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ABSTRACT
Abundant microbial mats from the Meso-

archean Moodies Group (Barberton Green-
stone Belt, South Africa, ca. 3.2 Ga) are 
densely interbedded with coarse-grained 
and gravelly sandstones in a nearly mud-free 
setting. They apparently grew in marginal 
marine and possibly subaerial coastal and 
tidal environments. Characteristic sedimen-
tary structures include anastomosing bed-
ding, gas or fl uid escape structures, sand 
volcanoes, biomat doming, patchy silicifi ed 
microstromatolites, and microbial sand-chip 
conglomerates. They indicate rapid growth 
of mechanically tough microbial mats, pos-
sibly aided by early seafl oor silicifi cation, in 
a high-energy, high-sedimentation-rate envi-
ronment.

The observations expand the knowledge 
of the habitat of Archean microbial mats 
and life on early Earth. If tidal environments 
were more widespread in the Archean than 
today, biomats in extensive intertidal settings 
may have contributed to immobilize large 
volumes of sand.

INTRODUCTION AND REGIONAL 
SETTING

Because only few locations have escaped 
regional metamorphism and deformation, the 
environment in which early life on Earth formed 
and its interaction with the geosphere, hydro-
sphere, and atmosphere is as yet incompletely 
understood. One of the contentious aspects is 
the extent, nature, and ecologic role of micro-
bial mats (Hagadorn et al., 1999; Noffke et al., 
2001; Brasier et al., 2004; Schieber et al., 2007). 
Archean microbial mats in shallow-water silici-
clastic environments have been reported from a 
number of locations, mostly from South Africa 
and Australia (Noffke et al., 2006; see Alter-
mann, 2001, for a review).

This study reports on the depositional set-
ting of abundant macroscopic microbial mats 
and associated structures in the Moodies 
Group (ca. 3.2 Ga), the world’s oldest, rela-
tively unmetamorphosed quartz-dominated 
sedimentary sequence forming the uppermost 
unit of the Barberton Greenstone Belt of the 
Kaapvaal craton (Fig. 1). The Moodies Group 
dominantly consists of sandstone and subor-
dinate conglomerate and shale deposited in 
alluvial to shallow-marine depositional set-
tings (Anhaeusser, 1976; Eriksson, 1977, 

1978, 1979;  Heubeck and Lowe, 1994, 1999). 
Even though the greenstone belt has under-
gone extensive deformation and metasomatic 
alteration, the Moodies Group in the interior 
of the belt is thought to have undergone maxi-
mum temperatures of <220 °C (de Ronde et 
al., 1997; Toulkeridis et al., 1998). Penetrative 
strain is notably absent on the thick limbs of 
the synclines, preserving sedimentary struc-
tures in exquisite detail.

FIELD RELATIONSHIPS
An ~3.5-km-thick section of Moodies 

Group strata dips steeply to subvertically on 
the overturned limb of the Saddleback syncline 
in the central Barberton Greenstone Belt (Fig. 
1). There, feldspathic and quartzose sandstones 
with subordinate conglomerates reach sev-
eral hundred meters in thickness. Part of this 
sequence (unit MdQ1 of Anhaeusser, 1976), 
~300 m thick, is largely silica cemented, forms 

resistant outcrops, and lends itself to detailed 
investigation over several kilometers along 
strike. The stratigraphic section (Fig. 1) rep-
resents a deepening-upward sequence from 
a coastal high-energy braidplain through a 
shoreline into foreshore facies. Silt, shale, or 
sedimentary structures related to suspension 
settling or desiccation and indicative of a low-
energy environment (Eriksson, 1978, 1979; 
Eriksson et al., 2006; Noffke et al., 2006) are 
notably lacking.

In the following description we emphasize 
four particular sedimentary structures relevant 
to the habitat of biomat growth in the studied 
section, suggest hydraulic consequences of the 
depositional environment, and discuss environ-
mental implications.

