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Current interpretations of the early history of Mars suggest
many similarities with the early Earth and therefore raise the
possibility that the Archean and Proterozoic history of life on
Earth could have a counterpart on Mars. Terrestrial experience
suggests that, with techniques that can be employed remotely,
ancient springs, including thermal springs, could well yield
important information. By delivering water and various dissolved
species to the sunlit surface of Mars, springs very likely created
an environment suitable for life, which could have been difficult,
if not impossible, to attain elsewhere. The chemical and tempera-
ture gradients associated with thermal springs sort organisms
into sharply delineated, distinctive and different communities,
and so diverse organisms are concentrated into relatively small
areas in a predictable and informative fashion. A wide range of
metabolic strategies are concentrated into small areas, thus
furnishing a useful and representative sampling of the existing
biota. Mineral-charged springwaters frequently deposit chemical
precipitates of silica and/or carbonate which incorporate microor-
ganisms and preserve them as fossils.

The juxtaposition of stream valley headwaters with velcanoes
and impact craters on Mars strongly implies that subsurface
heating of groundwater created thermal springs. On Earth,
thermal springs create distinctive geomorphic features and chemi-
cal signatures which can be detected by remote sensing. Spring
deposits can be quite different chemically from adjacent rocks.
Individual springs can be hundreds of meters wide, and com-
plexes of springs occupy areas up to several kilometers wide,
Benthic microbial mats and the resultant stromatclites occupy a
large fraction of the available area. The relatively high densities
of fossils and microbial mat fabrics within these deposits make
them highly prospective in any search for morphological evidence
of life, and there are examples of microbial fossils in spring
deposits as old as 300 Myr. © 1993 Academic Press, Inc.

INTRODUCTION

Current interpretations of the early history of Mars
suggest many similarities with the early Earth and there-
fore raise the possibility that the Archean and Proterozoic
history of life on Earth could have a counterpart on Mars
(McKay 1986, McKay and Stoker 1989). Investigating
that possibility is an intellectual and technical challenge
of profound significance. The purpose of this paper is to
draw from paleobiological experience on Earth to begin
to develop a search strategy to be used on Mars. Here we
advocate exploring for thermal spring deposits as a way
to maximize the chance of finding fossil life on Mars.

The rationale for comparing Earth and Mars is ex-
pressed in Fig. | (from McKay and Stoker 1989). A sig-
nificant ¢lement in the comparison is the view that the
early atmosphere on Mars was comparable to that on
Earth at the time, but was later lost. An aspect of this is
that there was abundant liquid water which produced the
fluvial ¢channels that occur widely (Carr 1987). Although
some current interpretations of the Martian valley sys-
tems raise some doubts about the view that the ecarly
atmosphere was substantially different from that now
present, they nonetheless indicate that there was both
surface flow and spring outflow (Gulick and Baker 1989).

There has been a good deal of discussion about search
strategies for fossil life on Mars (reviewed in depth by
McKay 1986 and McKay and Stoker 1989), and attention
has focused on layered rocks (which might be lacustrine
deposits), on the regolith, and on ground ice, among other
sites. Lacustrine sediments are an obvious target, because
lakes combine the environmental features required for life
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FIG. 1. Comparison of the history of Earth and Mars (after McKay and Stoker 1989).

on Earth, and fossils commonly are preserved and found
in their sediments, The regolith is home for a substantial
microbiota, even in the harshest environments on Earth,
as in Antarctica. Terrestrial experience suggests that, with
the techniques that can be employed remotely, ancient
springs, including thermal springs, could well yield im-
portant information (Walter 1988).

