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Microfossils have been discovered in cavity-fill and replacement silica that occurs between 
chert-breccia clasts in 1200-million-year-old paleokarst at the top of the Mescal Limestone, 
central Arizona, and in -800-million-year-old paleokarst at the top of the Beck Spring 
Dolomite, southeastern California. Microbial communities on Precambrian (>550 million 
years ago) land may have been extensive enough to affect weathering, erosion, sedi- 
mentation, and geochemical processes. 

During the last three decades, our under- 
standing of the Precambrian biosphere has 
increased markedly. Studies conducted dur- 
ing the mid- and late 1960s emphasized 
establishing both the biogenicity and Pre- 
cambrian age of purported Precambrian mi- 
crofossils (1). Now it is well established 
that life was present and abundant during 
the Proterozoic eon (550 to 2500 million 
years ago) and cyanobacteria-like microor- 
ganisms were extant and morphologically 
diverse more than 3400 million years ago 
(2). Proterozoic microfossils are now known 
from more than 400 formations (3). How- 
ever, nearly all of these occurrences are in 
marine or probably marine strata, and the 
rest are in possible lacustrine strata. Un- 
equivocal Precambrian, terrestrial body fos- 
sils have been unknown, and the oldest 
direct evidence for terrestrial life includes 
trace fossils in Middle Ordovician strata (4) 
and fossil spores in Middle Ordovician and 
Lower Silurian strata (5). There are, how- 
ever, indications that Precambrian alluvial 
settings may have harbored microbial life. 
Curled bedding-plane structures in a 1200- 
million-year-old alluvial sandstone may 
have formed by a microbially bound sandy 
layer curling during desiccation (6) ; stromat- 
olites were reported from a 1000-million- 
year-old alluvial fan deposit (7); relatively 
high carbon concentrations were detected 
in 2700-million-year-old alluvial rocks (8), 
and in these same rocks the dissolution of 
gold was considered to be related to decom- 
position products of organic matter and its 
precipitation to microbial activity (9). In 
addition, the chemistry and structure of 
Precambrian paleosols suggest that terrestri- 
al life was present when the paleosols 
formed (10). Hydrocarbons interpreted as 
being produced by the breakdown of terres- 
trial matter were detected in several rocks 
ranging from -2500 million to -600 mil- 
lion years old (1 l ) ,  and some extant pro- 
karyotes are so resistant to harsh conditions 
that it is logical that microbes may have 
inhabited the Precambrian land surface 

R J Horodyskl IS w~th the Department of Geology, 
Tulane Un~verslty, New Orleans, LA 701 18 L P 
Knauth IS wlth the Department of Geology, Arlzona 
State Unlverslty Tempe, AZ 85287-1404 

(12). In spite of these indications, the lack 
of compelling evidence has left standing the 
view that Precambrian land was devoid of 
life. Establishing the existence of terrestrial 
communities during the Proterozoic Eon 
would have implications with regard to 
understanding Proterozoic weathering and 
sedimentation as well as the nature of the 
Proterozoic biosphere. 

Carbon-isotope depletions of up to 10 
per mil have been reported for dolostones in 
- 1200-million-year-old paleokarst at the 
top of the Mescal Limestone and in -800- 
million-year-old paleokarst at the top of the 
Beck Spring Dolomite' (1 3, 14). These pa- 
leokarsts represent carbonate rocks that un- 
derwent surface and near-surface dissolu- 
tion and reprecipitation during Proterozoic 
subaerial weathering (15). In recent set- 
tings, such depletions normally are attrib- 
uted to the presence of land plants, which 
introduce 13C-depleted C 0 2  into down- 
ward-percolating ground waters. In the ab- 
sence of land plants there is no mechanism 
for significant lowering of 13C/12C ratios, so 
carbon in the host rock is recycled into 
karst-related secondary carbonate phases 
without significant isotopic change. The 
low 13C/12C ratios in the Proterozoic pa- 
leokarsts have been interpreted to indicate 
that photosynthetic communities were pres- 
ent on land at least 1200 million years ago 
(1 3, 14, 1 6). In this article, we document 
microfossils found within these 13C-deplet- 
ed paleokarsts. They are interpreted as fos- 
sils of Proterozoic terrestrial microorga- 
nisms. 