Laminae 
Ubiquitous green anastomosing branching 

and wavy laminations, <1 mm thick and spaced 

Geology, October 2009; v. 37; no. 10; p. 931–934; doi: 10.1130/G30101A.1; 3 fi gures.
© 2009 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org.

An early ecosystem of Archean tidal microbial mats (Moodies Group, 
South Africa, ca. 3.2 Ga) 
Christoph Heubeck
Department of Geological Sciences, Freie Universität Berlin, 12249 Berlin, Germany

Fluid-escape structures

Upper plane bed 
horizontal bedding 

Cobble and pebble stringers

microbial mats

Large-scale cross-bedding

Ripples

Bedding-parallel chert veins

300

250

200

150

100

50

0

320

C
oa

st
al

 fl
oo

dp
la

in
Ti

da
l c

oa
st

Su
bt

id
al

 a
nd

 s
ho

re
fa

ce

25°30‘S

26°

31°E 31°30‘

N

0 20

km

Fig Tree and 
Onverwacht 
groups

Moodies group

4

3

2

1

m
et
er
s

Figure 1. Stratigraphic 
measured section (me-
ters) showing lithologies 
and sedimentary struc-
tures across Ooster-
beek Firebreak Ridge 
(25°50′29.45″S, 31°4′34.36″E). 
Inset map shows location 
of study area in Saddle-
back syncline of central 
Barberton Greenstone Belt. 
Stratigraphic units (circled): 
1—coarse-grained, par-
allel-stratifi ed, and thinly 
bedded sandstones inter-
bedded with thin conglom-
erates, indicating sediment 
deposition under supercrit-
ical fl ow conditions, likely 
at shallow fl ow depths; 
2—parallel-stratifi ed and 
cross-bedded sandstones 
showing abundant crinkled 
laminae and some micro-
bial chip conglomerate, 
probably representing tidal 
environment; 3—large-
scale low-angle cross-bed-
ded sandstones with pre-
served foresets as much 
as 2 m in height, indicating 
strong currents at several 
m water depths; 4—paral-
lel-stratifi ed sandstones 
with crinkled laminae and 
common fl ame structures. 
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millimeters to centimeters apart, separate indi-
vidual sandstone sets in the intertidal and sub-
tidal facies along bedding planes and laterally 
accreted foresets (Fig. 2A). In cross section, 
they form pinnacles, tufts, convex-upward 
domes, or anvil-shaped protrusions ~1–2 cm 
across and ~0.5–1 cm in height. Sandstone beds 
separated by laminae show a pronounced dif-
ference in grain size, suggesting variable fl ow 
velocities and local grain immobilization by 
microbial mats (Fig. 2B). Laminae thicknesses 
are unsystematic; they are observed to thicken 
in depressions as well on elevated locations. 
In plan view, laminated bedding planes show 
a mottled pattern of coin- to palm-sized, well-
rounded nodular or biscuit-shaped patches. A 
biogenic origin of these kerogen-rich laminae 
of negative δ13C composition, interpreted as 

microbial mats, was established by Noffke et 
al. (2006) for similar but shaly and low-energy 
laminated beds containing wrinkle structures 
and a single roll-up structure in the nearby 
Dycedale and Saddleback synclines. Laminae 
are occasionally reworked and incorporated 
in cross-bedded medium- and coarse-grained 
sandstones as millimeter-thick, ~4–8-cm-long, 
microbial sand chips of apparently high rigidity 
(Fig. 2C; Pfl üger and Gresse, 1996).

Conglomerates
Laminated sandstones are interbedded with 

nonerosive chert pebble and cobble conglom-
erates and gravelly sandstones that reach 
10–20 cm in individual bed thickness and are 
laterally continuous. They form minor compo-
nents of a sandy, possibly subaerial facies near 

the base of the measured section. There, wavy 
anastomosing laminae overlie, underlie, coat, 
and onlap conglomerate clasts (Fig. 2D). Small 
sand waves form in the lee of clast accumula-
tions, attesting to a high bedload.