A locality must satisfy several criteria in order to be a
suitable fossil site, Thermal springs are remarkable in that
they score highly in almost all of these criteria, which are
as follows:

I. Sustenance of life. By delivering water and various
dissolved chemical species to the sunlit surface of Mars,
springs very likely created an early environment suitable
for life, which could have been difficult, if not impossible,
to attain elsewhere. Springwater at elevated temperatures
could have supported a thermophilic lifestyle, which has
been proposed for the common ancestor of life on Earth
{(Woese 1987, Stetter et al. 1990). They are sites of chemi-

cal disequilibrium that can be exploited as a source of
energy for life. The chemical and thermal gradients associ-
ated with springs sort organisms into sharply delineated
distinctive and different communities, and so diverse or-
ganisms are concentrated into relatively small areas in a
predictable and informative fashion; an enormously wide
range of metabolic strategies is concentrated into a small
area, thus furnishing a usefully representative sampling
of the existing biota. For some of the same reasons, sub-
marine hydrothermal vents on Earth are a candidate site
for the origin of life (Baross and Hoffman 1985), and
certainly life is prolific at these vents now.

2. Preservation. Mineral-charged springwaters fre-
quently deposit chemical precipitates of silica and/or car-
bonate which sequester microorganisms and preserve
them as fossils. Such chemical sediments, in which organ-
isms are often morphologically preserved, predominate
in spring deposits. Allochthonous clastic sediments are
relatively rare in spring settings, in contrast to the deposits
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FIG. 2. Timing of volcanism on Mars as determined from cratering
history (after Hartmann et af, 1981).

of rivers and lakes. The resultant preservation imitates
successful examples of fossilization in Precambrian rocks
on Earth. For instance, in the abundance of benthic micro-
organisms coupled with the deposition of primary silica,
they can be compared with the stromatolite facies of iron
formations (a comparison that is explored by Walter
1972).

3. Thermal springs on Mars? The juxtaposition of
streamn valley headwaters with volcanoes on Mars (e.g.,
Carr 1981) has been interpreted as indicating that subsur-
face heating of groundwater created thermal springs
(Brakenridge 1990). The necessary groundwater (or
ground ice) seems to have been available (Snyder 1979,
Brakenridge et al. 1985, Carr 1987, McKay and Stoker
1989). Geomorphological analyses of many Martian valley
networks suggest an origin through spring discharge (e.g.,
Baker and Partridge 1986, Squyres et af. 1987, Crown
et al. 1992}, The thermal spring environment could have
persisted for much of Martian history, because the wide
range of ages inferred for volcanic activity (Wise et al.
1979, Neukum and Hiller 1981, Hartmann et al. 1981,
McSween 1985, Vickery and Melosh 1987; Fig. 2) indi-
cates that near-surface heat sources were available. Be-
cause water or ground ice also was present throughout
the planet’s history, the generation of thermal springs was
inevitable.

4. Detection and sampling. Thermal springs create
distinctive geometric features and chemical signatures
which can be detected by remote sensing. Spring deposits
are most abundant near the source region and display a
range of sediment types as a function of distance from the
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source (Figs. 3 and 4). Individual springs can be hundreds
of meters wide, and complexes of springs occupy areas
up to several kilometers wide. Benthic microbial mats and
the resultant stromatolites occupy a large fraction of the
avatlable area in thermal springs on Earth. The relatively
high densities of fossils and microbial mat fabrics within
these deposits make them highly prospective inany search
for morphological evidence of life.

CHARACTERISTICS OF MODERN THERMAL SPRINGS

Many thousands of thermal springs have been docu-
mented on Earth (e.g., Waring 1965). They occur where
deep artesian waters reach the surface of sedimentary
basins, in tectonically active sites where deep faults pro-
vide conduits or shallow heat sources provide energy, and
in areas of active or recently active volcanism. They are
most abundant and best known from volcanic areas such
as Yellowstone National Park (Wyoming), New Zealand,
and Iceland (Waring 1963, White er al. 1988). Thermal
spring deposits derive ultimately from the intense hydro-
thermal alteration of parent rock. Silica is typically depos-
ited in springs because its solubility declines rapidly as
the springwaters cool (Fournier 1973). Even though it
is more soluble than quartz and chalcedony, amorphous
silica is first to form because the kinetics of its precipita-
tion are more rapid (Fournier 1973). The spherulitic tex-
ture of silica polymer is a very distinctive feature of this
deposit. Deposits of silica are often accompanied by other
minerals distinctively associated with hydrothermal activ-
ity {e.g., calcite, metal sulfides, and gold; Ellis and McMa-
hon 1977). The following description of Yellowstone pro-
vides an overview of the thermal spring environment and
addresses the first two issues raised above, the sustenance
and preservation of life.

