a given site will be dependent upon the 
geochemical environment in terms of the available element budget. As such, 
microbial mats reflect and archive pertinent element cycling of the respective 
depositional environment and offer the possibility for reconstructing envi-
ronmental characteristics and microbially driven processes in the geological past. 
In marine settings, mat communities exhibit a complex suite of microbial sulfur 
metabolisms due to the abundance of dissolved oceanic sulfate. More so, micro-
bial sulfur turnover plays the most important role in stromatolite formation due 
to the coupling of bacterial sulfate reduction and the precipitation of calcium 
carbonate.

Sulfur isotopes provide a unique analytical tool to unravel microbial sulfur 
metabolism and, hence, a possibility to track respective microbial activity through 
Earth’s history. Spatial resolution ranges from the ecosystem level to high-resolution 
micron-scale mapping of variations in sulfur abundance and isotopic composition 
(Fike et al., 2008). The fact that different metabolic processes impart different 
sulfur isotope signatures represents the foundation for utilizing sulfur isotopes as 
a prominent biosignature. Its unequivocal identification requires an understanding 
of  the respective isotope systematics, and a brief  summary will be provided in 
the next section.

2.  Sulfur Isotope Systematics

Different approaches in sulfur isotope biogeochemistry have been taken in order 
to qualitatively and quantitatively understand microbial sulfur cycling in modern 
and ancient settings. In part, this tracks the development of analytical instrumen-
tation. Radioactive 35S isotope work was introduced as an analytical into the field 
of biogeochemistry more than 30 years ago (e.g., Jorgensen, 1978). The use of 
radiolabeled sulfate for quantifying rates of microbial sulfur metabolism repre-
sents a classical example for this. Rates of microbial sulfur turnover, on the other 
hand, are dependent on environmental conditions and are expressed in different 
magnitudes of stable sulfur isotopic fractionation.

The application of stable isotope techniques to unravel microbial sulfur 
metabolism has a much longer tradition with early works dating back 50 years 
ago (e.g., Harrison and Thode, 1958; Thode et al., 1961; Kaplan and Rittenberg, 
1964). Sulfur has four stable isotopes, 32S, 33S, 34S, and 36S, and sulfur isotope 
results are conventionally displayed in the standard delta notation:

 ( )3 3 3

sample standard
S= / 1 1000

X X XR R ×−d  (1)

690



SULFUR ISOTOPES In STROMATOLITES

with d3xS representing 33, 34, or 36. Traditionally, sulfur isotope geochemistry has 
focused on d34S as its principal parameter, with R representing the ratio of 34S/32S. 
The observation of high magnitude mass-dependent fractionation of sulfur iso-
topes (34S/32S) associated with bacterial sulfate reduction in modern marine set-
tings has prompted its use as a biosignature (d34S) for successfully tracing this 
process throughout Earth’s history (e.g., Schidlowski, 1979; Strauss, 1997). More 
recently, the development of modern mass spectrometry and the discovery of sub-
stantial mass-independent sulfur isotope fractionation in sedimentary rocks older 
than 2.4 Ga (e.g., Farquhar et al., 2000) have extended sulfur isotope research 
toward the rare sulfur isotopes 33S and 36S. For ancient and modern environments, 
a specific focus is placed on the application of multiple sulfur isotope analyses (i.e., 
analyzing all four stable sulfur isotopes) to questions in microbial sulfur metabo-
lism and geobiology (for some prominent reviews, see, e.g., Farquhar et al., 2003; 
Ono et al., 2006; Johnston et al., 2008; Ono, 2008). Results of multiple sulfur 
isotope measurements are expressed in the capital delta notation:

 33 33 34 0.515

S S 1000 [( S/1000 1) 1]∆ = − × + −d d  (2)

and

 
36 36 34 1.90

S S 1000 [( S/1000 1) 1]∆ = − × + −d d  (3)

The exponent l [values of 0.515 and 1.90 in (2) and (3)] in calculating the 
capital delta notation reflects the sulfur isotopic equilibrium between different 
forms of sulfur during low-temperature processes. It defines a mass-dependent 
relationship in a three-isotope-plot (Hulston and Thode, 1965).

Unraveling microbial sulfur metabolism via stable sulfur isotope analyses 
has been very successful for microbial mats and beyond, both in modern and 
ancient environments. This will be documented in the following sections with 
examples of quite different environmental settings selected from the literature.

3.  the Isotope record of microbial Sulfur Cycling

3.1.  THE MODERn WORLD

Our understanding of biological sulfur cycling and associated characteristic sul-
fur isotope fractionation is based on bacterial culture experiments as much as 
on results from diverse modern marine and nonmarine settings. Already, early 
workers (e.g., Kaplan and Rittenberg, 1964) acknowledged that bacterial sulfate 
reduction is associated with a distinct fractionation against the heavy 34S isotope, 
resulting in variable yet strongly negative d34S values. A maximum magnitude in 
fractionation for this process of 45‰ was confirmed also in more recent culture 
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experiments (e.g., Detmers et al., 2001), although natural populations do not 
always show this maximum shift in sulfur isotopes (e.g., Habicht and Canfield, 
2001). In the early/mid 1990s, it became clear that in addition to bacterial sulfate 
reduction, modern (and ancient) marine settings were affected by the bacterial 
disproportionation of intermediate sulfur-bearing compounds such as elemen-
tal sulfur, thiosulfate, or sulfite. Associated isotope effects were quantified (e.g., 
Habicht et al., 1998) and it became clear that the sulfur isotopic characteristics of 
natural marine environments were reflecting multiple processes. Hence, the appar-
ent isotope fractionation between seawater sulfate as the ultimate sulfur source 
and sedimentary sulfide as the final reaction product results from bacterial sul-
fate reduction, partial oxidation to sulfur intermediates, and subsequent dispro-
portionation of these. This ultimately explained a discrepancy in the magnitude 
of fractionation observed early on between the culture experiments for bacterial 
sulfate reduction (maximum fractionation of 45‰) and the modern and ancient 
marine settings (e.g., Canfield, 2001). Consequently, the isotopic composition 
of sedimentary sulfide (d34S) is mostly interpreted as a combination of bacterial 
sulfate reduction and additional disproportionation reactions, although different 
views are being discussed (e.g., Brunner and Bernasconi, 2005; Donahue et al., 
2008). The formation of partially oxidized sulfur compounds, however, requires 
an oxidative step, and its antiquity could be instrumental for understanding envi-
ronmental evolution. Based on multiple sulfur isotope data, disproportionation 
reactions are clearly discernible back in time until at least 1.3 Ga ago, possibly 
having started even earlier (Johnston et al., 2005a). In contrast to sulfate reduc-
tion and disproportionation of sulfur intermediates, it was observed that inor-
ganic and microbial sulfide oxidation is generally only associated with a minor 
change in d34S (e.g., Fry et al., 1984, 1988).

Recent multiple sulfur isotope work related to microbial sulfur metabolism 
(e.g., Johnston et al., 2005a, b, 2008) has greatly enhanced our understanding of 
these processes but more so of our ability to distinguish them in modern and 
ancient environments. It is clear from culture experiments and work in modern 
environments that distinct differences in the exponent l [see (2) and (3)] allow for 
distinguishing different metabolic pathways (Fig. 1).

In combination with the classical d34S value (Johnston et al., 2005b) or in a 
33l–36l-crossplot (Johnston et al., 2008), bacterial sulfate reducers can be separated 
from sulfur compound disproportionators. Moreover, recent work by Zerkle et al. 
(2008) demonstrated that sulfur oxidation also results in a distinct multiple sulfur 
isotope signature. Future studies will provide additional supportive evidence, but it 
is already clear, that the complex reaction network of microbial sulfur metabolism 
at the ecosystem level can best be deciphered by multiple sulfur isotope studies.

Sulfur isotopic fractionation associated with microbial sulfur metabolism in 
microbial mats of Solar Lake, Sinai, Egypt, was studied, e.g., by Habicht and 
Canfield (1996, 1997). At this hypersaline lagoon, the rate of bacterial sulfate 
reduction varied between 0.1 and 37 mmol cm−3 per day, representing some of the 
highest sulfate reduction rates ever reported from natural populations of sulfate 
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reducers. Fractionation was quantified not only along vertical sediment profiles 
but also during incubations at different sulfate concentrations and different incu-
bation temperatures. Interestingly, the magnitude in isotope fractionation (D34S) 
between seawater sulfate and resulting hydrogen sulfide ranges between 16‰ and 
42‰, with the largest 34S depletions occurring when sulfate reduction rates (SRR) 
were lowest. However, although 34S depletions were decreasing with increasing 
reduction rates, sulfur isotope fractionation remained constant at SRR above a 
certain threshold. no clear dependencies in the magnitude of sulfur isotope frac-
tionation were apparent in respect to different sulfate concentrations and/or tem-
perature. Overall, Habicht and Canfield (1997) concluded that the isotopic 
fractionation in 34S associated with bacterial sulfate reduction in the microbial 
mats at Solar Lake was quite comparable to bacterial culture experiments. In addi-
tion to bacterial sulfate reducers, the authors were able to enrich cultures of ele-
mental sulfur disproportionators from the microbial mats at Solar Lake and 
determine the associated sulfur isotopic fractionation. With some of the sedimen-
tary sulfide being more depleted in 34S than attributable to bacterial sulfate reduc-
tion alone, Habicht and Canfield (1997) suggested that the disproportionation of 
elemental sulfur contributes to the overall apparent isotope fractionation between 
seawater sulfate and resulting sedimentary sulfide, a conclusion that not only per-
tains to microbial mat settings but also represents an interpretation made very 
frequently for modern and ancient marine sedimentary environments (e.g., 
Canfield, 2001).

