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Observations on ancient and potential (re-
cent) stromatolites reveal that ooids and on-
coids, generally described as forming in agi-
tated water, in fact have developed within
microbial mats under quiescent conditions.
Coated grains grow around various nuclei in-
cluding biogenic gas bubbles within lens-
shaped cavities. Mats in which ooids and on-
coids occur as independent or compound
bodies had been formed by photosynthetic
and/or chemoorganotrophic bacteria or
fungi. In their formational environment, the
microorganisms building the coated grains
will protrude and fuse with the microbial
community of the mat. Oolitic beds devoid

subsequent deposition elsewhere. The fresh
and outermost microbial coatings of grains
may be removed during transportation. The

in situ formation of coated grains and stro-
matolites. The importance of microbial mats
in the formation of Europe’s largest iron ore
deposit is demonstrated.
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of organic remains suggest destruction of
mats, separation of hard grains, and their

Minette iron ore (Lorraine) is an example of
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“Rolling stones gather no moss”’
Titus Livius (Maxim 524)

oids and oncoids have fascinated man since

time immemorial for both economic and

mysterious reasons. They have attracted at-
tention since ancient times under a host of different
names. Aristotle and Pliny the Elder called them
hammites. Agricola confused hammites and am-
monites. The term oolite was coined in 1721 in
a review of the topic which also discussed biogenic
and abiogenic theories for the origin of coated
grains [1]. Scientific queries to find an explanation
for the genesis of coated grains such as ooids and
oncoids have continued and still continue today
[2-6].

Classification of Coated Grains
and Bodies

Stromatolites, oncolites, and oolites have been re-
ported from rocks and sediments dating back to
the Precambrian. Kalkowsky [2] was the first to
carefully analyze stromatolites and oolites. He as-
cribed a biological origin and an authigenic forma-
tion to both structural types, in contrast to many
authors, who suggested that ooids form inorgani-
cally under high-energy conditions [3]. However,
structurally similar but irregularly rounded larger
oncoid grains are generally considered to form or-
ganically with little or no agitation [4-6]. Various
writers have used the terms stromatolite, oncolite,
and oolite indiscriminately to describe widely dif-
ferent rocks and sediments. Genetic and descrip-
tive terms have simultancously been used in such
descriptions. As an example, calcretes, geyserites,
vadolites, etc., have been described as stromatolites
and vice versa, sometimes without any allusion to
their origins — be they inorganic or not [7]. Many
terms — algal balls, bezoar stone, calculus, ham-
mites, Ketteringstone, oncoid, ooid, pisoid, roe-
stone, vadoid, and a host of others — have been
used to describe independent, aggregate- or bed-
forming rounded laminated small grains. Sugges-
tions for their modes of formation are numerous.
The difficulty in recognizing organic remains in
many coated grains such as ooids, pisoids, etc.
under the optical microscope led many scientists
to advance arguments in favor of an abiogenic ori-
gin. On the other hand, the study of recent micro-
bial mat environments where coated grains fre-
quently form shows that chances of preservation
of ooids and oncoids are much larger than those
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Table 1. Classification of coated grains and bodies

Shape Tabular, domed Regularly  Irregularly
or columnar rounded rounded

Lamination  Planar to Concentric  Concentric
conical continuous  discontinuous

Biogenic Stromatoid Ooid?* Oncoid

individuum

Abiogenic Stromatoloid ® Ooloid Oncoloid

individuum

Biogenic Stromatolite Qolite Oncolite

assemblage

Abiogenic Stromatoloite Qoloite Oncoloite

assemblage

? Grain sizes in both, ooid and oncoid could be indicated by
adding prefixes such as micro- and macro-. Often the term
pisoid is used for large ooids

® Loid = similar (Oehler, 1972; Krumbein, 1983)

of the associated organic material of the matrix
[8]. The evolution of carbonate coatings based on
organic excretion was observed already in 1535 [9].
However, geologists usually stress the abiogenicity
of o0oids in particular [10], although several reviews
on these grains [6, 11, 12] suggest that they origi-
nate mostly under direct or indirect organic partici-
pation. Therefore, in view of the current difficulties
of nomenclature of coated grains and bodies, we
suggest a new classification wherein descriptive
and genetic terms are separated. In this classifica-
tion, we extend an earlier proposal of Krumbein
[7] regarding stromatoids, stromatoloids, and stro-
matolites to rounded laminated structures (Ta-
ble 1).