The present geothermal activity in Yellowstone is a
result of extrusive volcanism which began about 2 Myr
ago and continued until 70,000 years ago (Keefer 1971,
Christiansen and Blank 1972). The rocks produced are
largely rhyolites and rhyolitic welded tuffs, with some
basalts; they form the ‘*Yellowstone rhyolite plateau.”
Within the piateau is an enormous elliptical caldera, 70 by
45 km wide, partly filled with lava flows (Fig. 3). Pleisto-
cene glacial sediments and Pleistocene and Holocene flu-
viatile sediments are intercalated with and overlie the
volcanics. Some of these sediments are described by
Howard (1937) and White ef al. (1988). Hydrothermal
explosion breccias occur locally (Muffler er al. 1982). The
springs are scattered over an area of several thousand
square kilometers; the area of occurrence is irregular in
shape but has a maximum dimension of about 90 km.
There are approximately 3,000 springs in about 100 clus-
ters (Allen and Day 1935}, Many of the clusters are
grouped into ‘‘geyser basins,”’ which are areas of inten-
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FIG. 3.
2 km.

sive geothermal activity. These cover areas of several
square kilometers. The major types are alkaline (carbon-
ate or silica depositing} and acidic. The young thermal
spring travertines of the Mammaoth Geyser Basin (Weed
1889a, Allen and Day 1935) consist of aragonite. Very
little deposition of silica occurs from acid waters such as
those of the Norris Geyser Basin (rarely, acid springs
do deposit geyserite; Walter 1976b, White er al. 1988).
Extensive hydrothermal alteration of the rocks through
which the spring waters pass is caused by both the alkaline
and the acidic waters (Fenner 1936, Honda and Muffler
1970).

Only the silica-depositing neutral to alkaline thermal
springs are considered further here, because the excellent

High altitude image of Lower Geyser Basin, Yellowstone National Park. North arrow at lower left is also a scale bar which represents

preservational characteristics of silica will maximize in-
formation retention during diagenesis and metamorphism.
These are the most abundant of the springs in Yel-
lowstone, and are also abundant in other hydrothermal
fields. Their ubiquity suggests that stringent special condi-
tions are not necessary for their occurrence. Passage of
hot water through volcanic rocks seems to suffice. This is
supported by their occurrence in basaltic terrains such as
Iceland (Brock 1978, p. 245) as well as in the silicic volca-
nic terrain of Yellowstone National Park. Silica deposits
are the most common precipitates from the hydrothermal
alteration of volcanic rocks (Ellis and Mc¢Mahon 1977).
This emphasis on silica-depositing springs is not meant to
imply that significant paleobioclogical information cannot
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FIG. 4.

Low level aerial photograph of Grand Prismatic Spring in the Midway Geyser Basin of Yellowstone National Park. The pool of near-

boiling water is about 100 m wide. At the margin of the pool is light-colored nonbiogenic geyserite; this is surrounded by concentric zones of

microbial sinter.

be preserved by other types of mineral deposits (espe-
cially calcium and magnesium carbonate, among many
others), but reflects paleontological experience on Earth
which demonstrates high fidelity of preservation in chert.

The broad features of thermal spring sediment distribu-
tion in Yellowstone National Park are shown in the U.S.
Geological Survey Miscellaneous Geological Investiga-
tions Map I-710 (Richmond et al. 1972) and in detail on
Map 1-1373 (Muffler er al. 1982). The description that
follows is based on these maps, the publications of Walter
(1972, 1976a.b) and Walter et al. (1972, 1976), and the
publications cited below. The geyserite and biogenic sin-
ters have been described in detail, and many aspects of
their formation are known, but the associated sediment
types are very poorly known. The various forms of stro-
matolitic sinter and sinter breccia form accumulations up
to 6-m thick with thin beds in which lateral facies changes
occur frequently (Figs. 6-8). All consist of opaline silica
with a spheroidal ultrastructure but each has its own char-

acteristic laminar microstructure (Walter 1976a, Walter
et al. 1976).