The microbial sulfur metabolism and associated sulfur isotopic fractiona-
tion at Solar Lake was revisited recently by Johnston et al. (2008), applying 
 multiple sulfur isotope analyses. High magnitude fractionations between seawater 

figure 1. Multiple sulfur isotope signatures for different pathways of microbial sulfur cycling (adapted 
from Zerkle et al., 2008).
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sulfate and hydrogen sulfide with an average D34S value at 43.2‰ were repro-
duced. Modern marine sediments, in general, including the Solar Lake microbial 
mats studied by Johnston et al. (2008), display variable D33S and D36S values. But 
more so, calculated 33l and 36l values exhibit a relationship that fall between the 
distinct fields defined by sulfate-reducing bacteria on the one hand and sulfur-
disproportionating bacteria on the other (Fig. 2). Also, the multiple sulfur isotope 
results obtained for the microbial mat material is consistent with the data for pure 
cultures. This leads to the final conclusion that microbial sulfur metabolism in a 
modern marine sedimentary setting in general is controlled by bacterial sulfate 
reduction and sulfur-disproportionating reactions, including microbial mats. 
Hence, microbial sulfur metabolism and associated multiple sulfur isotope effects 
in modern mat environments are no different from settings devoid of microbial 
mats. By inference, this should also be true for ancient stromatolites.

3.2.  THE PHAnEROZOIC

Although studies of modern microbial mat systems reveal a substantial similar-
ity in sulfur isotope fractionation between natural populations and culture experi-
ments as well as between stromatolitic and nonstromatolitic environments, we will 
continue by examining an ancient stromatolite occurrence that was recently studied 
for its sulfur isotope geochemistry by Arp et al. (2008). The stromatolites of the 
Münder Formation at Thüste, Lower Saxony, Germany, are of Upper Jurassic age 

figure 2. Different metabolic pathways of microbial sulfur cycling in modern marine environments 
based on the mass-dependent relationship expressed as l33S and l36S. Average values for sulfate-reducing 
and sulfur-disportionating bacteria are shown for comparison (redrawn from Johnston et al., 2008).
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(Tithonian, 146–151 Ma). They form one or two distinct horizons of dark  colored 
and finely laminated stromatolite bioherms, each about 10 cm in thickness, which are 
located within a package of gray laminated marlstone overlying oolitic limestone. 
Traditionally, the stromatolites at Thüste were regarded to represent an intertidal 
cyanobacterial community (e.g., Jahnke and Ritzkowski, 1980). However, detailed 
petrography and particularly the elemental, organic, and isotope geochemical work 
by Arp et al. (2008) clearly reveals a different and rather complex microbial mat 
community in which anaerobic metabolic pathways dominate and in which sulfur 
metabolism plays a crucial role in mineral precipitation. This latter conclusion is 
based on the presence of pyrite, sometimes enriched in individual laminae, as well as 
of calcitic pseudomorphs thought to resemble original gypsum crystals.

Detailed carbonate carbon and oxygen isotope geochemistry identifies a 
substantial range in d13C and d18O. In particular, the petrographically different 
carbonate phases, ranging from primary carbonate precipitates to diagenetic 
cements and including nonstromatolitic units as well as the stromatolite bio-
herms, display a variation in carbon isotope values from 0‰ to −30‰. Thereby, 
the stromatolitic bioherms, but more so the diagenetic calcites contained in pock-
ets within the stromatolite build-ups, exhibit the most negative d13C values and 
suggest a high proportion of dissolved inorganic carbon that was derived from 
anaerobic oxidation of organic compounds and utilized subsequently for calcite 
precipitation.

The sulfur and oxygen isotopic compositions of carbonate-associated  sulfate 
vary from 8.5‰ to 20.9‰ and from 17.8‰ to 22.3‰, respectively (Fig. 3). 
Moreover, both isotope systems exhibit a concomitant rise toward heavier d-values 

figure 3. Sulfur and oxygen isotope data for carbonate-associated sulfate from Tithonian stroma-
tolitic carbonates at Thüste, Germany (data from Arp et al., 2008).
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starting from respective isotope values for Upper Jurassic seawater (e.g., Strauss, 
1999; Kampschulte and Strauss, 2004). This clearly indicates bacterial sulfate reduc-
tion as the key process, which is also supported by the presence of pyrite. Variable 
d34S values between −3.0‰ and +3.8‰ for this pyrite point to its biological origin; 
yet, the rather positive sulfur isotope values suggest sulfate limitation. Bacterial sul-
fate reduction likely happened, at least in part, via anaerobic methane oxidation. 
Distinct biomarker evidence proves the presence of methanotrophic Archaea in addi-
tion to sulfate-reducing bacteria. Further supporting evidence for the presence and 
utilization of methane is provided by the highly 13C depleted carbonate cements.

Based on their detailed petrographic and geochemical work, Arp et al. (2008) 
developed a clear understanding for this stromatolite occurrence that exhibits a 
complex biogeochemical interplay within a microbial mat environment, but that 
differs substantially from previous interpretations of the Thüste stromatolite locality. 
It is now clear that the microbial mat community is dominated by anaerobic and 
nonphotosynthetic metabolism, with sulfate and methane cycling being very 
prominent. Albeit, however, phototrophic organisms certainly provided the top 
layer in the mat community. Mats were impregnated by gypsum due to high evapo-
ration in a marine saline lagoonal setting. Intense bacterial sulfate reduction 
resulted in carbonate precipitation lower down in the suboxic/anoxic part of the 
microbial mat build-up. Sulfate reduction was coupled to methane oxidation, and 
its intensity increased downwards as shown by the highly 13C-depleted carbonates. 
Throughout this process, sulfate became limited as shown by progressively more 
34S- and 18O-enriched isotope values for the carbonate-associated sulfate.

From this Phanerozoic example studied by Arp et al. (2008), conclusions 
drawn with respect to sulfur are comparable to those based on modern microbial 
mat communities. Microbial sulfur cycling, particularly bacterial sulfate reduc-
tion as well as the disproportionation of sulfur-bearing compounds with interme-
diate oxidation state (which could not clearly be identified at Thüste), plays an 
important role in element cycling and mineral formation in stromatolites. Detailed 
sulfur isotopic work provides crucial evidence for deciphering and understanding 
respective processes and environments. With stromatolites being much more com-
mon in the Precambrian, we will continue by exploring the really ancient sedi-
mentary record for evidence of microbial sulfur cycling.

3.3.  THE PRECAMBRIAn

The Precambrian sulfur isotope record (d34S) has been reviewed extensively more 
recently, e.g., by Canfield (2004), Strauss (2002, 2004) or Lyons and Gill (2010), but 
no distinction was made in respect to microbial sulfur cycling and/or stromatolitic 
environments. Bacterial sulfate reduction was identified as the key process of micro-
bial sulfur cycling, with its antiquity dating back to at least 2.7 Ga (e.g., Grassineau 
et al., 2006) if  not 3.5 Ga (e.g., Shen et al., 2001, 2009, but see a different view 
proposed by Philippot et al., 2007).
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The multiple sulfur isotope record as a whole, addressing particularly the 
aspect of temporal variations in mass-independent sulfur isotope fractionation 
[hereafter named S-MIF; the term refers to nonzero D33S values – for calculation 
of D33S, see (2)] as a recorder of an evolving atmospheric chemistry (most notably 
in respect to the rise in atmospheric oxygen), was discussed, e.g., by Farquhar 
et al. (2000, 2007). In the context of stromatolitic versus nonstromatolitic envi-
ronments, a facies-dependent triple sulfur isotope investigation (32S, 33S, 34S) of the 
neoarchean sedimentary succession (Transvaal Supergroup) on the Kaapvaal 
Craton, South Africa, by Ono et al. (2009) might serve as an excellent example. 
These authors were able to distinguish a facies-dependent biological signal that 
was superimposed on the atmospheric signature reflecting photochemical reac-
tions during neoarchean time. Of particular interest in the current discussion is 
clear evidence for extensive sulfur cycling in a microbial mat environment.