Geology and paleontology. A regionally 
extensive paleokarst is well developed at 
the top of the Mescal Limestone, Apache 
Group, central Arizona (Figs. 1 and 2) 
(17). Based upon the age of sills intrusive 
into the overlying Troy Quartzite and pa- 
leomagnetic data, the paleokarst is -1200 
million years old (1 8). 

The Beck Spring Dolomite is the middle 
unit of the Middle and Late Proterozoic 
Pahrump Group, and it underlies latest Late 
Proterozoic strata in the basal Wood Can- 
yon Formation (19) by at least 2 km (Figs. 
3 and 4). An age of -800 million years for 
the paleokarst is based on radiometric ages 

for the underlying basement and for a sill 
intrusive into the lower Pahrump Group 
and regional correlation of the Beck Spring 
and overlying Kingston Peak formations 
with units dated by radiometric and paleo- 
magnetic methods (20). On the basis of 
sedimentologic studies, the Beck Spring 
Dolomite has been interureted as a shallow- 
water, marine deposit (21); and a marine 
setting is supported by stable isotope studies 
(22). 

At both the Mescal and Beck Spring 
localities, paleokarst intervals contain chert 
breccia and terra rossa (red soil), which 
accumulated as insoluble residues during 
dissolution of the host carbonate by verti- 
cally percolating ground water. Secondary 
silica fills a variety of cavities in the pa- 
leokarst, cements breccia clasts together, 
and replaces much of the breccia matrix 
formerly composed of very fine-grained car- 
bonate, terra rossa, and hematite. In some 
cases, the paleokarst surface may have fun- 
neled runoff from higher surrounding areas 
into the subsurface. The collapse breccias 
could then have acted as sieves for anv 
organic matter that may have been in the 
sink hole or on the surrounding land mass. 
Organic matter lodged or living between 
clasts can be entrapped and preserved in 
this secondary silica. Inasmuch as the best 
preserved Precambrian microfossils are in 
chert, we targeted this secondary silica in 
our search for terrestrial microfossils. 

Silicified collause breccias and siliceous 
terra rossa associated with the Mescal pa- 

Fig. 1. Locality map for the Mescal terrestrial 
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leokarst form a unit up to - 10 m thick that 
caps the Mescal Limestone. We found mi- 
crofossils in cavity-fill fibrous quartz in this 
siliceous cap, but the best specimens were 
found in ferrueinous chert uebbles in a 
pebbly sandstoie at the base of the overly- 
ing Middle Proterozoic Troy Quartzite at 
Shell Mountain, Sierra Ancha Mountains 
(23). These pebbles were derived from the 
uppermost, highly siliceous part of the un- 
derlying Mescal paleokarst. The microfos- 
sils are in a matrix of intergrown blocky 
quartz crystals -100 to 200 pm across. 
Fine-grained hematite is pervasive through- 
out the crystals and imparts a bright-red 
color to the chert except along feather 
edges of petrographic sections. The micro- 
fossils cross grain boundaries without distur- 
bance. Numerous s~herulitic arravs of clear 
fibrous quartz up to 300 pm across are 
distributed throughout the blocky quartz- 
hematite matrix. The blocky quartz and 
fibrous quartz grade into each other; this 
relation indicates that both silica phases 
precipitated simultaneously. In thick petro- 
graphic sections, microfossils are best seen 
where the red blocky quartz matrix grades 
into the clear fibrous auartz. 

The most abundant of the well-preserved 
microfossils are sinuous. unbranched. tubu- 
lar microstructures defined by a rim of sub- 
micrometer-sized hematite particles that sur- 
round a hematite-free core that is 0.8 to 1.7 
pm wide (Fig. 5, A and B, and Fig. 6). 
Viewed in thick petrographic sections, some 
filaments are as much as 150 pm long; this 
represents a minimum length because many 
filaments pass out of the petrographic section 
or become invisible where they descend into 
highly pigmented parts of the petrographic 
section. These filaments form intertwining - 
masses that resemble the fabric of a filament 
mat (Fig. 5A). Associated with these micro- 
fossils are wider filaments as well as hollow 
spheroidal microstructures, which also are 
defined by fine hematite particles. The mi- 
croorganisms preserved in these cherts may 
have actively or passively caused an iron- 
bearing mineral to precipitate upon their 
surface, or particles of an iron-bearing min- 
eral or colloidal iron may have adhered to 
their surface. 