Association of Stromatolites, Oncolites,
and Oolites through Geologic Time

In this paper, we intend to demonstrate that oo-
lites, oncolites, and stromatolites, as well as their
individual units, could form together within the
same environment, i.e., within laminated benthic
microbial mats growing mostly in tidal flat envi-
ronments. Occurrences of ooids and oncoids in
stromatolitic layers or strata have been reported
from the Precambrian to the Recent [13-15]. How-
ever, most authors regard ooids and oncoids as
being of allochthonous origin. In contrast to their
findings, we report some convincing examples of
autochthonous growth of coated grains within fos-
sil and Recent microbial mats.
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Precambrian Example

In the Precambrian Gunflint iron formation, mi-
crooncoids can be seen to occur in pockets within
stromatolitic layering (Fig. 1a). These layerings are
composed of fine filamentous networks rich in sili-
ca and hematite with accessory dolomite. Thin-
section studies show that microoncoids often have
nuclei representing fossilized microbial mat frag-
ments which could have originated in the neighbor-
ing stromatolitic environment, as suggested by the
similarity of the filamentous networks. The lami-
nations or mineral coatings of the coated grains
are formed predominantly of hematite with inter-
spersed dolomite. These coatings contain organic
remains as in stromatolites, but with difterent ori-
entation patterns of filaments and coccoid-like
structures. When the thin sections of samples are
studied under oil immersion, the filaments often
reveal their branching character. Coated grains are
associated with desiccated intraclasts composed of
organic relict structures as in the adjacent stroma-
tolites. It is perhaps worthwhile mentioning here
that most of the filaments and coccoid-like round
spheres of the Gunflint fossilized microbial mats
and those of the Hammersley iron formation that
we observed in thin sections under oil immersion
were strikingly similar to the fungi-derived struc-
tures of the Tertiary Warstein iron stromatolites
of Germany [16]. Some of the coccoid-like spheres
resemble mineral-coated gas or liquid bubbles
which may break open and partially deflate to
form * Kakabekia™ structures (Fig. 1b) [16, 17].
Such deflations are frequently observed in labora-
tory-developed fungal cultures. The ferruginous
microoncoids and intraclasts occur in a ground-
mass of chalcedony and microcrystalline quartz
disseminated with carbonaceous material. The
coated grains are often assembled in eye-shaped
lenses — an arrangement which we refer to as sedi-
mentary “augen structure” — a pattern different
from birdseye structures [18]. We observed miner-
alization to take place preferentially at the forma-
tion site of coated grains within recent mats. When
comparing these to fossil examples it is evident
that the surrounding microbial mat during com-
paction loses more water and organic matter than
the augen structure thus leading to differential
compaction and accentuation of the lensoid shape.
The inner laminations of Gunflint coated grains
are compact and show intense iron mineralization
characterized by hematite aggregates. The outer
coatings are relatively thick and are irregular in
their outlines. They show structures resembling fil-
aments, rods, or cocci embedded in a carbonaceous



Fig. 1. a) Pockets of microoncoids within stromatolitic layers.
Note the irregular external coatings of microoncoids which ar-
range themselves in augen structures. Arrows indicate the long
axis of the ellipsoidal augen structures (photomicrograph, Gun-
flint Iron Formation, Ontario, bar 2 mm). b) “ Kakabekia™ -like
structures showing the deflation of a mineral-coated gas or
liquid bubble? (center left) (oil immersion photomicrograph,
Hammersley Iron Formation, Australia, bar app. 32 pm)

and siliceous groundmass which is suggestive of
an extracellular mucus. The external coatings show
irregular outlines that fit vaguely with those of the
neighboring grains. This observation suggests that
coated grains had initially formed within a com-
posite microbial mat which could later fragment
due to processes of degradation and desiccation.
As a result, compound coated grains may occur.