The discovery of  S-MIF in both sedimentary sulfide and sulfate, in rock 
successions older than 2.35 Ga (Farquhar et al., 2000; Guo et al., 2009), guides 
our understanding of an Archean and early Paleoproterozoic global sulfur cycle 
that was apparently determined (or at least strongly affected) by UV-induced 
photochemistry of  volcanogenic sulfur compounds in the higher atmosphere. 
As a principal process, the photochemical reaction of volcanogenic SO2 to S8 and 
H2SO4 was identified (e.g., Pavlov and Kasting, 2002). These compounds would 
be delivered as aerosols to Earth surface environments, and it was suggested that 
the former (S8) carries large positive D33S values, whereas the latter (H2SO4) would 
have delivered negative D33S values. Photochemistry as well as the transfer of reac-
tion products to the Earth surface environments is strongly dependent on the 
atmospheric composition, most notably in respect to a maximum concentration 
of oxygen proposed to be 10−5 PAL (present atmospheric level; Pavlov and 
Kasting, 2002). Of course, these atmospheric compounds would have been avail-
able to inorganic as well as microbially driven reactions, superimposing a mass-
dependent fractionation (hereafter named S-MDF) on the atmospheric sulfur 
isotope signature. A treatment of respective issues has been provided, e.g., by 
Johnston et al. (2008) and references therein.

Triple sulfur isotope results obtained by Ono et al. (2009) for the Transvaal 
succession yield some clear relationships between d33S and d34S values and 
between d34S and D33S values, an observation made by others before (e.g., Ono 
et al., 2003; Kaufman et al., 2007). Most notable is a linear array with d33S » 
1.4 × d34S (and D33S » 0.89 × d34S), which appears to be characteristic for the 
neoarchean triple sulfur isotope record. The total dataset measured for the 
Transvaal sediments, when plotted in a respective D33S/d34S diagram (Fig. 4), 
exhibits some scatter around the noted relationship. This discrepancy bears a 
signal superimposed on the purely atmospheric signature that could be derived 
from the mixing of different sulfur (isotope) reservoirs and/or caused by biologi-
cal sulfur cycling.

Based on lithofacies, the entire sample set can be divided into two popula-
tions representing different water depths within a given slope environment (for 
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details, see Ono et al., 2009, and references therein). In addition, largely siliciclastic 
units can be distinguished from carbonate-bearing units and from iron- and chert-
rich lithologies. Finally, sediments of the Reivilo Formation and the lower part of 
the overlying nauga Formation contain abundant microbialites. This latter part of 
the succession, i.e., the microbialites, can be clearly distinguished in their triple 
sulfur isotope signature, at least in the more shallow part of the slope (Fig. 4). 
Both sample populations from the deeper as well as the more shallow part of the 
basin display positive D33S values. Given our current understanding, these positive 
D33S values suggest their origin as an atmospheric S8 compound (cf. Ono et al., 
2003). A difference between both sample populations is discernible, however, when 
considering the d34S values. Here, samples from the deeper part of the basin display 
negative d34S values (data not shown). According to Ono et al. (2009), this indi-
cates a mixture of S8-derived sulfur with sulfur that originates from bacterial 
reduction of atmospheric sulfate. Bacterial sulfate reduction produces only mass-
dependent sulfur isotope fractionation (for a review see, e.g., Canfield, 2001). 
Consequently, the d34S signature would be shifted to negative values (to the left in 
a D33S/ d34S diagram). In contrast, samples from the shallower environment are 
characterized by positive to strongly positive d34S values at a comparable range in 
D33S. The positive signature in d34S could be a sign of enhanced bacterial sulfate 
reduction, driving the pore water chemistry to sulfate limitation. Ono et al. (2009) 
acknowledge the high abundance of microbialites and a proposed rapid carbonate 
cementation of these sediments, all suggestive of high microbial activities includ-
ing high rates of bacterial sulfate reduction. Still somewhat unclear is the origin of 
the positive D33S values for pyrite, which suggest a positive D33S value also for the 

figure 4. Sulfur isotopic composition of sedimentary pyrite from the Transvaal succession (filled squares 
are from stromatolic unit, open diamonds are from nonstromatolitic units, linear array: ∆33 S = 0.89 × d 34 S); 
data from Ono et al. (2009).
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seawater sulfate sulfur. This could point to the absence of carbonyl sulfide from 
the neoarchean atmosphere (Ueno et al., 2009).

The study by Ono et al. (2009) clearly identifies the high potential of sulfur 
isotope measurements for understanding microbial sulfur metabolism in recent 
settings as well as in the geologic past, whether in a stromatolitic or a nonstroma-
tolitic environment.

4.  Conclusions and future research Directions

Stromatolites provide a unique record of microbial life and respective microbial 
activity throughout Earth’s history, with the oldest example dating back to ~3.5 Ga 
(Allwood et al., 2006). Examples from modern and ancient microbial mat/stroma-
tolite occurrences discussed in the previous sections yield some overarching conclu-
sions. Most notable is the observation that in marine environments, intense microbial 
sulfur cycling dominates the mat communities. Respective evidence is archived in 
biogenic mineral matter and – for the modern world – in pore water. At least in mod-
ern and Phanerozoic environments, the isotopic signatures measured for sedimen-
tary sulfur are quite comparable for culture experiments and natural populations.  
An additional, non mass-dependent (S-MIF) atmospheric signal dominates the 
picture for Archean and early Paleoproterozoic settings, providing a challenge 
for identifying the mass-dependent (S-MDF) biological signal. Our possibilities for 
deciphering the details of microbial sulfur cycling in the geological past will depend 
strongly on the progress achieved in modern settings. The availability of isotopic 
proxies has guided the search for biosignatures through Earth’s history. This will 
continue. However, following the chronology in sulfur isotope research, it becomes 
clear that multiple sulfur isotope studies will be the ultimate approach in our quest to 
unravel and understand microbial sulfur metabolism in sedimentary environments.
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abstract Near-future planetary missions, including the US 2011 Mars Science Labora-
tory (MSL11) and the ESA 2016 Pasteur ExoMars, will primarily seek key information 
on the geological and biological history of Mars. In this context, studies addressing  
the potential for (1) preservation of organics and (2) habitability and microbial  biomass 
in phyllosilicate-rich and ferric oxide-rich environments can provide key interpretive 
 information for near-future Mars Science/life detection missions.

In the first part of this chapter, a case for enhanced and preferential preserva-
tion of organics (~0.23 wt.%) in phyllosilicate-rich (47–74%) zones within an 
organic-poor (C-org: 0.05 wt.%) ferric oxide-rich (42–94%) subsurface rock system 
is presented. In the second part, first-order observations on microbial biomass  
inhabiting clay-rich versus nonclays materials are given as an example to frame 
habitability potential in clay mineral-rich environments from arid (Death Valley, 
CA) and hyperarid (Atacama, Chile) deserts.

Keywords Astrobiology • Atacama Desert • Death Valley National Park • Habit-
ability • Mars Science Laboratory • Microbial biomass • Organics • Phyllosilicate 
analogs • Preservation potential • Rio Tinto

1.  introduction

Hydrated clay minerals, or phyllosilicates, are unambiguously present on Mars 
and have been recently suggested to support preservation of organic matter 
(Ehlmann et al., 2008; Bishop et al., 2008; Chevrier, 2008; Bonaccorsi and Stoker, 
2008). This, in analogy with studies of earth analogs, is relevant to the next decade 
planetary/ astrobiology missions including the US 2011 Mars Science Laboratory 
(MSL11) and the ESA 2016 Pasteur ExoMars that will primarily seek key infor-
mation of the geological and biological history of Mars.

All of the four MSL11 landing site candidates include clay deposits and have 
been hierarchically ranked by relevance with respect to environmental context, min-
eralogical diversity, habitability, and preservation potential of organics in minera-
logical/ geological environments, suggesting water activity (e.g., Beegle et al., 2007).
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In the above context, and in this chapter, I outline an example of (a) the 
enhanced preservation of organics against oxidation in clay minerals from a 
hyperacidic subsurface environment; (b) total viable biomass content in clay  
mineral-rich versus clay mineral-poor and/or nonclay environments as analog 
models for habitability potential of mineral environments on Mars. Phyllosilicate 
and hematite deposits under study contain variable amounts of total organic  
carbon (TOC: <0.01 to ~3 wt.%) and are from a broad range of climate settings 
(mean annual precipitation, MAP <0.2 to ~700 mm/year) and regions, i.e., the 
Atacama Desert, Death Valley National Park (DVNP), and the California Coast.

2.  implications of organics on Mars

Two of NASA’s key goals over the next several decades of planetary exploration 
are to determine whether life developed on any planetary body in the solar system 
and to learn more about the origin of life on Earth by studying the evolution of 
complex organic molecules on other planetary bodies. Although Mars appears to 
have acquired the three key building blocks for life (water, an energy source, and a 
supply of organic molecules) in its geological history, organic carbon has not yet 
been detected.

Within the Mars Exploration Program Analysis Group (MEPAG), the high-
level goal of the search for evidence of extinct or extant life (as we know it) and 
a complementary search for habitable zones for future missions involve a cascade 
of fundamental questions:

(1) Are exogenous/endogenous organics present on Mars? This requires the 
ability to detect and distinguish between organic and inorganic carbon in plane-
tary samples. (2) Were/are these organics of biological origin (biogenicity)? (3) If  
organics are not observed, is it because they were never present, or because they 
were not preserved over time in geological material, or rather because they were 
not detected?