A wide range of biological communities is observed
along thermal gradients of springfed streams, with the ma-
Jor controls on their occurrence being temperature, pH,
and H,S and O, concentrations (Ward e «!. 1989). The most
widespread microbial mats in thermal springs are those
produced by cyanobacteria in neutral to alkaline springs.
Above 54°C metazoans and metaphytes are absent, and no
eucaryotes occur above 58°C. The diversity of organisms
present is expressed in Table [; there are cyanobacteria,
photosynthetic bacteria, sulfate reducing bacteria, archae-
bacteria, fungi, eucaryotic algae, and other organisms.
Some of the microbial communities are entirely anaerobic.
In Yellowstone in particular the biology of the springs has
beenstudiedingreat detail (e.g., Brock 1978). Each ofthese
communities is amendable to preservation in silica, and
they are described briefly below.

Temperatures above 74°C.  Geyserite is deposited as
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FIG. 5. Map of Yellowstone National Park showing the outline of
the caldera and the distribution of active and fossil hydrothermal systems
(in black), From White er al. (1988),

a result of the cooling and evaporation of waters hotter
than about 74°C (White et af. 1964, Walter 1972, 1976).
Consequently it forms only in and immediately adjacent
to geysers, thermal springs, and outflow channels (Figs.
4, 6, 8). It consists largely of amorphous silica. Subaerial
geyserite in splash zones has a nodular and columnar
morphology (Fig. 6B) and characteristic extremely thin
and regular laminae. Subaqueous geyserite is mostly flat-
laminated with few features showing synoptic relief. Some
pools contain a gravel of pisolitic geyserite. Bacteria of
an unknown kind (Ward et al. 1991) rarely accumulate in
these otherwise nearly sterile waters at temperatures of
75-85°C to form stringy masses which can be silicified
(White er al. 1964, Fig. 11; possible fossil examples of
such masses are described by White er af. 1989). Even
at temperatures of 92-100°C there are eubacteria and
archaebacteria in the water (Ward et af.1992) and, though
they are not known to form any macroscopic accumula-
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tions (e.g., biofilms, mats), their cells may well be able to
be preserved in the geyserite.

Temperatures between 57 and 74°C.  Filamentous bac-
teria, particularly the motile photosynthetic bacterium
Chloroflexus aurantiacus Pierson and Castenholz, and
also various species of the unicellular cyanobacterium
Synechococcus, populate neutral to alkaline waters,
mostly in the temperalure range 57-74°C (Walter et al.
1976} but also as low as 50°C (Doemel and Brock 1974).
These form laminated stratiform and, infrequently, nodu-
lar mats, which trap detrital particles. The nodules are
about 0.5 to 1.0 cm wide and are ornamented with a
distinctive stellate pattern of tiny ridges. The 57°C iso-
therm is usually within several meters of the spring and
geyser vents so this mat type is areally very restricted.

Temperatures between 30 and 59°C.  Filamentous cy-
anobacteria first appear in microbial mats in Yellowstone
at about 59-57°C. Mats in the range 59-30°C are domi-
nated by the finely filamentous cyanobacterium Phormid-
ivm (Copeland 1936} but also include a diverse range of
eubacteria and archaebacteria (Table 1). The mats as-
sume a variety of macroscopic forms (Weed 1889a, plates
82-87, Fig 56; Walter et al. 1976; Figs 6C and 6I}). In
contrast to mats outside this temperature range, these
frequently have distinctive structures with a growth relief
of several centimeters or more (Walter et af. 1976). The
mats form a locus for silica deposition (Fig. 7), forming
sinter that is highly porous after decomposition of the
organic matter, but which preserves much of the macro-
and micro-structure of the original mats. The stromato-
lites have distinctive macro- and micro-morphologies, and
the resultant sinter is easily distinguished from the other
sinter types and from geyserite. Inspection of ‘“subfossil’’
sinters at Queens Laundry Terrace (Fig. 7) and in the
eroded walls of the Excelsior Geyser crater suggests that
there is preservation of microscopic detail down to the
level of the external morphology of bacterial cells, but
this has yet to be carefully studied.