Jurassic Example

Field-oriented vertical sections of the Minette iron-
stones of Lorraine under controlled etching with
dilute HCI reveal that ferruginous ooids and mi-
crooncoids occur associated with stromatolitic
layers. These show their microbial character by
way of well-preserved branching filaments typical
of fungal communities and mats (Fig. 2a). Within
these layers, characterized by elongated fossil mi-
crobial mat fragments, ooids, and microoncoids
display the sedimentary augen structure with its
long axis parallel to the general stromatolitic strati-
fication (Fig. 2b). Ooids and microoncoids for the
most part do not possess a nucleus but instead
circular voids (gas or liquid bubbles, as frequently
observed in tertiary [16] and recent mats) are ob-
served at the center of these grains under SEM.
Some grains rarely could have a bioclast or mineral
grain as the nucleus. These, on dissolution during
diagenesis, would also generate voids which could
be either e¢longate or irregular in shape.

Within a given lamination of coated grains, the
branching filaments were found to be disposed
concentrically. The filaments were not transgres-
sive into other laminations in implying the nonbor-
ing nature of the organisms that had made the
laminations. The groundmass, when etched with
dilute HCl, showed envelopes of microorganisms
which merged into the outer mineral coatings of
ooids and microoncoids. The coatings themselves
had been built by envelopes and remainders of
mineralized cell parts of the same or different mi-
croorganisms (Fig. 2c). Upon etching, organic
coatings detached from the dissolving coated
grains. The heaviest concentration of iron oxide
being around microbial hyphae, we conclude that
the Minette iron ore deposit had been produced
by microbial activity.

Recent Example

In potential (often called recent) stromatolites of
the Solar Lake and Gavish Sabkha, Sinai [19],
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Fig. 2. a) Ooids and microoncoids occurring in association with
elongated stromatolitic fragments (center leff) in a matrix rich
in different microbial pepulations of the mat environment. The
microoncoid at the center (right) shows the branching microor-
ganisms (most probably fungi) which construct it. b) The ar-
rangement of ooids and microoncoids within an augen struc-
ture. Arrow in center indicates the axis of the ellipsoidal augen
structure. Other arrows indicate the stromatolitic fragments
which are parallel to the general stratification of the rock. The
upper left of the augen coating clearly shows remainders of
microbial network. ¢) Ooids and microoncoids within a miner-
alized microbial mat. Note the partly etched portions of the
ooid (upper left) which reveal the fungal mat character of its
internal coatings. The mat enclosing the coated grains, when
further etched, will exhibit a pattern similar to the fungal net-
work of microoncoids (a) (SEM photomicrographs of etched
section, Minette ironstone, Lorraine)

Fig. 3. a) Ooids and microoncoids (greyish white) formed within dark filamentous stromatolitic layers. Note that ooid and microon-
coid at the center form part of two splitting ellipsoidal augen structures. The white areas are voids in the mat and may eventually
develop into coated-grain structures with further bacterial degradation and mineralization (photomicrograph, Gavish Sabhka,
Sinai, bar 200 pm). b) Coated grain enveloped within a microbial mat. Note the orientation of the partially mineralized filaments
in conformity with the morphology of the grain. While growing, the grain will incorporate more filaments and mineralize. The
number of consecutive coatings building up will depend on the environmental and microbial growth conditions (SEM photomicro-
graph, Solar Lake, Sinai)
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ooids and microoncoids are observed within the
stromatolitic layers. These also display the sedi-
mentary ‘“augen structure” (Fig. 3a). The fila-
ments of the microbial mat within this structure
are more mineralized with hematite than the exter-
nal horizontal stromatolitic layers. Studies of resin-
embedded thin sections and X-ray micrographs
show single-coated grains which had transformed
themselves to aggregates of ooids or oncoids ap-
parently due to the effects of the overload within
the first few centimeters of a mat sequence. Such
coalescence of grains produces the layers and pock-
ets which would be identified as ooid or oncoid
facies in stromatolitic sequences. In such facies,
the sedimentary augen structure is not generally
conserved, due to the destructive effects of diagene-
sis. Toward the bottom of sequences, ooids, and
oncoids attain larger sizes and the stromatolitic
layers show effects of degradation. Ooids and mi-
crooncoids occur within envelopes of microorgan-
isms whose growth pattern follows the morpholo-
gy of the grains (Fig. 3b). However, a distinct
boundary exists between the coated grain and the
envelope, and this seems to be due to differential
mineralization. Such phenomena suggest in situ
growth of ooids and microoncoids within micro-
bial envelopes.

