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Abstract

Many kinds of ichnofossil Zoophycos occur commonly in the carbonate rocks of Pennsylvanian to Cisuralian Taiyuan
Formation in North China. In this study, carbonate microbodies types were identified in four differently-colored
fillings of Zoophycos using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). Based on
the morphologic characteristics, these carbonate microbodies can be divided into three groups, i.e., spheroids,
framboids and rhabditiforms. According to the structural features of surface and individual or aggregate morphologies,
the three groups can be further subdivided into thirteen types: (1) smooth spheroids; (2) spheroids with tiny thorns; (3)
spheroids with a finely granulated surface; (4) spheroids with a flocculent surface; (5) spheroids with a vermiform
surface; (6) framboid monomers; (7) framboid colonies; (8) linear smooth rhabditiform bodies; (9) smooth rhabditiform
bodies with expanding ends; (10) biserial rhabditiform bodies; (11) spiral rhabditiform bodies; (12) thorny rhabditiform
bodies; and (13) branched rhabditiform bodies. This paper not only describes the morphology, composition and
occurrence of the various carbonate microbodies, but also discusses their possible microbial genesis, as follows: (1)
carbonate spherical microbodies most likely were generated after globular bacterial cells had been fully displaced by
minerals; (2) framboid monomers and colonies corresponding to the morphology of biogenic strawberry (or raspberry)
pyrite, with their appearance and internal structure possibly inheriting the morphology of microbial cells, were
indirectly generated by some microenvironmental changes due to microbial activity; (3) the morphological features,
size, occurrences and preservation of filamentous and rhabditiform microbodies indicate that they may be biogenic
structures, and possibly mineralized microbial fossils; and (4) some kind of symbiotic relationship exists between
microbial action and the Zoophycos trace-makers. Besides, the differently-colored fillings of Zoophycos are most likely
closely related to differences in the composition of microbial taxa, which in turn reflect different microenvironmental
conditions.
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1 Introduction
Since the beginning of the twenty-first century, ichnologi-
cal studies in China has been focused on complex trace
fossils (such as Zoophycos, Chondrites, Spirophyton, and
Paleodictyon) from the perspective of geobiology (Miller
2003; Miller III 2003; Gong et al. 2009, 2010; Zhang et al.
2015). Based on geobiological features, e.g., pyrite and/or
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iron framboids, in Zoophycos and Rhizocorallium burrows
and surrounding rocks, a gardening model was provided
and the framboids were generated in the reducing condi-
tions of the microenvironment (Gong et al. 2008; Zhang
et al. 2015; Zhang and Zhao 2016).
Zoophycos is a large and complex ichnofossil that

commonly occurs in the Phanerozoic marine deposits
(Webby 1969; Bottjer et al. 1988; Olivero 2003; Zhang
et al. 2015). Some researchers considered that Zoophycos
is a kind of commensal structure related to organisms and
symbiotic microbes (Bromley 1991; Bromley and Hanken
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Fig. 1 Map of the study area and section locations. Inset map of China
is modified after State Bureau of Surveying and Mapping (No. GS (2016)
1591). 1 = Xishan section; 2 = Fucheng section; 3 = Liuzhuang section;
4 = Longhuashan section
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2003). Over the last decade, this idea seems to be getting
increased attention of many scholars around the world. In
addition, a mutualism relationship of trace-makers and
microbes in the food chain has been proposed, and the
redox conditions have been reconstructed (Gong et al.
2007, 2008, 2010; Hu et al. 2010; Zhang et al. 2015; Zhang
et al. 2016).
Geomicrobes are microbes which have special physio-

logical functions and have participated in past and present
geological processes (Kuznetsov et al. 1963; Ehrlich and
Newman 2009). These microbes include bacteria, archaea
and eukaryotes (Burton and Lappin-Scott 2005; Ehrlich
and Newman 2009). The microbes with the greatest
diversity and abundance may play an important part in
understanding the relationship between organisms and
environments, such as: (1) methanogens, methane-
oxidizing bacteria and archaea, which are related to carbon
cycle; (2) sulfur-reducing bacteria and archaea, which are
related to sulfur metabolism; (3) anoxygenic phototrophic
bacteria and nitrate-reducing bacteria, which are related to
iron oxidation; and (4) dissimilatory iron-reducing bacteria,
which are related to iron reduction (Gong et al. 2007,
2008; Xie et al. 2012).
Geomicrobial groups and their life processes can influ-