- Never present
- Present but NOT preserved
- Preserved/but NOT detected

Biogenicity (sources)

Present Life/
Habitability

Detection (secondary)

Preservation potential

- Space delivered (PAHs, AA)

PAHs : Polycyclic aromatic Hydrocarbons
AA : Amino acids

- Endogenous (linear Hydrocarbons
- Biological (living/fossil) e.g., lipids

YES

NO

Are

organics
present on
Mars ?
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The diagram below shows connections between these fundamental ques-
tions and key science objectives for the search for past and present Martian life.

Achieving these objectives rests on the ability to determine the potential for 
preservation of organics and habitability of key geological and mineral environments 
such as phyllosilicates and iron-rich materials, which are widespread on Mars.

Prebiotic and/or biologically produced organics, if life was present on an earlier 
Mars, may have been entrained but not permanently preserved in the Martian geo-
logical record (Sumner, 2004). Complex relationships between organics and mineral 
phases, e.g., carbonates, silicates, and oxides, may also affect or enhance the preserva-
tion potential of organics as well as their instrumental detection. However, the true 
amount of organic compounds in samples must be correctly determined before 
addressing the preservation potential of organics in Mars-relevant materials.

The NRC Task Group on organic environments in the Solar System recom-
mends multiple strategies for the improvement of  detection of  biogenic organics 
on Mars today. For instance, further investigations should be performed to 
understand oxidation effects on organics in regolith analog materials as well as 
determine time scales involved in the oxidative alteration of  organic materials  
(The NRC Task Group on organic environments in the Solar System, 2007, and 
references therein).

3.  Background

3.1.  PHyLLOSILICATE DEPOSITS AND MSL LANDING  
SITE CANDIDATES

Hydrated clay minerals, or phyllosilicates, which record multiple episodes of aque-
ous activity on early Mars (Ehlmann et al., 2008), have been identified on the surface 
of Mars by OMEGA, the visible near-infrared hyperspectral imager onboard Mars 
Express (Poulet et al., 2005; Bibring et al., 2006), and by the Spirit rover observation 
at West Spur, Columbia Hills, in Gusev Crater (Wang et al., 2006).

Phyllosilicate-rich fluvial–lacustrine deposits, e.g., Eberswalde, Holden, and 
Jezero craters, as well as in the Nili Fossae region, have been identified by the Mars 
Reconnaissance Orbiter (MRO) instruments, i.e., the high-resolution camera 
HiRISE and the visible-infrared imaging spectrometer CRISM (e.g., Bishop et al., 
2008). Furthermore, phyllosilicates deposits buried near surface could exist on Mars 
(Catling, 2007; Chevrier, 2008). More recently, stratigraphic units comprising thick 
deposits of Fe/Mg–smectites, ferrous phases, hydrated silica, and Al–phyllosilicates 
were identified in Mawrth Vallis (Bishop et al., 2008; Ehlmann et al., 2008).

Furthermore, if  our models for preservation potential in terrestrial samples 
can be translated to Mars, buried phyllosilicates on Mars would have a higher 
potential to preserve organics than ancient wetland and hematite sites, e.g., 
Meridiani Planum, where organics are unlikely to be preserved (Sumner, 2004; 
Davila et al., 2008).
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Understanding the limit for organic preservation and habitability potential 
of  these mineralogical analogs will provide critical information in support of 
landing site selection for the MSL and ExoMars missions. All of  the four MSL 
landing site candidates include clay deposits and have been hierarchically ranked 
by relevance with respect to context, diversity, habitability, and preservation 
potential of  organics (http://marsoweb.nas.nasa.gov/landingsites/index.html). 
Although habitability has been an ambiguous criteria to be defined, it will be 
the most discriminating criteria for the final selection. Three groups of  sites are 
distinguished as follows (1) Mawrth Vellis with 100% of  the landing ellipse  
surface covered by highly diversified phyllosilicates with the oldest, in-situ 
formed claystones; (2) younger, Late Noachian/Early Hesperian crater fills, e.g., 
transported and collected into aqueous systems (Eberswalde and Holden), or 
aeolian layered deposits (Gale crater). These would have higher habitability but 
lower detectability because few clay mineral deposits occur and clays could be 
sparse/mixed to matrix; and (3) hematite-rich plains with older Noachian terrain 
containing few/sparse outcrops of  clays final and sulfate–clay contacts reachable 
by a rover.

At the time this chapter is in press, the final landing site selection is under 
consideration by the landing site Science Steering Committee.

3.2.  PRESERVATION OF ORGANICS ON MARS

The only information we have about organics on Mars derives from results of  the 
Viking GC-MS experiments (e.g., Klein, 1992; Navarro-González et al., 2006) 
and, more recently, by the Phoenix Mission. Therefore, the search for organics on 
Mars will be one of  the primary objectives of  the MSL Mission (Mahaffy, 2008) 
and beyond. For instance, a wide range of  organic compounds in Martian mate-
rials (Glavin et al., 2006) will be the target of  the instrument payload Sample 
Analysis at Mars (SAM), including a pyrolysis–gas chromatograph–mass spec-
trometer (pyr–GC–MS). Its counterpart onboard ExoMars, the GC–MS Mars 
Organic Molecule Analyzer (MOMA), will detect molecular species at ppb to 
ppt level.

Meteoritic-delivered carbonaceous organic components (Van der Velden 
and Schwartz, 1977; Stoks and Schwartz, 1979) should be detectable in the 
Martian regolith (Benner et al., 2000) in the absence of oxidative decomposition. 
It is predicted that surface organics would not be preserved within the Martian 
regolith, owing to the production of oxidants by physicochemical interactions 
between the solar UV radiation and the soil itself  down to ~5 m depth (Bullock 
et al., 1994; Zent, 1998; Lammer et al., 2003). Instead, buried organics may be 
well preserved in iron oxide-rich regolith against cosmic radiation (Aubrey et al., 
2006). However, possible organic biosignatures within the Martian iron oxide-
rich soils may be destroyed by metal-catalyzed oxidation even at depth (Sumner, 
2004, and references therein; Apak, 2008).
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3.3.  PRESERVATION OF ORGANICS IN PHyLLOSILICATES

On Earth, organic matter is rarely preserved in highly oxidized minerals/oxidizing 
environments (e.g., Sumner, 2004 and references therein; Bonaccorsi and Stoker, 
2008). This is particularly true for hematite sites associated with ancient wetland 
on Mars, e.g., Meridiani Planum (Sumner, 2004; Davila et al., 2008). Therefore, 
a better model for searching ancient organic compounds on Mars includes  
clay-rich deposits (e.g., Bonaccorsi and Stoker, 2008), owing to the ability of 
many clay minerals to sequester organics, inhibiting their decay. Shales preserve 
organics effectively due to their low permeability, while carbonates and cherts 
are less reactive to organic carbon (Sumner, 2004).

Phyllosilicate minerals, such as smectites and kaolinite, can interact with 
organic molecules in many ways. For instance, montmorillonite catalyzes polymeri-
zation of RNA-like oligomers (e.g., Ertem et al., 2007 and references therein; Ferris 
et al., 1989). In marine sediments, where the ambient environment is oxidizing, and 
organic carbon is present as <10% particulate and >90% dissolved forms (Keil 
et al., 1994), abundances are linearly correlated with sediment-specific surface area. 
This indicates that absorption and long-term stabilization of dissolved organics on 
mineral surfaces are the most effective protection against environmental oxidation 
(Hedges and Kiel, 1995; Cowie et al., 1995).

In clay-supported soils, stabilization of  dissolved organics by sorption on 
mineral surfaces (D’Acqui et al., 1998; Kaiser and Zech, 2000; Kleber et al., 
2005) as well as increased mean residence times of  organics (Torn et al., 1997; 
Wattel-Koekkoek and Burman, 2004) are also key factors for enhancing 
preservation.

In the following section, I present a near surface-shallow chemostratigraphic 
model including the following elements (I) clay-rich materials, at contact with (II) 
Fe-oxy hydroxide-rich materials, and (III) common sources of organics to both 
materials. A geological environment where these elements coexist would represent 
an ideal MSL landing site candidate analog where instrumental detection of 
fossil and labile organic compounds, as well as microbes, is easily verifiable.

3.4.  THE RIO TINTO ANALOG FOR NEAR-SUBSURFACE  
CLAy DEPOSITS

An interesting case for organics preferentially preserved in phyllosilicate-rich materi-
als is described in Bonaccorsi and Stoker (2008). Shallow core samples were acquired 
within an oxidized remnant of a hyperacidic (pH 2.3) rock drainage system in a vol-
canically hosted massive sulfide deposit at Rio Tinto, Spain (Figs. 1 and 2), an impor-
tant analog of the Sinus Meridiani hematite site on Mars (e.g., Stoker et al., 2008).