The morphology and dimensions of the 
filaments are consistent with bacterial (in- 
cluding cyanobacterial) affinities. ~nasmuch 
as the best preserved microfossils occur in 
pebbles derived from the upper, highly sili- 
ceous part of the paleokarst, the preserved 
microorganisms probably lived close to or 
on the land surface. The manner in which 
the growing quartz crystals engulfed the 
microfossils without disrupting them sug- 
gests that the silica replaced a mat directly, 
although the primary precipitate may have 
been an opaline gel, which subsequently 
crystallized to quartz. 

We found microfossils in paleokarst at 
the top of the Beck Spring Dolomite at 
three localities in the Kingston Range, 
southeastern California. They occur in 
chert breccias formed by dissolutional col- 
lapse and are associated with 613C up to 10 
per mil less than those in the underlying 
unkarsted dolostones (1 4). Isotopic data for 
the secondary silica indicate precipitation 
in meteoric waters (1 5 ) ,  supporting the 
field and petrographic data indicating that 
the Beck Spring Dolomite was subjected to 
local karsting during the time of deposition 
of the lower Kingston Peak Formation (1 4). 
Microfossils first were found in silica filling 
voids near the top of the Beck Spring 
Dolomite in a Proterozoic slide block in the 
overlying Kingston Peak Formation (14); 
however, they are poorly preserved. Un- 
equivocal, well-preserved microfossils later 
were found in secondary silica at the other 
localities. At one locality (24), the micro- 
fossils are in secondarv silica that reulaced 
much of the matrix of a dissolutional-col- 
lapse breccia. This matrix originally was 
composed of fine-grained carbonate and 
terra rossa. The microfossils are gently 
curved to highly sinuous chains of 1- to 
8-pm crystals of pyrite or hematite pseudo- 
morphs after pyrite (Fig. 5, C to H). Some 
filaments consist of a single row of relatively 
uniform-sized crvstals. which mav be con- , , 

tiguous or separated and evenli spaced. 
Other filaments are less regular, and there is 
a greater variation of crystal size within a 
filament or several crystals are at the same 
position along the length of the filament. 
The filaments are commonly isolated or 
associated with a few other filaments. They 
do not occur as filament mats. At the other 
locality (25) the most prominent fossils are 
unbranched, tubular filaments 9 to 19 pm 
in diameter. Thev are in silica-filled voids 
in a dissolution-collapse breccia. The mor- 
phology and dimensions of these microfos- 
sils are consistent with bacterial (including 
cyanobacterial) affinities. 

Are they fossils of Proterozoic terres- 
trial life? Four criteria must be satisfied in 
order to establish that purported Protero- 
zoic terrestrial fossils actually are fossils of 
Proterozoic terrestrial organisms. It must be 
established (i) that the purported fossils are 

biogenic; (ii) that the fossils are of Protero- 
zoic age; (iii) that the strata containing the 
microfossils were subaerially exposed during 
Proterozoic time; and (iv) that the fossils 
represent preserved terrestrial organisms. 

The biologic origin of the Mescal pa- 
leokarst filaments is established bv their 
morphology and size. The most convincing- 
ly biogenic structures (namely, the 0.8- to 
1.7-pm-wide filaments) are curved, un- 
branched, tubular filaments that maintain a 
constant diameter along their length. Par- 
ticularly indicative of their biogenicity are 
their tubular nature (26) and narrow size 
range (Fig. 6). 

The filaments from the Beck Spring 
paleokarst are similar to chains of pyrite (or 
hematite pseudomorphic after pyrite) that 
have been established as biogenic in under- 
lying marine chert in the Beck Spring 
Dolomite as well as in other Precambrian 
chert (27). Their sinuosity, length, and 
variabilitv in crvstal size alone a filament 
are similar to boAa fide ~recamvbrian micro- 
fossils composed of pyrite crystals and he- 
matite pseudomorphs after pyrite. 