ence the behaviors and habits of trace-makers and can
also change their environment. For example, some groups
of trace-makers may induce a relationship between the
food chain, the oxidation–reduction condition and the pH
value (Xie et al. 2011). In contrast, the types, abundances
and diversity of geomicrobial groups can be palaeo-
environmental and palaeoecological indicators, which
are helpful for explaining the shapes and functions of
complex trace fossils.
Here we reported more than ten kinds of carbonate

microbes occurring in fillings of Zoophycos, some of
which were preserved possibly due to reducing bottom
conditions. These data provide new evidence pertaining
to the behavior of the Zoophycos organisms, depositional
and ecological features, and contribute to the understand-
ing of the relationship between organisms and microbes.
In this work, four representative carbonate sections were
chosen as study objects: (1) the Xishan section in Taiyuan
City of Shanxi Province, (2) the Fucheng section in
Jincheng City of Shanxi Province, and (3) the Liuzhuang
section in Jiaozuo City of Henan Province, and (4) the
Longhuashan section in Yuzhou City of Henan Province.
These sections are well-exposed in the western area of
North China (Fig. 1).

2 Geological settings
The Pennsylvanian to Cisuralian Taiyuan Formation
(P1t) in North China, deposited in an epeiric carbonate
platform, including littoral, neritic, lagoonal and tidal flat
deposits. It has conformable contacts with both the
underlying Upper Carboniferous Benxi Formation (C2b)
and the overlying Middle Permian Shanxi Formation
(P2sh). The Taiyuan Formation (P1t), 70–90 m thick, is
mainly composed of thin- to medium-bedded, gray to
dark gray bioclastic limestone intercalated with nubby,
flaggy or banded chert, claystone, siltstone, sandstone
and thin-bedded coal. This unit is generally divided
into four members from bottom to top (Fig. 2), namely,
the Bottom Siliciclastics Member, the Lower Limestone
Member, the Middle Siliciclastics Member and the
Upper Limestone Member (Song et al. 2011).
The Bottom Siliciclastics Member consists of thin- to

thick-bedded sandstone, siltstone, sandy mudstone,
carbonaceous mudstone and thin-bedded coal.
The Lower Limestone Member is marked by shore and

shallow marine deposits, containing 2–3 (locally, 4–5) lime-
stone layers that are made up of medium- to thick-bedded
dark-gray limestone, bioclastic limestone and micrite,
intercalated with thin-bedded sandstone, siltstone, sandy
mudstone, mudstone and thin-bedded coal, as well as
nubby, flaggy or banded chert.
The Middle Siliciclastics Member is deposited in barrier–

lagoon systems. It is composed of medium- to thick-bedded,
fine- to medium-grained gray-white quartz sandstones,
thin-bedded siltstone, sandy mudstone, and two or three
layer thin-bedded coal, containing several lenticular bioclas-
tic limestones.



Fig. 2 Lithological sections showing distributional characteristics of ichnofossils in the Pennsylvanian to Cisuralian Taiyuan Formation of North
China (from Song et al. 2016). Section positions are shown in Fig. 1. Fm. = Formation; Mbr. = Member
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Fig. 3 Four types of differently-colored fillings in Zoophycos from
the Pennsylvanian to Cisuralian Taiyuan Formation of North China.
a Brown filling; b Gray-white filling; c Gray filling; d Black filling
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The Upper Limestone Member is characterized by
shallow marine and shore deposits and is composed of
four or five layers of gray and dark-gray bioclastic lime-
stones, interbedded with thin-bedded fine sandstone,
siltstone, sandy mudstone and thin-bedded coal.
Body fossils such as fusulinids, brachiopods, gastropods,

corals and crinoids, are abundant in limestone beds of the
Taiyuan Formation. The most abundant ichnofossil is
Zoophycos, commonly associated with Chondrites, Gordia,
Nereites, Palaeophycus, Planolites, Rhizocorallium, Taeni-
dium, Teichichnus and Thalassinoides (Hu et al. 2010).
Four types of ichnofabrics were identified based on differ-
ences in trace fossil composition, occurrence, abundance
and diversity, especially the size and depth of Zoophycos,
intensity of bioturbation and color of Zoophycos fillings,
combined with the lithologic characteristics of the host
rock. The four ichnofabric types are epigenic tiering, shal-
low tiering, medium tiering and deep tiering ichnofabric
(Song et al. 2012, 2016). According to ichnofacies and
lithofacies analysis, the depositional environments of the
Taiyuan Formation in the studied sections evolved as
follows: lagoon and tidal flat→ littoral and neritic → lagoon
and tidal flat → littoral and neritic → tidal flat or delta. At
every stage, terrigenous siliciclastic deposits are intermit-
tently mixed. Generally, the carbonate rocks of the Taiyuan
Formation formed in a gently-sloping carbonate platform
depositional setting (Song et al. 2011, 2016).