Temperatures between ambient and 30°C. Microbial
mats in water cooler than about 30°C in Yellowstone are
dominated by coarsely filamentous cyanobacteria such as
Calothrix. They usually are stratiform, with less than 1}
cm of surface relief, and are heavily silicified, forming
firm, felt-like sheets. Laminae are thicker than in the high
temperature sinters. The morphology and orientation of

FI1G. 6. Spring and geyser vents and deposits in Yellowstone National Park. A. Geyserite cone, Lone Star Geyser. B. Columnar geyserite,
Pearl Geyser, Norris Geyser Basin, scale-10 cm. C, D. High-temperature silica-encrusted microbial mats of different forms; C, Conophyton Pool;
D, Column Spouter, Fairy Meadows, scale-10 cm applies to both. E, F. Scanning electron micrographs of spheroidal opaline silica in geyserite and
sinter; the largest opal spheroids are about 1 um wide, as are the bacterial filaments. E, from pisolites from Bead Geyser; F, silicified high
temperature (Conophyton) microbial mats from Bronze Geyser: silica spheroids encrust the bacterial and cyanobacterial filaments and some of the

unicellular cyanobacteria.
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TABLE 1
An Example of the Metabolic Diversity of Thermal Spring Microbial Communities: Known or Suspected Members of the 50°C to
55°C Octopus Spring (Yeltowstone National Park) Cyanobacterial Mat Community (from Ward et af. 1991)

Organism

Phylogenetic type

Physiologic type

1. Phototrophs
Synechococcus lividus
Chioroflexus aurantiacus

2. Heterotrophic Consumers
Thermus aquaticus
isosphaera pallida
Thermomicrobium roseum
Thermobacteriodes acetoethilicus
Thermoanacrobium brockii
Thermoanaerobacter ethanolicus
Clostridium thermohydrosulphuricum
Clostridium thermosuifurogenes
Clostridium thermoautotrophicum

3. Terminal Anaerobic Food Chain Consumers
Thermodesulfobacterivum commune
Methanobacterium thermoautotrophicum

eubacterium (cyanobacterium}
eubacterium {green nonsulfur group}

eubacterium {radioresistant cocci)
eubacterium {planctomycete group)
eubacterium {green nonsulfur group)
eubacterium (Gram-positive group)
eubacterium (Gram-positive group)
eubacterium (Gram-positive group)
eubacterium (Gram-positive group)
eubacterium {Gram-positive group)
eubacterium {Gram-positive group)

eubacterium {unigue group)
archaebacterium

cyanobacterium
photosynthetic bacterium

aerobic heterotroph
aerobic heterotroph
aerobic heterotroph
anaerobic fermenter
anaerobic fermenter
anaerobic fermenter
spore-forming anaerobic fermenter
spore-forming anacrobic fermenter
spore-forming anaerobic fermenter

sulfate-reducer
methanogen

cyanobacterial filaments are clearly preserved by the silic-
ification.

Ambient temperatures. Where marshes and meadows
surround thermal spring systems they can support an
abundant diatom flora, producing a sediment which, in
some cases, is almost pure diatomite (Weed [889c). In
Yellowstone, diatomaceous silts cover many square kilo-

meters and are up to 4.5-m thick. Macroscopic plants are
abundant in the marshes, and their roots are a significant
component of the sediments. Prior to the evolution of
eukaryotes such environments would presumably have
been populated by benthic mat-building cyanobacteria,
and the extraction of dissolved silica from the marsh wa-
ters would have been much less efficient. Yellowstone

910912.1A

FIG. 7. Subfossil sinter from the Queens Laundry Terrace. Yellowstone National Park, showing preservation of the original microbial fabric

in opaline silica.
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1 2

FIG. 8.

Schematic diagram of facies relationships in thermal spring deposits (from Walter 1972). Facies are as follows: 1, columnar gevserite;

2, stratiform geyserite; 3, pisolitic geyserite: 4, intraclastic sinter; 3, stromatolitic sinter; and 6, marsh deposits.