Organic geochemistry results indicated that phyllosilicate-rich zones preserve 
up to ten times more organic carbon (C-org: ~0.23 wt.% blue arrow) than the 
embedding hematite-rich rocks, e.g., C-org: ~0.05 wt.%, red arrow (Fig. 3). 
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figure 2. Selected cores including hematite/goethite-rich materials (bright red and brown colors) 
embedding pockets of phyllosilicates (light-toned zones). After Bonaccorsi and Stoker, 2008.

figure 1. Borehole 7 drilling site at the Rio Tinto Region. Oxidized gossan cap (red color) overlying 
the massive ore deposit (gray color). After Bonaccorsi and Stoker, 2008.

Interestingly, even the shallow porous oxidized rocks immediately beneath the 
biologically active, organic-rich surface soil horizon (3–11 wt.%, green arrow) appears 
to be a highly oxidizing environment (Fig. 3). Possibly, dissolved organic carbon 
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(DOC) entrained by rain (500–700 mm/year) is absorbed and it can be “rapidly” 
oxidized within the shallow ironstone environment (Fig. 3), which is not conducive 
to preservation.

3.5.  HABITABILITy OF PHyLLOSILICATES

In addition to the preservation potential, which is a key requirement for the  
detection of past life on Mars, habitability, i.e., the capability of supporting past 
and present microbial life, will be one of the most important criteria for the search 
for present (and past) life.

When addressing the question on whether clay-rich materials would repre-
sent a preferentially habitable environment versus nonclay, or clay-poor matrices, 

figure 3. Chemostratigraphic model proposed for preservation (After Bonaccorsi and Stoker, 2008). 
Total organic carbon is surprisingly low at the surface-oxidized soil horizon beneath the biologically 
active organic-rich soil horizon (C-org: 3–11 wt.%). Note the organic carbon dropping from ~3 to 
12 wt.% to less than 0.05 wt.% (<3 cm depth) where modern soil organic matter (SOM) and dissolved 
organic carbon (DOC) should be still abundant. Through the entire hole, down to ~6 m depth, the 
organic carbon is poorly preserved in hematite- (He: 41–87%) and goethite-rich (Gt: 45–74%) rocks.
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a simplified comparative approach may help. One approach could be that of looking 
at biological markers that can be easily measured in situ and that can be unequivo-
cally used as proxies for living microbial biomass. In Sect. 3.6, I briefly describe 
some of the methods used for this application.

Performing habitability studies on a set of natural environmental samples is 
certainly more complex and less reproducible than using synthetic mineral 
samples under controlled laboratory (biological) conditions. However, such com-
plexity can be mitigated by an in depth knowledge of the environmental context 
(e.g., water availability, organic carbon/ energy sources, potential biological 
sources) and by applying a comparative approach. In addition, direct study of 
habitability potential on complex environmental matrices would generate data to 
constrain a better model for the interpretation of an even more complex and still 
generally unknown Martian environment. Understanding such complexity will 
be, indeed, one of the most challenging tasks of the upcoming MSL11 and 
ExoMars missions.

An example of comparative investigation of clays and nonclay mineral analog 
environments is given in Sect. 4.

3.6.  ANALyTICAL APPROACH

3.6.1.  Total Viable Biomass
The portable hygiene monitoring system LIGHTING MVP (BioControl 
Systems, Inc., WA, USA) is used to assay levels of  Adenosine 5¢-triphosphate 
(ATP). As the ATP is the energy system carrier used by all living organisms, this 
technique is routinely applied to estimate the relative metabolic activity of  cells 
and the viable biomass in soil samples (Cowan et al., 2002). The ATP assay-
based biomass data are expressed as Relative Luminosity Units (RLUs) and 
calibrated vs. Phospholipid Fatty Acid (PLFA)-based total biomass (cells/g soil) 
on subaliquots of  primary soil samples tested for ATP. Details on methods are 
described in full elsewhere (Miller et al., 2008; Bonaccorsi and Stoker, 2008, and 
references therein).

3.6.2.  Gram-Negative Biomass
The endotoxin-producing microbial biomass in the rock and mineral samples 
can be determined with a portable system (Charles River PTS System), based 
on the Limulus Amebocyte Lysate (LAL) assay (Bruckner and Venkateswaran, 
2007). Basically, this assay detects the level of endotoxin (EU/mL), also known 
as lipopolysaccarides (LPS), in a sample. LPS are present in the external cellular 
membrane of Gram-negative-like microorganisms, such as bacteria, cyanobac-
teria (Raetz and Whitfield, 2002), unicellular algae (Bedick et al., 2001), as well 
as vascular plants (Armstrong et al., 2006). LPS amounts can be then translated 
into bacterial biomass (cells/g), i.e., 1 EU/mL is equivalent to about 105 cells/mL, 
Escherichia coli-like cells.
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The LAL assay can be successfully applied to determine the Gram-negative 
biomass in rocks and fine-grained materials with apparently no interference from 
clay-rich and ferric iron-rich matrix (Bonaccorsi et al., 2010). This assay has been 
routinely used to detect endotoxin contamination in environmental liquid sam-
ples and biopharmaceutical products, in Planetary Protection protocols 
(Procedural Requirements NASA, 2007) and, more recently, for astrobiology 
related field investigations (e.g., Allen et al., 2003; Eigenbrode et al., 2006; 
Bonaccorsi et al., 2010).

4.  approach and study areas

Clay-supported versus Fe-oxide-rich samples from the hyperarid Atacama Desert 
(Fig. 4) are compared with samples from the arid Death Valley (Fig. 5) and the 
moister California Coast (Pescadero State Beach) as the end-member with the 
most rich and diverse biomass (Fig. 6).

Bonaccorsi et al. (2010) have found that when comparing phyllosilicate-rich 
samples against an aridity/moisture gradient, the positive linear relationship 
observed in coarse-grained (nonclay) soil between microbial biomass, plant cover, 
and rainfall may not be applied to clay mineral-rich environment.

For clarity, study sites, location, and environmental features of these sites are 
outlined below and summarized in Table 1.

figure 4. Atacama Desert, Brine-rich oxidized and clay deposits (a). Banded structure (b) and 
desiccation polygons (c).
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figure 6. Location of Pascadero State Beach (a) and overview of the studied deposits (b, c).

figure 5. Locations of Death Valley National Park (a), and Little Hebe Crater (b).
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4.1.  HyPERARID ATACAMA DESERT

Phyllosilicate deposits in the hyperarid Atacama represent an improved ideal 
analog to constrain habitability potential in the most life-depleted setting.

The Atacama Desert has been extensively investigated as it represents the 
driest place on Earth, i.e., many times drier than other arid and hyperarid regions 
on Earth (McKay et al., 2003; Navarro-González et al., 2003; Warren-Rhodes 
et al., 2006). Coarse-grained Atacama soils are typical alluvial containing gyp-
sum, quartz, feldspars, low amounts of clay, and very low levels of refractory 
organics (at the 0.01% wt.). In these soils, both biomass and preserved organics 
increase by a latitudinal/ altitudinal rainfall gradient (Navarro-González et al., 
2006; Bonaccorsi and McKay, 2008, 2009).

Hematite rich (dark toned in Fig. 4a, b) and clay mineral deposits (Fig. 4, 
light toned) were collected in the yungay Desert region for habitability studies 
(Bonaccorsi et al., 2010).

4.2.  ARID DEATH VALLEy

Little Hebe is a young (300 years) and small spatter cone (formed by molten 
lava) located in the Ubehebe Volcanic Field (37°0¢35″N, 117°27¢1″W) in the Death  
Valley National Park, CA (Fig. 5a). The whole feld comprises over 13 maar  
volcanoes formed by subsequent phreatomagmatic explosions exposing thick 
sediments of Miocene age (Crowe and Fisher, 1973) and represents a geological 
analog for caldera structures identified on Mars, i.e., highland paterae (Crown 
and Greeley, 1993).

Oxidized (hematite-rich) and gypsum-bearing cemented sandstones were 
sampled from the Little Hebe crater’s rim (Fig. 5b), which is plant-barren and 
arider because of exposure to strong wind blasting. Silty-clay, phyllosilicates-
bearing light-toned sediments of alluvial/aeolian origin accumulate in the area 
and at the crater’s bottom, which is colonized by sparse vegetation, e.g., Desert 
Holly (Atriplex hymenelytra) and Creosote bush (L. tridentata) as main source of 
microbial biomass.

4.3.  MOIST COASTAL FOG REGION

Pescadero State Beach is a coastal site of California, characterized by 
Mediterranean climate (rain of 700 mm/year), fog, and low overcast year round.

Clays were sampled from an exposed outcrop (Fig. 6b, c) consisting of 
water-saturated estuarine mud (Holocene) predominantly gray, green, and blue 
clays (indicated by arrows in Fig. 6c) capped by an oxidized, goethite-rich, poorly 
consolidated sandstone unit (Brabb et al., 1998). Soils atop these units are exten-
sively colonized by cordgrass (Spartina sp.) and pickleweed (Salicornia sp.). 
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Ocean spray and near-surface soil horizons represent an obvious diversified 
source of living biomass (including gram negative-like organisms) and dissolved 
organic matter to the exposed formations.