3 Methods and data
The Zoophycos exhibits four differently-colored fillings,
namely, brown, gray-white, gray, and black (Fig. 3). During
sampling, a clear flat cross-section of Zoophycos was
chosen for observation, and the size of specimens was
determined. On the average, each sample was 3 mm thick,
6 mm wide, and 9 mm long, and the observed surface area
was about 0.5 cm2. Next, a line was carved with a small
knife, along the boundary between the filling and the
surrounding matrix, for observation and control of orien-
tation. During the sample processing, first specimens were
cleaned with distilled water and dried in a drying box,
then the samples were fixed on holders with conducting
resin. Finally, all the samples were coated with gold in the
ion sputtering apparatus. After specimen preparation, a
scanning electron microscope (SEM), model JSM-6390/
LV and EVO MA15, was used to observe the micromor-
phology of the specimens. Energy dispersive spectroscope
(EDS) connected with SEM, model INCA-ENERGY 250,
was applied to test the chemical composition.

4 Types of carbonate microbodies
Based on detailed SEM observations, different types of
carbonate microbodies were found in Zoophycos fillings
characterized by four different colors. Microscopic analysis
and testing by means of EDS demonstrate that CaCO3 is
the main component of the microbodies, and other
elements presented are Fe, Si, Mn or S, whose contents
vary among the differently-colored fillings. Furthermore,
carbonate microbodies are more abundant in brown (or
red) and black fillings than in gray and gray-white fillings.
According to their morphology, the carbonate microbo-

dies found in the fillings of Zoophycos can be divided into
three groups: spheroids, framboids and rhabditiforms.

4.1 Spheroid microbodies
On the basis of different surface structures, the carbon-
ate spheroids can be further divided into five types as
follows: type 1: smooth spheroids; type 2: spheroids with
tiny thorns; type 3: spheroids with a finely granulated
surface; type 4: spheroids with a flocculent surface; and
type 5: spheroids with a vermiform surface.

4.1.1 Type 1: Smooth spheroids (Fig. 4a–c)
These spheroids are well-preserved, with a relatively
smooth surface, and their diameters range from 2 μm to
15 μm. The single spheroids are flattened (Fig. 4b, c),
29 μm in length and 21 μm in width. The surface of
some spheroids exhibits a gap. The main elements of the



Fig. 4 Carbonate spheroids found in the Zoophycos fillings from the Pennsylvanian to Cisuralian Taiyuan Formation of North China. Testing points
of elements using EDS on spheroids and on smooth calcite crystals are marked out with numbers 1 and 2, respectively. Sampling localities are
shown in Fig. 2 a–c Smooth spheroids, with (a) from JL7, and (b) and (c) from FL1; d–f Spheroids with tiny thorns, with (d) from JL4, (e) from JL8,
and (f) from FL7; g–j Spheroids with a finely granulated surface, with (g) to (i) from JL4, and (j) from JL2; k Spheroids with a flocculent surface
(white arrows), from FL3; l Spheroids with a vermiform surface, from FL3

Song et al. Journal of Palaeogeography  (2018) 7:1 Page 5 of 12
spheroid surface (Fig. 4a, point 1) are C, O and Si, with
some Ca, Al, and Fe.

4.1.2 Type 2: Spheroids with tiny thorns (Fig. 4d–f)
These spheroids, 6–9 μm in diameter, are characterized
by regularly-distributed tiny thorns covering the surface.
The main elements of the grains (Fig. 4d, point 1) are C,
Ca, O, and Si, and the minor elements are S, Cl, K, Al
and Na. A small fissure (0.1–2 μm in width) occurs
locally on the surface displaying a smooth inner surface
(Fig. 4e).