A Proterozoic age for the microfossils in 
the Mescal and Beck Spring paleokarsts is 
established by several considerations. The 
Mescal Limestone underlies the Troy 
Quartzite, which is intruded by 1100-mil- 
lion-year-old sills. The Beck Spring Dolo- 
mite underlies uppermost Upper Protero- 
zoic strata by at least 2 km. In both units 
the microfossils are encapsulated by the 
mineralic matrix of the chert, are found in 
fresh chert away from weathered surfaces, 
and are not in fractures. Thus, they are 
indigenous to the rock and are not modern 
contaminants. These cherts could not have 
formed during the current exposure event 
because at both localities similar chert has 
not been found in outcrops of other strati- 
graphic intervals. In addition, there is an 
absence of pollen, spores, or fragments of 
higher plants that would be expected if this 
silica was precipitated near an exposure 
surface during the Cenozoic. 

A Middle Proterozoic age for the Mescal 
fossils is established bv their occurrence in 
ferruginous chert pebbles at the base of the 
overlying Middle Proterozoic Troy Quartz- 
ite. These pebbles are lithologically similar 
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the Beck Spring Dolo- 
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to and obviouslv were derived from cherts sagged or collapsed into a karst pit, or as Beck Spring surface. It is unclear whether 
parts of a karst pit wall that slid into the pit. the paleokarst formed before the Kingston 
However, exposures are incomplete and the Peak began to be deposited or whether early 
brecciated dolomite could be part of a Kingston Peak deposition was interrupted 
landslide deposited on a locally karsted by erosional events that locally stripped 

that capped the 'Mescal paleokarst. Because 
these pebbles are well rounded and include 
ventifacts having well-developed facets, it 
follows that they were fully lithified and 
abraded at the time they were incorporated 
into the basal Troy Quartzite. Blocky quartz 
in one of the ~ebbles contains well-  re- 
served, tubular, filamentous microfossils. 
Because this blocky quartz is abraded at the 
periphery of the pebble, and because the 
abrasion occurred before, or at the time of, 
deposition of the basal Troy Quartzite, the 
filaments are clearly of Middle Proterozoic 
age. Also, the chert containing these mi- 
crofossils is dense and the microfossils could 
not have been introduced into pores during 
Cenozoic exposure. A Proterozoic age for 
the Beck Spring paleokarst fossils is further 
supported by the observation that the fila- 
ments show no evidence of compaction; 
they were silicified before significant burial 
of the paleokarst and before they could be 
disrupted by aggrading neomorphism of any 
precursor carbonate. 

Both the Mescal Limestone and Beck 
Spring Dolomite were subaerially exposed 
during the Proterozoic. The paleokarst at 
the top of the Mescal Limestone is exten- 
sive (17). At Shell Mountain, the chert 
and terra rossa collapse breccias are more 
than 10 m thick. At both Beck Spring 
localities, paleokarst features include chert 
and terra rossa breccias, collapsed and dis- 
solutionally condensed dolomite beds, and 
sediment-filled fissures and cavities. One 
locality - (25) is overlain by a unit contain- 
ing a breccia consisting 9f blocks of Beck 
Spring Dolomite. These disrupted strata are 
best interpreted as overlying strata that 

Fig. 5. Transmitted light optical photomicro- 
graphs of petrographic sections of chert from 
paleokarst at the top of the -1200-million-year- 
dd Mescal Limestone (A and B) and the -800- 
million-year-old Beck Spring Dolomite (C 
through H) showing fossils of Precambrian ter- 
restrial microorganisms (44). (A and B) Fila- 
mentous microfossils defined by submicrome- 
ter-sized hematite particles. Filament-mat fab- 
ric is illustrated in (A) and the circular nature of 
the relatively clear core of these filaments is 
illustrated in cross section (B). Bar scale is 10 
pm in (A) and 5 pm in (B). (C through H) 
Filamentous microfossils defined by a string cf 
1- to 8-pm pyrite crystals or hematite pseudo- 
morphic after pyrite. Fragments and clasts orig- 
inating through dissolutional collapse are indi- 
cated (cl) in (C), (G), and (H). Microfossils 
occur between or on the periphery of clasts [the 
position of three microfossils is indicated in (H) 
by arrows]. (D) is an enlargement of the micro- 
fossil in (C), and (E) and (F) are enlargements 
of the microfossils shown in the lower left and 
right center part of (H). Bar scale is 200 pm in 
(C) and (HI, 100 wm in (Dl, (El, (F), and (GI. (Dl 
and (E) are composite photomicrographs taken 
at different focal levels. 
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away the basal layers of the Kingston Peak 
Formation to allow karst formation on the 
Beck Spring. 