5.  viable Biomass in Phyllosilicate Mineral environments

Microbial biomass contents have been determined in phyllosilicate-rich materi-
als including mineral phases similar to those identified or inferred to exist on the 
Martian surface. This was done to explore the possible habitability of analog min-
eral deposits formed on a wetter/warmer Mars. Viable microbial biomass content 
in clays versus nonclay materials along a climate precipitation gradient is sum-
marized in Table 1.

By examination of Table 1, three observations can be made: (1) Atacama 
desiccation polygons (Sample AT08-yU-42C, Fig. 4c) and contiguous hematite-
rich deposits (sample AT08-yU-42B, Fig. 4a) contain similar amounts of  
biomass, which is even lower than that of coarse-grained soil from nearby sites 
(Samples AT08 and AT-06). The Atacama clays (muscovite and kaolinite) are 
three-orders of magnitude lower than (2) surface clays (montmorillonite,  
illite, and chlorite) from the Death Valley (Sample HUBE08-3C, Fig. 5b). Finally 
(3) the Gram-negative biomass content of the water-saturated clays (PES08-1B: 
kaolinite, illite, and vermiculite, Fig. 6c) from humid coastal sites (>700 mm/year) 
is about the same order of  magnitude (∼(or about) 107 cells/g), which is counter-
intuitive, than that found in clays from the arid site (>10 to <100 mm/year 
rainfall).

6.  Concluding Remarks

Comparisons across the rainfall gradient suggests that, at least for the clay analog 
environment studied here, increasing vegetation cover and moisture availability 
would not necessarily translate into higher content of living biomass/habitability.

Levels of living biomass inhabiting clays could be related not only to the 
potential sources of organics and biomass in the surrounding environment,  
but also to the interplay of several factors, including, but not limited to, clay type 
assemblages and abundances, grain size, precipitation, and/or environmental 
moisture.

Furthermore, it is unclear weather or not clay mineral-rich environments 
have a higher habitability potential with respect to that of background, clay 
mineral-barren environments.

Geochemical analyses are underway to determine the effective role of miner-
als in hosting viable biomass and/or preserving related organic biosignatures. This 
will complement information on the habitability of these relevant Mars analogs 
and in support of tactical decision-making by the integrated MSL science team.
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A deeper understanding of  preservation potential and habitability of 
phyllosilicates and hematite-rich materials, achieved by studying new analog 
sites where these minerals are simultaneously present, will therefore provide criti-
cal information to help identify the best locations to search for ancient and pos-
sibly modern organic biosignatures on Mars.
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abstract The search for life in the universe, especially on the Jovian satellite Europa, 
could benefit from our knowledge of the bacterial processing of sulfur on the 
early Earth. We know that sulfate respiring bacteria reduce sulfur and produce 
large fractionation between its isotopes, especially 32S and 34S. The presence of 
sulfur patches on the Europan surface, as revealed by the Galileo mission and 
confirmed by the New Horizons, may have some astrobiological implications. In 
principle, they could be related to sulfate-reducing bacteria and sulfur dispropor-
tionation on the ocean seafloor and its subsurface. The presence of pyrite in the 
oncolitic and stromatolitic laminae recorded from several Precambrian forma-
tions of the world reveal pyrite biomineralization in highly reducing conditions 
in the Archean and Proterozoic. A review of geological and biogeochemical data 
from the Precambrian demonstrates that both pyrite and evaporite formed bio-
logically by dissimilatory sulfate reduction. In the present review, we maintain 
that S-isotope analysis is a most valuable tool for the exploration of  the Solar 
System. In situ analysis of the Europan surficial icy patches should be targets 
for the future exploration of the Jovian System by the future worldwide effort to 
explore the Jovian System.

Keywords Sulfur cycle • Early Earth • Stromatolites • Europa • Mars • Astrobiology 
• Galileo probe • Pyrite biomineralization • Sulfur isotopes

1.  Introduction

The possibility of life on Jovian satellite Europa and on Mars could be tested, 
based on the occurrence of biogenic chemical elements (C, H, O, N, S) on the 
early Earth (Chela-Flores, 2006). We know that sulfate-respiring bacteria reduce 
sulfur and produce large fractionations between the 32S and 34S isotopes. The 
presence of sulfur patches on the surfaces of Europa and Mars (including rich 

725



JULIAN CHELA-FLORES AND VINOD CHANDRA TEWARI

concentration of sulfur in the Martian meteorites) may have implications in our 
search in our solar system for biomarkers, both for the Galilean satellite and for 
the Red Planet. We discuss the role of microbial sulfur on the early Earth and its 
potential astrobiological significance. In the search for biomarkers, new techniques 
and instrumentation are being developed. They will facilitate the interpretation of 
biomarkers. Firstly, our capability to infer the presence of past life on terrestrial 
planets such as Mars, by questioning what amount of rock is needed to distin-
guish past life from nonlife (Schopf et al., 2008). Secondly, new instrumentation 
are available that aims at distinguishing past life (or extant life) on the icy bodies 
of the outer solar system such as the Galilean satellites Europa, Ganymede, and 
Enceladus in the Saturn System. The recent S isotope data from the 3.4-billion-
year old (Ga) North Pole barite deposit in Australia provides the oldest evidence 
of microbial sulfate reduction.

It also demonstrates the presence of  sulfate-reducing microbes in the early 
Archean (Shen and Buick, 2004). S isotopic ratios provide valuable clues regard-
ing the presence of  sulfur-dependent metabolic activity on the early Earth. 
Archaean oceans at 3.5 Ga were sulfate rich and sulfides were formed by sulfate-
reducing bacteria. S isotopic compositions of  sulfides are enriched in 32S and 
may be biogenic in origin. In geological history, the major deposits of  stroma-
tolitic phosphorites (with pyrite and oncolites) occur in the Precambrian–
Cambrian boundary succession of  the Asian-Pacific region of  the world (Tewari, 
1991). The Precambrian–Cambrian phosphorite–stromatolite association from 
the Tal Formation, Lesser Himalaya, India (and elsewhere), shows the presence 
of  pyrite in the oncolitic and stromatolitic microlaminae. The pyrite follows the 
original biolamination pattern indicating conditions of  a reducing paleoenviron-
ment (cf. Fig. 1 and Tewari, 1991).

A review of the geological and biochemical data from the Precambrian 
demonstrates that pyrites and evaporites were formed biologically by dissimila-
tory sulfate reduction. We conclude that S isotope analysis is most valuable for 
solar system exploration. In situ analysis of the Europan surficial icy patches of 
sulfur, together with carbon isotopic signatures, will inevitably be targets for 
future space missions to the Jovian system, now in their planning stages (the 
worldwide collaboration for a Europa-Jupiter System Mission, EJSM).

The search for life in the universe and the possibility of  life on Jovian satel-
lite Europa and the planet Mars could be related to the occurrence of  sulfur on 
early earth (Seckbach and Chela-Flores, 2007; Chela-Flores et al., 2008). We 
know that sulfate-respiring bacteria on earth reduce sulfur and produce large 
fractionations between the 32S and 34S isotopes. The presence of  sulfur patches 
on the surface of  Europa as well as on the Martian surface and a rich concentra-
tion of  sulfur in the Martian meteorites have astrobiological implications 
regarding the existence of  microbial life on these two most promising candidates 
for the search for extraterrestrial life in our solar system. We are discussing the 
possible role of  microbial sulfur on earth and their significance in the origin of 
life and astrobiology. The Precambrian–Cambrian phosphorite–stromatolite 
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association from the Tal Formation, Lesser Himalaya, India, and elsewhere 
show the presence of  pyrite in the oncolitic and stromatolitic microlaminae. The 
pyrite follows the original biolamination pattern, indicating conditions of reducing 

Figure 1. Precambrian–Cambrian boundary stromatolitic, oncolitic, pyritic phosphatic beds at the 
contact of the Krol-Tal Formations, Lesser Himalaya, India, represents global phosphogenic event 
(Tewari, 1991, 2007).
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paleoenvironment (Tewari, 1991). A review of the geological and biochemical 
data from Precambrian demonstrates that pyrites and evaporates were formed 
biologically by dissimilatory sulfate reduction.

We conclude that S isotope analysis is the most valuable for planetary explo-
ration. In situ analysis of the Europan surficial icy patches of sulfur together with 
carbon isotopic signatures will inevitably be targets for future space missions.