Fluid and/or Gas Escape Structures
Numerous decimeter- to meter-high subverti-

cal structures defi ned by upward-curved micro-
bial mats, symmetrically arranged on either side 
of a central channel (Fig. 2E), commonly occur 
in the upper part of the measured profi le in strata 
interpreted as subtidal facies. These structures 
are particularly common in gravel-clast-free, 
densely biomat-laminated, medium-grained, 
thin-bedded sandstone. They may occur on a 
spacing of a few meters and appear clustered. 
In shape and size, these structures correspond to 
classical fl ame structures; in contrast to those, 
however, they are not associated with mud but 
with biolaminae. They typically reach 10–20 cm 
but can attain 210 cm in height. Smaller struc-
tures tend to be inclined and to deform ductilely, 
whereas larger structures tend to be vertical, 
show internal homogenization, and include 
signs of brittle breakage of laminae. The central 
channel concentrates black carbonaceous mat-
ter. These structures are most readily interpreted 
as fl uid or gas escape structures.

Fluid escape structures lower in the section, 
interbedded with coarse-grained and gravelly 
sandstones, are less common. There, gravel strings 
terminate laterally against at least one structure 
and may indicate potential subaerial exposure.

Microstromatolites
Sandstones containing crinkled laminae are 

commonly interspersed with bedding-plane–
parallel black chert bands (Fig. 2F). These 
reach 1–3 mm thick, are ~10–30 cm long, and 
taper at both ends. They are concentrated in 
an ~20-m-thick section near the middle of the 
measured section. Bidirectional foreset sets 
and the position of this unit in the deepening-
upward facies succession suggest a shallow 
subtidal environment. In cross section, chert 
bands show smoothly curved upper margins 
and commonly form small, upward-bulging 
structures; their contact to the underlying bed 
is typically uneven.

In thin section, the bands consist of fi ne-
grained equigranular chert. This fi ll is inter-
nally structured by numerous opaque, uneven, 
bedding-plane–subparallel wavy laminae (Figs. 
3A–3C). Laminae clearly overgrow individual 
grains, but solitary grains may also fl oat in the 
cherty matrix. Segments of chert bands also 
occur as cloudy balls of irregular shape between 
sand grains and as wavy elongate rafts showing 
various degrees of ductile deformation. Later-
ally, they grade into the thin kerogen-rich lami-
nae described above.

Figure 2. Sedimentary structures associated with biolaminae. A: Slabbed surface of sand-
stone showing crinkled, domed, and anastomosing coatings covering bedding planes and 
low-angle foresets. B: Channel of coarse-grained sand between domal protrusions, indi-
cating subaerial relief. C: Outcrop photograph of microbial-chip conglomerate, suggesting 
reworking under high-energy conditions. D: Microbial mats onlap and overgrow cobble. E: 
Dewatering pipe penetrating layered microbial mats. F: Slabbed sandstone showing black 
chert band interpreted as patchy silicifi ed microstromatolite. Coin in B, C, D is 20 mm; coin 
in E is 22 mm in diameter. Scale in F is in millimeters. 
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DISCUSSION

Habitat of Biomats
The observations of the texture and geometry 

of the wavy laminae suggest that these repre-
sent thin cohesive epibenthic microbial mats 
at the sediment-water or sediment-atmosphere 
interface. Alternatively, they may have formed 
cryptoendolithic communities growing within 
~1 cm from the surface, similar to those docu-
mented for Chilean hot spring fi elds (Phoenix et 
al., 2006). At least some of the laminae appar-
ently formed a small-scale relief, thereby chan-
nelizing coarse granular sediment. The tuft-like 
shapes and ubiquitous bulbous domes on the 
wavy and crinkly surfaces (Gerdes, 2007) sug-
gest photosynthetic activity.