Discussion and Conclusions

The intimate association of ooids and oncoids with
the sheath and carbonaceous smooth paste of de-
caying cyanobacteria of Recent photosynthetic mi-
crobial mats, as well as the increasing degree of
formation of ooids and oncoids with burial depth,
clearly indicate the minimal disturbance which had
characterized the growth of these bodies. SEM ob-
servations show circular voids at the center of some
ooids and microoncoids, suggesting the develop-
ment of such laminated bodies around a gas (H,S,
CO,, CH, or H,) or physiological water globules
(as is frequent in laboratory-grown fungal iron-
precipitating mats) during the degradation of sub-
merged microbial mats [16, 19, 20]. It is worth-
while mentioning here that the “gas-bubble hy-
pothesis™ of coated-grain formation was proposed
as far back as 1852. Ludwig and Theobald [21]
studied in detail the biogenic mineral deposits of
a 696-m-long channel of hydrothermal water at
the spa of Bad Nauheim (Germany). They found
that iron and carbonate precipitation were func-
tions of different microbial communities at differ-
ent localities. It has also been noted that pisoid

growth was initiated by mineral deposition on
large gas bubbles within the microbial mats of the
channel bed. It has been further stressed that the
strong water movement in the channel during the
summer tourist season had caused the erosion of
the microbial mats, transportation of the pisoids,
and their subsequent deposition at deeper points
along the channel. Thus, coated grains from a com-
pletely degraded and mineralized microbial mat
could be washed into another sedimentary environ-
ment where they could be subjected to boring or
even subsequent growth. Such coated grains de-
posited in agitated environments could later be ce-
mented with sparite. Sparitic cements could also
be due to diagenetic filling of desiccation openings.
Therefore, sparitic cements, when present particu-
larly in oolites and oncolites, should be carefully
interpreted. In this respect, it is very important
to make a distinction between the formational and
depositional environments.

We are aware that studies on the morphology of
ooids and oncoids and their associated facies lead
many to suggest agitated environments and inor-
ganic precipitation processes for the formation of
these bodies [22]. This argument is based largely
on the scarcity of organic matter in ancient coated
grains and their roundness and the association of
transported coated grains, particularly ooids, with
turbulence-related sedimentary structures such as
cross-bedding. It has been shown, however, that
“false cross-laminations in carbonaceous silty
shales” is produced by microbial mats [23]. We
wish to point out here that ooids, pisoids, and on-
coids in many cases will not exhibit biogenicity
as clearly as in skeletal material. Biogenicity of
coated grains is dependent upon oriented expitax-
ial growth on unorganized protein matrices,
growth of small crystals on the cell walls of con-
centrically growing cyanobacterial or fungal colo-
nies, concentrically oriented crystallization within
a chemical gradient created by chemoorgano-
trophic bacteria which degrade the outermost layer
of cyanobacteria or fungi, irregular crystal germi-
nation within the slime of cyanobacterial sheaths,
growth of repetitive mineral coatings on macro-
molecules rhythmically or episodically excreted by
the organisms into the formational environment,
and liquid drops and gas bubbles excreted by the
microorganisms into the mat environment. Our
observations on laboratory cultures suggest that
most of the aforesaid processes would not lead to
the eventual preservation of clearly discernible mi-
crofossils. In all examples studied — Recent micro-
bial mats and their fossil counterparts from the
Jurassic and the Precambrian — the petrological
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and biological evidence suggests the development
of rounded coated grains within microbial mats.
The foregoing description of stromatolites, onco-
lites, and oolites from widely different stratigraphic
levels demonstrates their genesis within the same
formational environment. They reflect nothing but
transitional stages of the environmental condi-
tions. Our findings underline the role of microor-
ganisms in the genesis of many sedimentary rocks
— especially of large ore deposits.