2.  earliest evidence of Sulfate-reducing Bacteria and Their modern analogs

In the previous section, we have mentioned the existence of  evidence of  sulfur 
isotope data from 3.47 Ga old North Pole Dome, Western Australia. Microscopic 
pyrite associated with barite deposits from North Western Australia. This pyrite 
is the oldest evidence of  microbial sulfate reduction on primitive earth. Organic 
carbon isotope data from the oldest metasediments 3.8 Ga old Isua complex is  
consistent with the existence of  autotrophic CO2 fixation in to biomass 
(Schidlowski et al., 1983). During microbial sulfate reduction, the stable isotopes 
32S and 34S are discriminated so that the daughter sulfides are isotopically frac-
tionated with respect to the parent sulfate, with the sulfides being depleted in 
34S. The oldest terrestrial S-isotopic records come from highly metamorphosed 
and deformed ferruginous rocks resembling banded iron formations from the 
Isua Supracrustal Belt, Greenland (3.8 Ga), which shows narrow range with 
a mean value of  + 0.5 ± 0.9‰ (Schidlowski et al., 1983). However, sedimen-
tary sulfides in the 2.7 Ga old iron formations of  Canada are highly depleted 
in d34S values as low as –17.5‰. This indicates that microbial sulfate reduc-
tion must have evolved by 2.7 Ga. The modern marine environments, sulfate 
reduction and pyrite formation occurs near the sediment surface where sulfur 
reduction rates are highest. The occurrence of  pyrite and siderite in Archaean 
sedimentary rocks from Pilbara, Australia, indicates that oxygen was less in the 
Archaean atmosphere. The evolution of  atmospheric oxygenation is linked to the 
Precambrian sulfur isotopic records. Shen and Buick (2004) have also interpreted 
that the stromatolites associated with the North Pole barite of  Australia must 
have been formed by green and purple photoautotrophic sulfur-oxidizing bac-
teria of  the Cholorobiaceae and Chromatiaceae. Sulfate reduction is a complex 
process requiring advanced membrane bound transport enzymes, proton motive 
force generation through the activities of  ATPase and other proteins involved in 
charge separation, and the genetic synthesis through DNA and RNA. The giant 
sulfur bacterium Thiomargarita namibiensis occurs in high biomass in surface 
sediments off  the coast of  Namibia (Schultz and Schulz, 2005). This bacterium 
gains energy by oxidizing sulfide, which accumulates in anoxic marine sediments 
as a result of  the degradation of  organic matter by sulfate-reducing bacteria. 
Modern phosphorite formation has been reported from these sulfate-reducing 
bacteria.
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3.  Factors that are needed for understanding the Precambrian Sulfur Cycle

A series of topics in Precambrian geology will be needed for gathering the insights 
that will orient us in the eventual search for other microbially driven sulfur cycles in 
the Solar System: Proterozoic–Cambrian sulfur isotopic ratios, pyrite formation in 
stromatolitic–Oncolitic–Phosphatic sedimentary environment, and sulfide micro-
bial mineralization. On the other hand, we recall that Ediacaran (Neoproterozoic) 
rifting resulted by the breakup of the supercontinent Rodinia around 750–690 Ma 
(Tewari, 2007, 2008). The development of the Krol basin in the Lesser Himalaya 
(Fig. 1) is associated with this event and the glacial diamictites (Blaini Formation) 
succession was deposited at the base of the basin, which is correlated with the 
global Neoproterozoic glaciation (Marinoan/Blainian, Tewari, 2001a, b, 2004, 
2007, 2008). The overlying pink limestone is cap microbial carbonate with highly 
depleted carbon isotope ratios (Tewari and Sial, 2007). The Krol–Tal Ediacaran–
Lower Cambrian carbonate–stromatolitic– phosphatic–oncolitic–pyritic beds are 
located at the Precambrian–Cambrian boundary in the Lesser Himalaya as well as 
in the China, Mongolia, Oman, and Iran (Brasier et al., 2002; Tewari, 1989, 1993, 
1994, 1999, 2007; Goldberg et al., 2005).

There was global oceanic anoxia near the Precambrian/Cambrian boundary. 
This was also the period when soft-bodied Ediacaran metazoans declined (extinc-
tion?) on earth and another biological diversification of Cambrian life took place. It 
is interesting that small shelly fauna (protoconodonts and conodonts, phosphatized 
oncolites, and stromatolites having pyritic and phosphatic microlaminae and algae) 
were restricted to the reducing (nonphotosynthetic) environment (Figs. 2–4 and 
Tewari, 1984, 1989, 1994, 1996, 2004, 2007).

Figure 2. Collumnaefacta vulgaris stromatolite, Lower Cambrian, Lower Tal Formation, Lesser Himalaya, 
India, showing the top view heads of the phosphatic pyritic stromatolite (left) and the columnar structure 
with dark black phosphatic laminae and golden yellow pyritic laminae (Tewari, 1984, 1989, 1991).
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The global sulfur isotopic trends suggest a major increase in the importance 
of sulfate-reducing bacteria with rising sulfate levels. The decreasing d34S values for 
sedimentary pyrite and increasing d34S values for sea water sulfate may be the result 
of widespread reduction under conditions similar to those of modern oceans 
(Lambert and Donnelly, 1992). The definitions of d34S are given in Sect. 4.

Figure 4. Phosphatic dark black laminae in the stromatolites of Meso- to Neoproterozoic Gangolihat 
Dolomite, Kumaon Lesser Himalaya, the intraclasts, pyritic pellets, and oolites are found in the inter-
columnar area (Tewari, 1989).

Figure 3. Boxonia stromatolite from the Lower Cambrian Tal Formation, Lesser Himalaya, India, 
showing development of pyrite (golden yellow color) in the stromatolitic laminae as well as in the inter-
columnar area and the thick wall between the columns (Tewari, 1989).
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4.  Bacterial Sulfate reduction

Sulfur is an important element for all microorganisms, animals, and plants 
on Earth. The main sources of  sulfur are bacterial sulfate reduction, plants, 
and soils. Sulfur isotopic ratios provide valuable clues regarding the presence 
of  sulfur-based metabolic activity on the early earth. The redistribution of  the 
primordial isotopic mixtures can be followed up in terms of  the appropriate 
parameter, namely

 
34 34 32 34 32 3

sa st
S ( S / S) / ( S / S) 1 10 [‰ ,CDT]. δ = − ×   

For simplicity, this function will be referred to as the d34S parameter, or simply as 
the delta parameter. Its value is close to zero when the sample coincides with the 
corresponding value of the Canyon Diablo meteorite that is a triolite (FeS), 
abbreviated as CDT. This parameter allows a comparison of a sample (sa) with 
the standard (st) CDT. The relevant terms are the dominant sulfur isotope (32S) 
and the next in abundance (34S). In fact, (34S/32S)st coincides with the average terres-
trial fraction of the two most abundant isotopes of sulfur. We obtain positive 
values of the delta-parameter when, by comparison, we have a larger quantity of 
the less abundant isotope 34S.

Sulfur isotopic values of  d34S for sulfide (pyrite) and sulfate (barite) miner-
als in the early Archaean display a relatively narrow spread around d34S = 0 ± 
3‰ for sulfides and delta 34S = 4 ± 1‰ for sulfates (Strauss, 2003). Archaean 
oceans at 3.5 billion years ago (Ga) were sulfate rich and sulfides were formed 
by sulfate-reducing bacteria (Ohmoto, 1992). The average sulfate content of  the 
mantle is about 300–400 ppm (Gehlen, 1992). Sulfur isotope ratios in mantle 
sulfur are close to meteorites (delta 34S = 0.5‰). Sulfur isotopic compositions 
of  sulfides are enriched in 32S and may be of  biogenic origin. The presence of 
pyrite in black shales, chert, and phosphorite association in Proterozoic and 
Early Cambrian formations with d34S > + 4‰ indicates that sulfate- and sulfide-
reducing bacteria were present in these depositional environments (Tewari, 
1984, 1996; Krajewski et al., 1994). Precambrian–Cambrian boundary black 
shale-pyrite, stromatolite, and small shelly fauna indicate highly reducing 
paleoenvironment in lagoonal facies, where sulfate-reducing bacteria must have 
flourished (Tewari, 1984, 1994, 1996; Tewari and Qureshy, 1985). Neoproterozoic 
carbonates (1,000–540 million years before the present) of  the world are char-
acterized by positive d13C values (Tewari and Sial, 2007; Tewari, 2007), where it 
is defined as follows:

 [ ]13 13 12 13 12 3

sa st
C ( C / C) / ( C / C) 1 10 ‰ ,PDB . δ = − ×   

The value of d13C is close to zero when the sample coincides with the PeeDee 
belemnite standard (PDB) in which (13C/12C) = 88.99 and d13C is defined as equal-
ing 0.00‰. This parameter can be used as a good biosignature. On the Earth 
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biota, for instance, there is ample evidence that photosynthetic bacteria, algae, 
and plants have typical significant deviations that yield values of up to –30 and 
beyond, due to biological processes (Schidlowski et al., 1983). But the main point 
that we have emphasized in the past is that negative values of the d13C parameter 
do not arise exclusively from biogenic sources. For this reason, we have mentioned 
in the present paper that sulfur is a better biomarker for the study of possible 
biosignatures.