The common conical fl uid escape structures 
penetrating the laminae resemble fl ame struc-
tures in shape and size, but are apparently not 
related to the process of higher density sand 
sinking into lower density shale. The structures 
are best explained as dewatering or degas-
sing pipes. Their number, dense spacing, and, 
in particular, size, however, suggest that the 
volume of expulsed fl uids and/or gases was 
not only related to mat decay (Dornbos et al., 
2007), but that signifi cant volumes of fl uid had 
been retained within the framework-supported, 
microbially laminated sand. These interwoven 
mucilagous mats compartmentalized fl uids, 

reduced vertical permeability, and retarded 
dewatering. Triggers for the mobilization of fl u-
ids are speculative; however, once a small over-
pressured, biomat-surrounded pressure cell was 
ruptured at depth, the increasing vertical con-
nectivity of the pressurized fl uid and its growing 
volume made the rapid vertical growth of the 
fl uid or gas escape pathway a self-strengthening 
process. The geometrical relationships between 
biolaminae and the dewatering structures indi-
cate that dewatering occurred prior to, during, 
and after microbial mat growth. Because grav-
elly sandstone beds wedge out laterally against 
at least one dewatering structure, it is likely that 
these occasionally reached the sediment-water 
or sediment-atmosphere interface and formed 
cones or ridges as high as several centimeters. 
The particular signifi cance of the fl uid escape 
structures is in their unusual size, several meters 
of continuous vertical extent. This, in turn, 
requires biomats that yield to loading pressure 
only at depth, and makes them distinctive from 
similar structures described in the literature 
(e.g., Dornbos et al., 2007).

The bedding-parallel bands of black chert 
can be best interpreted as epibenthic microstro-
matolites or thick mucilagous mats that likely 
grew on the sandy substrate. If the mats used 
sunlight for photosynthesis, they may have 
been covered by a thin sandy cover (modeled 
by Phoenix et al., 2006, to be 4–7 mm thick) 

that offered them an optimum balance between 
ambient light and ultraviolet light (UV) protec-
tion. The internal domal, carbon-rich laminae, 
their occurrence in various stages of deforma-
tion, and the lateral grading into laminae indi-
cate that black chert bands and wavy laminae 
both represent biomats of various thickness and 
of various degrees of compaction.

A striking feature of the section is the absence 
of any silty or shaly material. Rather, the geom-
etry, small-scale features, and occurrence of 
the crinkled laminae in medium- and coarse-
grained sandstones, and their association with 
gravel sheets, indicate that biomats grew in 
high-energy environments that were frequently 
capable of moving gravel. Mat growth was fast 
enough to coat individual foresets, albeit likely 
at times of temporarily reduced current velocity.

The several-hundred-meter-thick biomat-
related stratigraphic section under study coin-
cides with the highest detrital feldspar content 
in Moodies Group sandstones, constituting 
subarkoses with a mean of 15% and as much as 
20% detrital feldspar grains (n = 6; Heubeck and 
Lowe, 1999). At present, the signifi cance of this 
relationship is unknown. One could hypothesize 
that fl uid fl ow was slowed by the biomat com-
partments suffi ciently to allow silica saturation 
in the interstitial fl uids to reach high levels, thus 
preventing early diagenetic feldspar dissolution.

Overall, the fi eld evidence indicates that the 
microbial mats formed abundantly and rhyth-
mically in periods of temporarily reduced fl ow 
energy and sediment movement, stabilized the 
sedimentary structures by overgrowing grains, 
and became buried with subsequent fl ow events.

Seafl oor Silicifi cation
The common occurrence of uncompacted 

silicifi ed bands of biomats, microbial wraps 
around fl oating grains, and fl uid escape struc-
tures indicates that the biomat fabric was cohe-
sive enough to retard sediment compaction, 
dewatering, and possibly also degassing. Evi-
dence for very early diagenetic silicifi cation in 
sedimentary units of the Barberton Greenstone 
Belt is abundant (Lowe, 1999); textural or min-
eralogical indications of replaced carbonate, 
however, were not observed. An early seafl oor 
silicifi cation of microbial mats, initially likely as 
opaline crusts on a millimeter scale, would have 
been highly effective in compartmentalizing fl u-
ids and in retarding dewatering. An early stiff-
ening of biomats is also suggested by the thin, 
brittle slabs of biomats forming the microbial 
sand-chip conglomerates.