Our sincere thanks are due to Y. Champetier (Nancy), who
supplied some Lorraine ironstone samples. The late E. Barg-
hoorn and A.H. Knoll (Cambridge, Mass.) very kindly furn-
ished the Gunflint material to one of us (W.E.K.) during his
sabbatical leave at Harvard. W.E.K. also acknowledges the aid
of IGCP 157 ORGAST and MEGAST groups and a grant
Kr 333/16 from the Deutsche Forschungsgemeinschaft as well
as a grant of Volkswagenstiftung for work in Sinai. K.D. is
grateful to the Alexander von Humboldt Foundation for
awarding a fellowship for research work at Oldenburg during
his sabbatical leave from the University of Peradeniya (Sri
Lanka). S. Seufer, I. Rither and W. Golletz are thanked for
their assistance in the SEM studies and photographic work.
We acknowledge the aid of B.D. Dyer for English improve-
ments on the last version.

1. Briickmann, F.E.: Specimen Physicum Exhibens Historiam
Naturalem Oolithi seu Ovariorum Piscium & Concharum
in Saxa Mutatorum. Helmestadii: Salomonis Schnorrii 1721

2. Kalkowsky, E.: Z. Dtsch. Geol. Ges. 60, 68 (1908)

3. Loreau, J.P., Purser, B.H., in: The Persian Gulf, p. 279
(B.H.Purser, ed.). Berlin: Springer 1973

518

9.

10.
11.

12

14.
15.
16.
17.
18.
19.

20.
21.

22.

23.

. Dahanayake, K.: Sediment. Geol. 18, 337 (1977)
. Fliigel, E.: Microfacies Analysis of Limestones. Berlin-Hei-

delberg-New York: Springer 1982

. Peryt, T.M.: Coated Grains. Berlin-Heidelberg-New York:

Springer 1983

. Krumbein, W.E.: Precamb. Res. 20, 493 (1983)
. Krumbein, W.E., Cohen, Y., in: Fossil Algae, p. 37 (E. Fli-

gel, ed.). Berlin-Heidelberg-New York: Springer 1977
Paracelsus, T., in: Paracelsus, simtliche Werke, vol. ITT
(W.E. Peuckert, ed.). Basel: Schwabe 1982

Campbell, S.E.: Nature 299, 429 (1982)

Fabricius, F.: Contr. Sedimentol. 7, 1 (1977)

. Simone, L.: Earth.-Sci. Rev. 16, 319 (1981)
13.

Fligel, E.: Fossil Algae. Berlin-Heidelberg-New York:
Springer 1977

Monty, C.: Phanerozoic Stromatolites. Berlin-Heidelberg-
New York: Springer 1981

Trendall, A.F., Morris, R.C.: Iron — Formation: Facts and
Problems. Amsterdam: Elsevier 1983

Dexter-Dyer, B., Kretzschmar, M., Krumbein, W.E.: J.
Geol. Soc. 141, 251 (1984)

Barghoorn, E.S., Tyler, S.A.: Science 147, 563 (1965)
Shinn, E.A.: J. Sediment. Petrol. 38, 215 (1968)

Krumbein, W.E., Cohen, Y., Shilo, M.: Limnol. Oceanogr.
22, 635 (1977)

Krumbein, W.E., et al.: Naturwissenschaften 66, 381 (1979)
Ludwig, R., Theobald, G.: Pogg. Ann. Phys. Chem. §7,
91 (1852)

Davies, B., Bubela, B., Ferguson, I.: Sedimentology 25, 703
(1978)

Schieber, J.: ibid. (in press)

Received June 4, 1985