4.1.3 Type 3: Spheroids with a finely granulated surface
(Fig. 4g–j)
These spheroids, 2–10 μm in diameter, are marked by a
dense finely granulated surface. The fine granules are
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regularly arranged, but their shapes are irregular.
Particularly, some spheroids touch each other and are
arranged as a coenobium, involving two (Fig. 4g), three
(Fig. 4h), or even four spheroids (Fig. 4i) linked to-
gether. Some spheroids have two relatively concave
sides (Fig. 4h, i). The EDS analysis shows that the main
elements of the spheroids and their surrounding rocks
are C, Ca, O, and Si, but the specific elements on the
surface of spheroids are S, Cl and K.

4.1.4 Type 4: Spheroids with a flocculent surface (Fig. 4k)
These spheroids are characterized by a complex floccu-
lent surface; the surrounding matrix is composed of
large, smooth calcite crystals (Fig. 4k, point 2). The
elements of the spheroid are more complex and are
commonly C, O, and Ca, and small amounts of Fe, Mn,
and S (Fig. 4k, point 1). In appearance, this spheroid is
similar to extracellular polymeric substances (EPS),
nannofossils of sulfur bacteria, or analogous pyrite spheroids
(Gong et al. 2008).

4.1.5 Type 5: Spheroids with a vermiform surface (Fig. 4l)
The spheroids, 2–3 μm in diameter, have a worm-like
surface structure and form groups of about 30 closely-
linked monomers (Fig. 4l). The spheroids are embedded in
coarse-grained, smooth calcite crystals (Fig. 4l, point 2).
The compositional elements of the spheroid surface
(Fig. 4l, point 1) are O, Fe, C, Ca, Mn, and S, in which
the main elements are O and Fe, with weight percentages
of 61.64% and 14.42%, respectively.

4.2 Framboid microbodies
Based on the aggregation of tiny spheroids, the fram-
boids found in the fillings of Zoophycos can be further
divided into two types: type 1–framboid monomers, and
type 2–framboid colonies.

4.2.1 Type 1: Framboid monomers (Fig. 5a–f)
Framboid monomers, commonly 3.5–7.5 μm in diam-
eter, are an aggregate of tiny spheroids that exhibit many
micrograins on the surface (Fig. 5a, b), embedded spor-
adically within calcite crystals or in the gap between two
adjacent calcite crystals. The micrograins are distributed
on the surface or inside the monomer densely and
evenly. They also may display a flower-like arrangement.
Six different kinds of framboids have been observed: (1)
Three framboid monomers (3.5–7.5 μm in diameter)
appear grouped (Fig. 5a), and their surfaces show numerous
micrograins, 0.5–1 μm in diameter. The main elements of
the micrograins are Fe and O, with weight percentages of
58.26% and 33.45%, respectively. Minor elements include C,
Si, and Ca. (2) Framboid monomers (4.5 μm in diameter)
are marked by many regular triangular and quadrilateral
micrograins with edge-lengths of 0.4–0.5 μm (Fig. 5b). (3)
Framboid monomers (7.5 μm in diameter) with about 70
closely adjacent micrograins (1 μm in diameter, Fig. 5c). (4)
Framboid monomers (5.5 μm in diameter) preserved on
the concave surface of calcite crystals and with micrograins,
0.5–0.75 μm in diameter (Fig. 5d). (5) Framboid monomers
(5 μm in diameter) display many hexagonal micrograins,
0.65 μm in diameter; five adjoining monomers are closely
squeezed to each other, showing concave pits after removal
of the framboid monomers (Fig. 5e). (6) Framboid
monomers (12 μm in diameter) embedded in Si-rich
calcite crystals; the main elements of the micrograins
(about 0.8 μm in diameter) are O, Fe, and C, along
with a few minor elements (Ca, Si, Al) based on the
SEM and EDS analyses (Fig. 5f, points 1, 2). These
characteristics seem to indicate that there is a positive
correlation, in diameter change, between the framboid
monomers and their micrograins. This may suggest
that the genesis of framboid monomers is related to
microbial action.