The possibility of very early seafl oor silica 
precipitation and resulting partial surface seal-
ing and stiffening by biomats is consistent with 
a higher silica concentration in the Archean 
as a result of higher water temperature prior 
to 3.2 Ga, possibly ~60 ± 13 °C (Knauth and 

Figure 3. Photomicrographs of thin chert bands defi ning abundant laminations in sand-
stones of facies 2 of Figure 1. They show approximately parallel wavy laminations defi ned by 
elementary carbon and iron oxides, wrap-around grains, and solitary detrital quartz grains. 
Laminae suggest little, if any, deformation by compaction and imply early lithifi cation.
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Lowe, 2003; Lowe and Tice, 2007), and facili-
tated by the absence of biogenic sinks for dis-
solved silica (Siever, 1992). SiO

2
 solubility and 

silicifi cation rates at elevated temperatures may 
have been many times higher than at present. 
Indeed, experiments and analog studies at hot 
springs have shown that Gram-positive bacteria 
silicify readily (Westall, 1997), that fi lamentous 
cyanobacteria may produce quickly mechani-
cally resistant stacked laminae of alternating 
upright and prone layers (Konhauser et al., 
2004), and that precipitated coatings of hydrous 
amorphous silica protect cyanobacteria from 
harmful UV radiation and from desiccation in 
an environment marked by intermittent submer-
gence and exposure (Phoenix et al., 2006).

If Archean tidal ranges were generally 
higher, as suggested from astronomical calcu-
lations and supported by geological evidence 
(Hobday and Von Brunn, 1976; Eriksson et 
al., 2006), and if Precambrian shelves were 
wider and shallower than today (Eriksson et 
al., 1998), megatidal environments may have 
provided extensive regions for biomat habi-
tats. Granular sediment in large quantities in 
nearshore environments would have been tem-
porarily fi xated by intertidal mats and created 
sharp near-surface chemoclines.

CONCLUSIONS
The high-energy siliciclastic setting of the 

biomats, their widespread and pervasive occur-
rence in medium-grained to gravelly sandstone 
of Mesoarchean age, and their apparently 
high cohesiveness and rapid growth rates con-
stitute collectively an extension of Archean 
biomat habitats. Rapid seafl oor silicifi cation 
by mucilagous organic substances and result-
ing sediment fi xation aided in biostabilization 
and retarded dewatering rates, and may have 
contributed to a distinctive petrographic com-
position. These characteristics suggest self-
stabilization of a small ecosystem against rapid 
change (Phoenix and Konhauser, 2008) and 
are consistent with the existence of anoxygenic 
photosynthetic thermophiles.

ACKNOWLEDGMENTS
Partial funding of this research by grant DFG 

(Deutsche Forschungsgemeinschaft) He2418/9-1 is 
gratefully acknowledged. Discussions with D. Lowe, 
G. Byerly, and C. Korte and thoughtful and construc-
tive reviews by three anonymous reviewers signifi -
cantly improved the manuscript.

REFERENCES CITED
Altermann, W., 2001, The oldest fossils of  Africa—

A brief reappraisal of reports from the Archean: 
Journal of African Earth Sciences, v. 33, p. 427–
436, doi: 10.1016/S0899-5362(01)00089-6.

Anhaeusser, C.R., 1976, The geology of the Sheba 
Hills area of the Barberton Mountain Land, 
South Africa, with particular reference to the 
Eureka Syncline: Geological Society of South 
Africa Transactions v. 79, p. 253–280.