Whole-rock isotopic analyses show that 
the uppermost surfaces of both carbonate 
units typically have low '80/ '60 and 13C/ 
12C ratios relative to those of the unkarsted 
parts (1 3, 14). These low values indicate 
that meteoric waters were responsible for 
the dissolution-precipitation events. Sec- 
ondary carbonate rocks in a paleokarst pit 
in the Beck Spring Dolomite (24) have 
S180 = +26.9 and S13C = -4.3 (28), 
which are indistinguishable from well-doc- 
umented examples of modern and Cenozoic 
subaerial alteration (29, 30). 

A terrestrial origin for the Mescal micro- 
fossils is established by their occurrence in 
secondary, blocky quartz only found on the 
top of the Mescal paleokarst breccia, by the 
occurrence of ventifacts in the basal Trov 
Quartzite, and the fluvial and eolian nature 
of the lower Troy Quartzite. The Mescal 
paleokarst lies along an angular unconfor- 
mity, indicating that karsting was related to 
tectonic uplift rather than eustatic sea level 
changes. It is an upland karst rather than a 
coastal, lowland karst (3 1) , which might be 
an extension of the marine environment. 
The fossils are not marine fossils reworked 
from older strata because they occur as mats 
composed of intertwining, essentially uni- 
specific filaments. These are attributes of a 
life assemblage. 

A terrestrial origin for the Beck Spring 
paleokarst microfossils is established by sev- 
eral observations. The kilometer-sized slide 
blocks of Beck Spring Dolomite in the 
overlying Kingston Peak Formation (32) 
indicate that tectonism followed Beck 
Spring deposition. The paleokarst most 
likely developed in response to uplift rather 
than eustatic sea-level change, so it proba- 
bly is an upland karst rather than a coastal 
karst. The microfossils are in secondary 

o i 2 ~m 
Width of filament core 

Fig. 6. Size distribution of hematitic filamentous 
microfossils in a ferruginous chert pebble de- 
rived from paleokarst at the top of the Mescal 
Limestone. Measurements were made on the 
clear cores of filaments that are oriented nearly 
perpendicular to the plane of the petrographic 
section. The measured filaments are in a -1 
mm2 area of the section (USNM 448976). 

silica that replaced a matrix of very fine- 
grained carbonate and terra rossa in a dis- 
solutional-collapse breccia associated with 
the paleokarst. This silica differs from the 
marine, microfossil-bearing chert that oc- 
cur as clasts in the collapse breccia and as 
nodules and beds lower in the unit. The 
secondary silica lacks the silicified arrays of 
aragonite needles that are relatively com- 
mon in early diagenetic chert elsewhere in 
the Beck Spring Dolomite. In some hori- 
zons the secondary silica contains many 
impurities, such as pyrite and hematite, and 
may appear cloudy in petrographic sections. 
In other horizons, it is clearer than the 
marine chert. It is unlikely that the micro- 
fossils are marine and were derived from 
erosion of the Beck Spring Dolomite. Some 
of the Beck Spring paleokarst fossils consist 
of crystals that are separated from one 
another: thev could not have been trans- 
ported &I this state. Also, the distinctive 
elements of the marine Beck Spring fossil 
assemblage (33) are not found in the pa- 
leokarst silica. At least some examples 
should be present if reworking occurred. 

For both the Mescal and the Beck 
Spring microfossils, it is impossible to dis- 
count completely the possibility that the 
preserved organisms lived in a pond within 
a karst pit; however, this is considered 
unlikelv because there is no evidence for 
the existence of ponds in the outcrops 
examined. Evidence for ponds, such as 
finely and horizontally laminated fine- 
grained sediment or stromatolites in growth 
position, were not observed in the Mescal 
and Beck Spring paleokarst deposits. 