4.2.2 Type 2: Framboid colonies
The framboid colonies (Fig. 5g–l) identified in three
samples are characterized by adjoining of many micro-
grains or microspherules and are similar to the pyrite
framboids found in light-gray spreiten of Zoophycos.
They are interpreted as microbial colonies (Gong et al.
2007, 2008).
In sample 1 (Fig. 5g), the framboid colony, appearing

inside calcite crystals, is about 12 μm in width and 15 μm
in length, and includes nearly 200 closely-gathered micro-
spherules (single, about 0.8 μm in diameter).
In sample 2 (Fig. 5h), the framboid colony is more

than 10 μm in diameter and consists of many micro-
spherules, along with some residual pits observed on the
framboid colony surface.
In sample 3 (Fig. 5i), the framboid colony is about

40 μm in width and 50 μm in length, with more micro-
spherules than in the previous two samples, and shows
many concave pits which are the sites of former micro-
spherules. The EDS-data show that the main elements
of the microspherules are Fe and O, with weight per-
centages of 61.07% and 30.13%, respectively. A higher
value of Fe is present in the area of framboid colony,
and other minor elements include C, Ca, O, Si and Al.
In sample 4 (Fig. 5j), many framboid monomers (more

than 5 μm in diameter) with an uneven surface adjoin,
and are embedded or wrapped in calcite crystals, with O
and Fe as main elements.
In sample 5 (Fig. 5k, l), larger framboid colonies are

visible. In the enlarged view (Fig. 5l), the cauliflower-like
framboid colony (about 17.3 × 14.7 μm2) consists of
numerous micrograins that cover the surrounding calcite
crystals. These micrograins, about 1.33 μm in diameter,
are evenly distributed and regularly arranged. The EDS



Fig. 5 Framboid monomers and colonies found in the fillings of Zoophycos from the Pennsylvanian to Cisuralian Taiyuan Formation of North
China. Testing points of elements using EDS on framboids and on calcite crystals are marked out with numbers 1 and 2, respectively. Sampling
localities are shown in Fig. 2. a–f Framboid monomers, with (a) to (e) from XL5, and (f) from FL1; g–l Framboid colonies (arrows and dashed
circles), with (g) to (h) fromYL7, (i) from JL6, (j) from FL2, and (k) to (l) fromYL2. l Is an enlarged view of one framboid colony in (k)
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data show that the main elements of the micrograin
surface are Fe and O, with other minor elements (C,
Ca, and Si).

4.3 Rhabditiform microbodies
Based on surface features and shapes, rhabditiform
microbodies can be further divided into six types as
follows: type 1: linear smooth rhabditiform bodies; type
2: smooth rhabditiform bodies with expanding ends; type
3: biserial rhabditiform bodies; type 4: spiral rhabditiform
bodies; type 5: thorny rhabditiform bodies; and type 6:
branched rhabditiform microbodies.
4.3.1 Type 1: Linear smooth rhabditiform bodies (Fig. 6a)
These rhabditiform bodies are about 20 μm long and
about 1 μm in diameter, appearing as a straight line with
a smooth surface and round cross-section. It occurs
dispersed in the black fillings of Zoophycos.
4.3.2 Type 2: Smooth rhabditiform bodies with expanding
ends (Fig. 6b)
This rhabditiform body, 15.38 μm in visible length and
0.77 μm in width, also forms a straight line and has a
smooth surface. In addition, it has an expanding end



Fig. 6 Rhabditiform microbodies found in the fillings of Zoophycos from the Pennsylvanian to Cisuralian Taiyuan Formation. a Linear smooth
rhabditiform bodies, from FL7; b Smooth rhabditiform bodies with expanding ends (white oval), from FL7; c Biserial rhabditiform bodies, from JL4; d Spiral
rhabditiform bodies, from FL7; e–f Thorny rhabditiform bodies, from JL7; g–h Branched rhabditiform microbodies, from FL3. h is an enlarged view of (g)
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that is about 1.15 μm in diameter. It occurs dispersed in
the black fillings of Zoophycos.
4.3.3 Type 3: Biserial rhabditiform bodies (Fig. 6c)
The rhabditiform body forms a biserial straight line and is
smooth. Its length is 10 μm and its single-row diameter is
0.4 μm. It is preserved in the gap between calcite crystals
in the black fillings of Zoophycos.
4.3.4 Type 4: Spiral rhabditiform bodies (Fig. 6d)
This rhabditiform body is 9 μm in length and about
1 μm in diameter, and has the shape of a inverted
“L-shaped spiral”. It occurs in the gap between calcite
crystals in the black fillings of Zoophycos.
4.3.5 Type 5: Thorny rhabditiform bodies (Fig. 6e, f)
The prominent features of these rhabditiform bodies are a
straight course and dense needle-like thorns on the
surface. The main elements of the thorns (Fig. 6f, point 1)
are O, C, Ca, Mn, Fe, Si and S. The weight percentages of
Mn and Fe are 17.75% and 6.87%, respectively; Si and S
are minor elements. As shown in Fig. 6e, three rhabditi-
forms bodies are preserved together and arranged parallel
to each other, with a visible length of 50 μm and a diam-
eter of 1.5 μm. The thorns on the surface are 5–7 μm in
length and less than 1 μm in diameter.