Brasier, M., Green, O., Lindsay, J., and Steele, 
A., 2004, Earth’s oldest (>3.5 Ga) fossils 
and the ‘early Eden hypothesis’: Question-
ing the evidence: Origins of Life and Evolu-
tion of the Biosphere, v. 34, p. 257–269, doi: 
10.1023/B:ORIG.0000009845.62244.d3.

de Ronde, C.E.J., Channer, D.M., De, R., Faure, K., 
Bray, C.J., and Spooner, E.T.C., 1997, Fluid 
chemistry of the Archean seafl oor hydrother-
mal vents: Implications for the composition 
of circa 3.2 Ga seawater: Geochimica et Cos-
mochimica Acta, v. 61, p. 4025–4042, doi: 
10.1016/S0016-7037(97)00205-6.

Dornbos, S.Q., Noffke, N., and Hagadorn, J.W., 
2007, Mat-decay features, in Schieber, J. et 
al., eds., Atlas of microbial mat features pre-
served within the siliciclastic rock record: At-
lases in Geosciences 2: Elsevier, Amsterdam, 
p. 106–110.

Eriksson, K.A., 1977, Tidal deposits from the 
 Archean Moodies Group, Barberton Moun-
tain Land, South Africa: Sedimentary Geol-
ogy, v. 18, p. 223–244, doi: 10.1016/0037-0738
(77)90013-6.

Eriksson, K., 1978, Alluvial and destructive beach 
facies from the Archean Moodies Group, 
Barberton Mountain Land, South Africa and 
Swaziland, in Miall, A.D., ed., Fluvial sedi-
mentology: Canadian Society of Petroleum 
Geologists Memoir 5, p. 287–311.

Eriksson, K.A., 1979, Marginal marine depositional 
processes from the Archean Moodies Group, 
Barberton Mountain Land, South Africa: Evi-
dence and signifi cance: Precambrian Research, 
v. 8, p. 153–182, doi: 10.1016/0301-9268(79)
90027-5.

Eriksson, P.G., Condie, K.C., Tirsgaard, H., Muel-
ler, W.U., Altermann, W., Miall, A.D., Aspler, 
L.B., Catuneanu, O., and Chiarenzelli, J.R., 
1998, Precambrian clastic sedimentation sys-
tems: Sedimentology, v. 120, p. 5–53.

Eriksson, K.A., Simpson, E.L., and Mueller, W., 
2006, An unusual fl uvial to tidal transition in 
the Mesoarchean Moodies Group, South Af-
rica: A response to high tidal range and active 
tectonics: Sedimentary Geology, v. 190, p. 13–
24, doi: 10.1016/j.sedgeo.2006.05.011.

Gerdes, G., 2007, Structures left by modern micro-
bial mats in their host sediments, in Schieber, 
J., et al., eds., Atlas of microbial mat features 
preserved within the siliciclastic rock record: 
Atlases in Geosciences 2: Amsterdam, Elsevier, 
p. 5–38.

Hagadorn, J.W., Pfl üger, F., and Bottjer, D.J., 1999, 
Unexplored microbial worlds: Palaios, v. 14, 
p. 73–85

Heubeck, C., and Lowe, D.R., 1994, Depositional 
and tectonic setting of the Archean Moodies 
Group, Barberton Greenstone Belt, South Af-
rica: Precambrian Research, v. 68, p. 257–290, 
doi: 10.1016/0301-9268(94)90033-7.

Heubeck, C., and Lowe, D.R., 1999, Sedimentary pe-
trology and provenance of the Archean Mood-
ies Group, Barberton Greenstone Belt, South 
Africa, in Lowe, D.R., and Byerly, G.R., eds., 
Geologic evolution of the Barberton Green-
stone Belt, South Africa: Geological Society of 
America Special Paper 329, p. 259–286.

Hobday, D.K., and Von Brunn, V., 1976, Evidence of 
anomalously large tidal ranges in the Early Pre-
cambrian Pongola Supergroup: South African 
Journal of Science, v. 72, p. 182.

Knauth, L.P., and Lowe, D.R., 2003, High  Archean 
 climatic temperature inferred from oxygen iso-
tope geochemistry of cherts in the 3.5 Ga 

 Swaziland Supergroup, South Africa: Geologi-
cal Society of America Bulletin, v. 115, p. 566–
580, doi:10.1130/0016-7606(2003)115<0566:
HACTIF>2.0.CO;2.