5.  Sulfur Patches on europa: Is There evidence for Biogenicity?

There are significant strategies for identifying those places where future landers 
could search for the biosignatures, such as the penetrators that are now being 
tested for the 2014 MoonLITE Mission (Smith et al., 2008) and subsequently 
for Europa (Gowen et al., 2009). The Jovian satellite Europa is the most appeal-
ing site for the discovery of  extraterrestrial life in our cosmic neighborhood.  
A key factor in this enterprise has already been provided by the discovery of 
sulfur patches on the icy surface of  this satellite by the Galileo mission. The 
discovery is significant due to several additional measurements that strongly 
suggest the presence of  an internal deep ocean, a potential habitat for extre-
mophilic (cryophilic) microorganisms. The Galileo Near-Infrared Mapping 
Spectrometer (NIMS) evidence for the presence of  sulfur compounds has been 
discussed in detail in our previous paper (Chela-Flores, 2006). The most likely 
sites would be where the salt deposits, or organics, are concentrated, as sug-
gested by the NIMS data. For instance, the search for biosignatures could focus 
on the area north of  the equatorial region, between 0°N and 30°N and between 
the longitudes 240° and 270° (cf. McCord et al., 1998, Fig. 2a). But a more 
intriguing and smaller patch would be the narrow band with high-concentration 
of  non-ice elements that lies east of  the Conamara Chaos, between the Belus 
and Asterius lineae, namely between 18°N and 20°N, and longitudes 198°–202° 
(cf. McCord et al., 1998, Fig. 2d).

Definite answers can be searched in situ on the icy surface with GC-MS 
instrumentation for the corresponding measurements with the help of biogeo-
chemistry, especially with the d34S parameter. Measurements by mass spectrome-
try are needed. In a feasible mission to Europa, they are possible as discussed 
earlier (Chela-Flores, 2006), due to miniaturized equipment that is already in 
existence. A specific example is provided by mass spectrometry on a possible 
future lander on Europa. At this stage, it is possible to suggest the best possible 
landing site. We have suggested that at the “patch” found in the Europan surface 
coordinates 200°W, 20°N (longitude and latitude), respectively, there is a scientific 
valid way of testing biogenicity through isotopic fractionation that may have 
occurred on sulfur patches on the Europan icy surface (Singer, 2003; Bhattacherjee 
and Chela-Flores, 2004).
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6.  The antarctic dry Valley lakes: Possible relevance  
in the Search for Biogenicity

The early stages of future missions may be initially tested on Earth, in environ-
ments that are similar to Europa, namely the dry valley lakes of southern Victoria 
Land of Antarctica (Doran et al., 1994; Parker et al., 1982; Priscu et al., 1998). 
One large lake lies underneath the Vostok Station, the Russian Antarctic base 
about 1,000 km from the South Pole. A lake, the size of Lake Michigan, was dis-
covered beneath this Station in 1996 (Ellis-Evans and Wynn-Williams, 1996), after 
having drilled in that area since 1974. The lake lies under some 4 km of ice. Lake 
Vostok, as it is known, may harbor a unique microflora. The retrieval of biota 
from Lake Vostok will serve as a test for handling a larger aquatic medium, such 
as the proposed Europan submerged ocean that may be teeming with life.

At the time of writing, the lake itself  has not been sampled, prevented by the 
bioethical principles of planetary protection. On the other hand, in the dry valley 
lakes, there is already a well-studied biota that consists of abundant microorgan-
isms living underneath their iced surface. The estimated annual sulfur removal is 
over 100 kg in the case of Lake Chad in the dry valleys (Parker et al., 1982). Thus, 
endogenic sulfur and other chemical elements will be, at any time, found on the 
icy surface of the dry valley lakes. These environments will help us to decide on 
the experiments that should be performed with the help of the forthcoming 
Europa missions, such as the above-mentioned EJSM mission that is being con-
sidered by the major space agencies (Grasset et al., 2009).

7.  discussion and Conclusion

Recently, the significance of chemoautotrophs (microorganisms using inorganic or 
organic substances as energy source rather than light) has been discussed with spe-
cial reference to the Jupiter’s satellite Europa (Chela-Flores, 2006). The search for 
presence of sulfur in the core of Europan ocean, its chemistry and the possible 
presence of sulfur-reducing bacteria could be similar to the early stages of geological 
evolution on the Earth. They have emphasized that the sulfur patches on the icy sur-
face of the Europa might contain biomarkers and should be aimed to study in future 
Europa mission for extraterrestrial life in the universe. We would like to restate the 
main conclusions of our previous work (Seckbach and Chela-Flores, 2007; Tewari 
and Chela-Flores, 2009). S isotope analysis is the most valuable for planetary explo-
ration. In situ analysis of the Europan surficial patches of sulfur, together with carbon 
signatures, could yield a clearer interpretation of biosignatures.

In the present paper, we have indicated that geological and biogeochemical 
data from many sources of the Archaean and Proterozoic demonstrate that pyrites 
and evaporites were formed biologically by dissimilatory sulfate reduction (Shen 
and Buick, 2004; Schidlowski et al., 1983; Konhauser, 2007). Rocks of Archean 

733



JULIAN CHELA-FLORES AND VINOD CHANDRA TEWARI

age (older than 2.5 Gyr BP) provide the best evidence of early metabolic processes. 
Their study allows the reconstruction of  the biogeochemical cycle for sulfur 
since the origin of life on Earth. The remarkable will inevitably be targets for 
future space missions that are expected to return to Europa in the next decade.

With landers, or low-cost penetrators that could first of all be tried out on 
the Lunar surface (Smith et al., 2008), we would be in a position to test the redox 
state of the Europan ocean. Alternatively, the imprint of the possibly biogenic 
signature of the surficial sulfur would be retained in the dust cloud that surrounds 
this singular Jovian satellite (Kruger et al., 2003). The arguments in the present 
paper continue to point towards mass spectrometry as the principal instrumentation 
for future probing of the Europan patches, either in orbit or with penetrators.
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This COLE volume describes and discusses the interaction of  microbes with 
sediments since the earliest stromatolites were formed on Earth, around 3,500 Ma 
ago. One of the most significant areas of sedimentary research today in the Earth 
Sciences is the interaction of microbes with sediments, a topic that is fascinat-
ing, complex, rewarding, and enlightening. In the primordial ecosystems of the 
Archean, the changing environment gradually led to adaptations of early microbes 
that radically altered the terrestrial phylogenetic tree. Such complexity is entangled 
with the intrinsic difficulty of identifying truly reliable fossils from which we per-
haps might be able to reconstruct the early steps in the origin of life on Earth and 
the pathway of its evolution. By fortuitous coincidence, this volume was initiated 
in 2008, the 100th anniversary of the term “stromatolith” (kalkowsky, 1908).

The terminology of stromatolites underwent considerable transformations 
since kalkowsky’s 1908 introduction of “stromatolith.” In this book, stromato-
lites are treated as organo-sedimentary structures with a direct relation to life and 
thus also to Darwinian evolution. This, however, is not exclusively the case for all 
stromatolite definitions and not all stromatolite researchers would agree on such 
exclusivity of terminology (cf. Hofmann, 2000; Altermann, 2007).

Geomicrobiology of cave deposits is an area of research to interpret 
paleoenvironment and interaction of microbes with sediments giving some exam-
ples from the Sahastradhara and Mawsmai caves from India.

The study of stromatolites may contribute significantly to placing a few 
stepping stones firmly along the pathway of Darwinian evolution from the 
Archean up to the present. A great deal of the entire span of geologic time since 
the first appearance of stromatolites on Planet Earth is covered in this volume, 
and several authors devoted their papers to the evidence for biogenicity of 
Archean stromatolites. Such information was obtained owing to the fact that we 
have two reliable windows on the nature of the early habitats on Earth: the 
Pilbara Craton, especially with the Dresser Formation in Western Australia, and 
the kaapvaal Craton in South Africa.

The Archean environment was prolific with life other than the stromatolite 
builders, namely – as today – the cyanobacteria. From the locations in Australia 
and South Africa, details of  ancient hydrothermal vents have been retrieved. 
A complex set of both sulfur-reducing bacteria (Shen and Buick, 2004) and 
methanogens (Ueno et al., 2006) were already at play a mere billion years after 
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the formation of the Earth itself, possibly before the best evidence of Archean 
stromatolites. Also focused upon in detail are the Meso-neoproterozoic stroma-
tolite diversity and associated organic-walled microfossils in the black cherts that 
represent the Proterozoic biosphere of the Earth before the Cambrian explosion 
of life. In more recent geologic strata, the evidence for microbial life garners less 
controversy in the interpretation from the rocks that have been studied. The 
Mesozoic Tethyan carbonate and phosphate stromatolites and biomineralization 
in the Alpine and Arctic regions to Japan and korea explain the role of microbes 
and sedimentation in different environments. Since the present is the key to the 
past, the modern stromatolites from Shark Bay in Australia and from the Bahamas 
can reveal information on the depositional system and the sediment–microbe rela-
tionship in which the Archean–Proterozoic stromatolites were formed. Various 
authors concentrated on these aspects. In all of the foregoing, the acquisition of 
information benefitted from modern instrumental techniques such as laser Raman 
spectroscopy, confocal laser scanning microscopy (Schopf et al., 2008) and nano-
SIMS, cathodoluminescence and sulfur and carbon isotopes.

The overall picture that emerges from the interaction of microbes with sedi-
ments provides a significant basis for extrapolating to what could happen else-
where in the Solar System. This is particularly timely as the science of astrobiology, 
namely the study of the origin, evolution, distribution, and destiny of life in the 
universe is going through its golden age.
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