Implications for Precambrian geology 
and paleontology. Dolomite samples along 
the top of the Beck Spring have SI3C values 
as low as -5.4 per mil, implying a deple- 
tion of more than 10 per mil relative to the 
original marine +6 per mil value of the best 
preserved unkarsted parent rock (1 4, 16). 
At every locality the depletion in S13C 
values was observed. A depletion of at least 
6 per mil was obtained for the Mescal at the 
Shell Mountain locality (1 6). These deple- 
tions are so large that we infer a significant 
cover of photosynthetic organisms. Car- 
bonate that is dissolved in meteoric waters 
and then reprecipitated will suffer major 
changes in S180 values because oxygen is a 
major component of the water molecule, 
and the carbonate can isotopically equili- 
brate with this huge reservoir of oxygen. 
However, carbon recycled into the new 
precipitates from the host rock reservoir 
will not undergo any change in isotopic 
composition; S13C values of the secondary 
carbonate in the paleokarst will be identical 
to that of the host rock unless carbon with 
a different isotopic composition is intro- 
duced into the system. 

The amount of carbon in atmospheric 

CO, dissolved in rainwater is insufficient 
compared to that derived by dissolution of 
the carbonate to account for the depletions 
in 13C in the Mescal and Beck Spring 
oaleokarsts. Carbon dioxide resoired into 
ground waters by land plants and soil bacte- 
ria is the conventional explanation for car- 
bon-isotope depletions of this magnitude in 
Phanerozoic paleokarst. The S13C values of 
respired CO, can be lower than -20 per 
mil, and this carbon makes up a significant 
comoonent of the dissolved carbon reservoir 
in ground waters percolating downward 
through vegetated surfaces. Respired C02 is 
the simplest explanation for the low S13C 
values (34). 

The moroholo~v of the microfossils that ", 
we found is consistent with bacterial (in- 
cluding cyanobacterial) affinities, but it is 
possible that most of the 13C depletion may 
actually have been due to organisms that for 
taphonomic reasons are not preserved in 
these cherts. It is unlikely that endoliths or 
highly localized microbial mats restricted to 
moist, protected areas could supply the 
pervasive amounts of soil CO, implied by 
the large 13C depletions. 

It has been argued that input of respired 
CO, into soils and weathering horizons was 
absent or ereatlv reduced relative to modern 
values before the advent of vascular plants 
(35, 36). However, the rate of weathering 
of calcium and magnesium silicates is 
strongly dependent on levels of soil CO,, 
and this rate does not appear to have varied 
significantly over geologic time (37). High 
levels of soil CO, were therefore oresent 
before the advent of vascular land plants, 
and this condition has been attributed to 
higher levels of atmospheric C02 (36, 37). 
Little is known about CO, levels in soils 
beneath primitive microbial covers, and the 
arguments for negligible weathering effects 
of such covers have recently been chal- 
lenged (38). 

The low carbonate SL3C accompanying 
the microfossils in our examples suggests 
that amounts of carbon res~ired into soil as 
CO, were comparable to those of terrains 
with vascular land plants (39). Our results 
are at odds with models that assume that 
the Precambrian land surface either was 
sterile or that respired C02 in soils was 
insignificant. If the nonkarst terrains were 
as extensivelv covered as the karst terrains. 
then microbial enhancement of silicate 
weathering in the Proterozoic could have - 
been as great as that encountered on many 
terranes occupied subsequently by vascular 
land plants. It may not be necessary to 
invoke increased levels of atmospheric C02 
to account for the apparent constancy of 
weathering before vascular plants evolved. 

The oresence of Precambrian terrestrial 
communities has additional significance. 
For example, microbial communities bind 
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sediment and form protective layers over 
sediment. As a result, erosion by runoff and 
wind is inhibited. Microbes are important 
in the chemical weathering of minerals bv - 
directly or indirectly producing acids, bases, 
or chelating agents (40). Microbes also 
cause minerals to precipitate (41, 42). In- 
terestingly, the hematite that defines the 
Mescal microfossils and occurs in the Mes- 
cal terra rossa could have originated by 
iron-oxidizing bacteria or by bacteria taking 
up chelated iron compounds (4 1). If land 
was continuouslv vegetated between 1200 , " 
and 800 million years ago, this would rep- 
resent a substantial interval during which 
evolutionary innovations could have oc- 
curred on land (43). 
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