Konhauser, K., Jones, B., Phoenix, V.R., Ferris, G., and 
Renaut, R.W., 2004, The microbial role in hot 
spring silicifi cation: Ambio, v. 33, p. 552–558.

Lowe, D.R., 1999, Petrology and sedimentology of 
cherts and related silicifi ed sedimentary rocks 
in the Swaziland Supergroup, in Lowe, D.R., 
and Byerly, G.R., Geologic evolution of the 
Barberton Greenstone Belt, South Africa: Geo-
logical Society of America Special Paper 329, 
p. 83–114.

Lowe, D.R. and Tice, M., 2007, Tectonic controls 
on atmospheric, climatic, and biological evolu-
tion 3.5–2.4 Ga: Precambrian Research, v. 158, 
p. 177–197.

Noffke, N., Gerdes, G., Klenke, T., and Krumbein, 
W.E., 2001, Microbially induced sedimen-
tary structures—A new category within the 
classifi cation of primary sedimentary struc-
tures: Journal of Sedimentary Research, v. 71, 
p. 649–656, doi: 10.1306/2DC4095D-0E47-
11D7-8643000102C1865D.

Noffke, N., Eriksson, K., Hazen, R.M., and Simpson, 
E.L., 2006, A new window into Early Archean 
life: Microbial mats in Earth’s oldest silici-
clastic tidal deposits (3.2 Ga Moodies Group, 
South Africa): Geology, v. 34, p. 253–256, doi: 
10.1130/G22246.1.

Pfl üger, F., and Gresse, P.G., 1996, Microbial sand 
chips—A non-actualistic sedimentary struc-
ture: Sedimentary Geology, v. 102, p. 263–274, 
doi: 10.1016/0037-0738(95)00072-0.

Phoenix, V.R., and Konhauser, K., 2008, Benefi ts 
of bacterial biomineralization: Geobiology, 
v. 6, p. 303–308, doi: 10.1111/j.1472-4669
.2008.00147.x.

Phoenix, V.R., Bennett, P.C., Summers Engel, A., Ty-
ler, S.W., and Ferris, F.G., 2006, Chilean high-
altitude hot spring sinters: A model system for 
UV screening mechanisms by early Precam-
brian cyanobacteria: Geobiology, v. 4, p. 15–
28, doi: 10.1111/j.1472-4669.2006.00063.x.

Schieber, J., Bose, P., Eriksson, P.G., Banerjee, S., 
Sarkar, S., Altermann, W., and Catuneanu, O., 
eds., 2007, Atlas of microbial mat features pre-
served within the siliciclastic rock record: Atlases 
in Geosciences 2: Elsevier, Amsterdam, 324 p.

Siever, R., 1992, The silica cycle in the Precam-
brian: Geochimica et Cosmochimica Acta, 
v. 56, p. 3265–3272, doi: 10.1016/0016-7037
(92)90303-Z.

Toulkeridis, T., Goldstein, S.L., Clauer, N., Kröner, 
A., Todt, W., and Schidlowski, M., 1998, Sm-
Nd, Rb-Sr and Pb-Pb dating of silicic car-
bonates from the early Archaean Barberton 
Greenstone Belt, South Africa: Evidence for 
post-depositional isotopic resetting at low tem-
perature: Precambrian Research, v. 92, p. 129–
144, doi: 10.1016/S0301-9268(98)00071-0.

Westall, F., 1997, The infl uence of cell wall compo-
sition on the fossilization of bacteria and the 
implications for the search for early life forms, 
in Cosmovici, C., Bowyer, S. and Werthimer, 
D., eds. Astronomical and biochemical origins 
and the search for life in the universe: Bologna, 
Italy, Editori Compositrici, p. 491–504.

Manuscript received 3 February 2009
Revised manuscript received 22 May 2009
Manuscript accepted 29 May 2009

Printed in USA

 on December 4, 2010geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org/