4.3.6 Type 6: Branched rhabditiform microbodies (Fig. 6g, h)
These microbodies have a branched rhabditiform shape
(about 4.0 μm in diameter) (Fig. 6g). The enlarged view
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(Fig. 6h) shows a granular surface. The microscopic
analysis revealed their chemical composition of CaCO3.

5 Discussion
It is important to examine the geneses of above-described
types of carbonate microbodies in the Zoophycos burrows,
whether they are biogenic or inorganic, synsedimentary or
diagenetic. According to Southam and Donald (1999),
Westall et al. (2001) and Teng et al. (2006), carbonate
microbodies found in Zoophycos may be interpreted as
having a microbial origin and are likely microbial fossils.
This view is supported by the following three reasons:
First, the microbodies are primary and preserved in-situ.

It was made sure that the samples used for analysis were
not contaminated by new microorganisms (Westall and
Folk 2003). Careful observation of all samples shows
that these microbodies are closely integrated with their
surrounding matrix; some were embedded in holes and
cracks of the host rock, while others were interbedded
with their surrounding rocks. These microbodies are
extremely small and well-preserved, and exhibit certain
microbial morphologies and growth characteristics such
as curving, branching, links, and cracked spheres. This
suggests that they were not transported after formation
but rather grew in-situ. The above-mentioned charac-
teristics are consistent with in-situ preservation of
burrows.
Second, on one hand, some microorganisms can trans-

form the microenvironment around them by their own
metabolism; on the other hand, these organisms and se-
creted extracellular polymeric substances can serve as
nucleation sites for crystal nuclei, providing favourable
conditions for the growth of corresponding mineral
crystals.
It has been found in nature and in laboratory simula-

tions that calcium carbonate nucleation and growth on
the surface of microbial organisms may eventually result
in special shapes such as spheres and dumbbells (Teng
et al. 2006). Under these circumstances, it is probable
that geomicrobial cells are mineralized in-situ and are
preserved quickly, and the form and function of cells
can adjust and control the shape and size of microbial
fossils, generating spherical, rod-shaped, helical, and
filamentous shapes (Southam and Donald 1999). The
individual size and shape, fine structure, aggregating
habits, occurrence, and other aspects are consistent
with the original organisms (i.e., the organisms before
mineralization) after some bacteria are displaced by
minerals (Westall et al. 2001). In addition, Zhang et al.
(2011) studied some microbody types (such as small-ball,
rubber-hose-like, tubular and cystiform) in stromatolites,
and deduced based on the simple structures that a micro-
bial community developed in the stromatolites, formed in
a manner similar to modern cyanobacteria with a size in
the order of a micron, and suggested that cyanobacteria
dominated the community. So, the characteristics of
the carbonate microbodies found in Zoophycos, such as
specific shapes, minute size, complex surface structures,
monomer aggregation and biofilm, can also be used as a
basis for deducing their microbial origin.
Third, SEM and EDS analyses show that the surround-

ing rock is mainly composed of CaCO3, and the surface of
carbonate microbodies consists of many kinds of elements
besides those found in CaCO3. Furthermore, the elements
discovered in different types of microbodies were not all
the same.
The study of microorganisms near hydrothermal vents

in the Pacific Ocean demonstrates that the surfaces of
almost all the extracellular polymers and mineralized
bacteria are wrapped by irregular silicon-rich manganese
oxide, iron oxide and iron silicate minerals (Juniper and
Fouquet 1988).
Also in previous reports, the elements in microbial

fossils from hydrothermal plume fluids of the mid-ridge
in the Southwest Indian Ocean were tested by EDS and
high values were recorded for the elements Si, O, Ca, Fe,
and Zn. Ba is shown to be abundant in spheroids, while
Ti and Mn appear to be abundant in filamentous micro-
bial fossils. From these reports, it can be inferred that
the main mechanisms of microbial petrification in the
plume fluids are calcification and iron silicification (Lei
et al. 2009).
The various microbodies found in the course of this

study contain different elements and elemental abun-
dances at their surface, which are related to the selective
absorption of different elements during the petrification
process. Apparently, different types of microorganisms
can absorb different kinds of elements, and different
metabolic processes may produce different microenvi-
ronments and further cause the dissolution, migration
and precipitation of different minerals.

5.1 Origin of the spherical carbonate microbodies
Spherical carbonate microbodies contain important
information of the microscopic and macroscopic world.
Biogenic microsphere particles, 1–500 μm in diameter,
may be distinguished by characteristics such as an
umbilical-cord-like structure, organic content, and algal
residue. Apparently, the microbial population plays an
important role in the formation of spherical carbonate
minerals (Xie et al. 2012). Previous investigations which
provided some examples supporting this hypothesis are
described below:

1) Some coccoid and spiral-shaped bacterial microfossils
(0.4–3.0 μm in diameter) were found in the lamellae
of Zoophycos from limestones of the Permian
Maokou Formation in southern China. Using
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molecular fossil detection, a reduced state of sulfur
was found in the sediments, indicating reducing
conditions, which showed that the formation of these
microbial fossils is associated with sulphate-reducing
bacteria (Gong et al. 2007).

2) A large number of spherical carbonate aggregates
were found in carbonates of a cold spring, located
in the northern part of the South China Sea.
Magnified, the sphere surfaces exhibit worm-like
and filamentous structures (similar to Fig. 4l), which
are all microbial structures (Yang et al. 2009).

3) Some spherical (or walnut-shaped) microbial fossils
found in hydrothermal plume fluids may reflect
spherical bacterial cells which were completely
replaced by minerals (Westall and Folk 2003).

4) Microbial spherical structures, the size of a micron,
were found well preserved in dark layers of Neogene
stromatolites of the Qaidam Basin of northwestern
China. Through microscopic observation and
analysis, it was concluded that these spheres may be
some sulphate-reducing microorganisms similar to
coccoid microbes. Meanwhile, some submicron-scale
spherical particles were found, which may be the
products of microorganism syneresis under extreme
conditions, and were an important component of
extracellular polymeric substances in the stromatolite
and microbial mats (Wen et al. 2010).

In addition, simulation experiments have repeatedly
confirmed that some spherical carbonate minerals can
be synthesized by the action of microorganisms (Wen
et al. 2010). For example, spherical carbonates have
been synthesized by the interaction between minerals
and desulfovibrio under experimental conditions at
room temperature and hypoxia. In addition, extracellular
polymeric substances (EPS) secreted by bacteria play an
important role in the mineralization process (Bontognali
et al. 2008). By tracking the formation process of globular
carbonate rocks by the action of Citrobacter freundii, it
has been found that mineral aggregates developed some
transitional forms such as cauliflower-shaped and dumbbell-
shaped particles before turning into the globular structure
(Ma et al. 2009).
The results of this study suggest that the genesis of

spherical carbonate microbodies (such as some smooth
spheroids) is similar to the above-mentioned situation,
but some new types have also been found. Morphologically,
they are most likely generated after the globular bacterial
cells have been displaced fully by minerals or are related to
their displacement processes.
At first sight, framboids, just as strawberry-shaped

pyrite, were formed near the redox interface, and can be
used to explain changes in the host environment. Generally,
a statistical analysis of pyrite particle size can be used to
explain the redox conditions. However, a pre-condition is
that the pyrite grew only in the early hypoxic diagenetic
environment and the subsequent sedimentary environment
did not change. In addition, factors influencing the particle
size of pyrite also include storm events, changes in the
sedimentation rate, and mineral recrystallization.
It is generally acknowledged that strawberry-shaped

pyrite is transformed by intermediate state of iron sulfide,
but there are also several other theories on their genesis,
such as “biogenic”, “inorganic” and “multiple reasons” (Xie
et al. 2012). The number of microcrystals in strawberry-
shaped pyrite of microbial origin is usually only 10 to 100
particles, and their microcrystalline surface is clean while
their organic substances may be encased. In contrast, the
number of non-biogenic microcrystals may be as high as
109, and the microcrystal surface exhibit numerous micro-
structures, whereby the organic substances should be not
encased (Popa et al. 2004; Folk 2005).
The framboid monomers and framboid colonies found

in this study correspond to the morphological features
of biogenic strawberry pyrite. The special appearance and
internal structure of the framboids may have inherited the
morphology of microbial cells, which are indirectly gener-
ated by some microenvironmental changes because of the
influence of microbial activity.
EDS data indicate that Fe and O contents are higher

on the microcrystal surface, but S is hardly detected in
the samples, which was most likely oxidized at a later stage.
Of course, the genesis of microcrystals can be explained
more accurately based on the microelement abundances
and isotopic characteristics.

5.2 Genesis of the rhabditiform carbonate microbodies
As previously mentioned, this study includes the findings of
various rhabditiform microbodies that show the following
features: (1) The same types of rhabditiform microbodies
have a consistent diameter; (2) their cross-section is circular
or elliptical; (3) these microbodies have a linear, curved,
branched and winding morphology, and (4) they are
commonly preserved together in a community that is
manifested by many types of miscellaneous members
and symbionts. These features suggest that the filamentous
and rhabditiform microbodies are biogenic structures, and
even microbial fossils, that underwent mineralization.
Also, there are structural features of microbes in the

microbodies, typically including the obvious surface
diaphragm, the spherical end (Fig. 6b), and the tubular
structure (pore size of 1.1–1.5 μm) (Banfield et al. 2000).
The formation of smooth rhabditiform microbodies
(Fig. 6a–c) may be due to the replacement of microbes
by minerals, while the formation of rhabditiform bodies
with irregular granular surfaces may be due to microbes
that absorbed some elements from their environment.
In addition, some rhabditiform bodies with some portion
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strumae on the surfaces may be caused by silification of
the outer wall.
Chen et al. (2007) simulated microbial silicification in

the natural environment. They found that the bacteria
can be quickly silicified, so that their shapes can be well
preserved. At the same time, the deposits of some
siliceous fine particles on surface can be divided into
two distinct layers, in which the compact and regular
inner layer preserves the bacterial surface structure, but
the outer layer only holds the outline of the bacterial
shape.
According to morphological taxonomy, rhabditiform bac-

teria should be classified as sulphur- and metal-oxidizing
bacteria, which can promote mineral crystallization and
aggregation (Westall and Folk 2003). Based on size, shape,
cell division, and other physical features, four types of
filaments have been identified in the Black Smoker samples
from the Okinawa Trough, and it has been speculated that
these filaments may be some fungi and chemoautotrophic
bacteria formed by sulfur or iron oxidation (Feng et al.
2006).
Ghiorse (1984) suggested that rhabditiform bacteria

with branches containing higher values of Fe and Mn
may be preferred sites of ferromanganese settlement. In
addition, the present study considers that some rhabditi-
form microbodies with granular, needle-like and cluster
structures on the surfaces (Fig. 6e–i) may be the result
of bacterial oxidation of mineral surfaces. These struc-
ture features on the surfaces imply that rhabditiform
bacteria were preserved because of their rapid
mineralization.
The trace maker of Zoophycos very likely cultivated

various types of chemoautotrophic microbial flora in its
burrows and formed with them a symbiotic relationship.
This study also found that various carbonate microbodies

are quite abundant in the brown (red) and black burrow
fillings, but in the gray-white and gray fillings fewer micro-
body types occur. Thus, it can be speculated that the
formation of differently-colored fillings of Zoophycos is
closely related to the differences in microbial taxa reflecting
different ecological conditions. Although types of microbes
cannot be determined from the observed microbodies,
it is possible that some kind of symbiotic relationship
exists between microbial activity and the trace makers
of Zoophycos.
6 Conclusions
The trace fossil Zoophycos occurs abundantly in carbonate
rocks of the Pennsylvanian to Cisuralian Taiyuan Formation
of North China. Various carbonate microbodies were found
in the four differently-colored fillings of Zoophycos on the
basis of observation and analyses by SEM and determin-
ation by EDS.
According to the morphological characteristics, these
carbonate microbodies can be divided into three groups—
namely spheroids, framboids and rhabditiform bodies.
Based on different surface features, these carbonate
microbodies can be further divided into thirteen differ-
ent types. After the characteristics of morphologies,
composition and occurrence are described and ana-
lysed. This paper also discusses the microbial geneses
of these microbodies, and suggests that the formation
of differently-colored fillings of Zoophycos is closely
related to the differences in the microbial taxa from
different ecological environments, and that some kind
of symbiotic relationship exists between microbes and
trace-makers of Zoophycos.
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