Lake, which is fed by thermal waters, deposits sediments
that are unstratified, contain more than 80% (by weight)
of diatom frustrules, and are moderately rich in organic
carbon {Goodwin and Schmit 1974). Siliceous pipes are
constructed on the floor of the lake by hydrothermal
springs {Remsen et af. 1990),

Additional information about the spring environment
and its biota can be expected to be preserved in the chemi-
cal composition of the deposits. The thermal gradient
associated with spring outflows should create a predict-
able trend in the 80 value of the silica as it precipitates
in near-equilibrium with the spring waters. The difference
in 8'*0 between silica and water at equilibrium increases
as the temperature declines (Friedman and O'Neil 1977).
Also, as the flowing springwater evaporates, the re-
maining liguid should become progressively enriched in
0. Both trends predict that, over the relatively short
spatial scale of a spring outflow, the 8'*0 value of precipi-
tating silica should increase with its distance from the
spring orifice. This feature could be a useful signature for
identifying ancient spring deposits.

The organic matter derived from biological communi-
ties also might create distinctive trends along the outflow.
For example, the enzymatic uptake of disselved inorganic
carbon during photosynthesis is typically associated with
a discrimination against *C, relative to '*C. This discrimi-
nation can be as large as 3% (30 permil) but it is attenuated
when the DIC supply becomes limiting (Smith and Walker
1980). Estep (1984) and Des Marais ef al. (1992) observed
an increase in 8'*C (a measure of '*C/"?C) of organic matter
with lower concentrations of dissolved inorganic carbon
(DIC) in the springwaters. Des Marais er al. (1992) ob-
served that the trends of increasing 8°C and decreasing
DIC occurred downstream along a spring outflow channel
and coincided with the outgassing of springwater CO,
and lowering of DIC contents (Fig. 9). Within a suite of
sediment samples from a spring outflow channel with its
thermal gradient and associated CO, outgassing, a parallel

8°C trend might be observed and could constitute a signa-
ture for biological carbon fixation. Such a trend might be
observed within such a suite, despite outside sources of
BC/12C variability in the atmosphere (Jakosky 1991). Any
preserved organic matter could also contain complex hy-
drocarbons (biomarkers) derived from the decomposition
of cellular material. These can be an important source of
paleobiological information (Summons and Walter 1990).
Some of the components of the microbial communities in

20}
a'c
1o}
42 T, DEG. C
.0 0.1 0.2 0.3 0.4
[CO2], mM

FIG. 9. Carbon isotope discrimination during mat growth versus the
ambient concentration of dissolved carbon dioxide in a spring outflow
at Orakei Korako thermal area, New Zealand (Des Marais et al. 1992),
The term A8™C equals [87°CO, — §°C,,,,]. The mat was dominated by
Chlorogleopsis cyanobacteria. Water temperatures (°C) at the sampling
points are indicated by the numbers adjacent to the data points. The trend
reflects changes in net isotopic discrimination during carbon fixation by
the mats. This change is driven in part by the decline in CO, concentra-
tion due to outgassing of the springwater.
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the Yellowstone thermal springs are presently known only
from their characteristic hiomarker compounds (Ward et
al . 1992).

ANCIENT THERMAL SPRINGS

We can have some confidence in our ability to find
thermal spring deposits on Mars as a result of our experi-
ence on Earth. This section briefly summarizes that expe-
rience; a strategy for Mars is discussed later. There are
many known examples of ancient submarine thermal
springs on Earth, because they are targets for exploration
for gold and base metals. However, subaerial thermal
spring deposits are very poorly known. A small number of
fossil subaerial hot springs have been described. Almost
none have been studied for their paleobiology, although
recent studies have concluded that the fossiliferous Dev-
onian Rhynie Chert of Scotland is a thermal spring deposit
(Rice and Trewin 1988, Trewin and Rice 1992). Late Pa-
leozeic thermal spring sinters from Queensland, Austra-
lia, are among the oldest fairly well established examples
(Cunneen and Sillitog 1989, White er al. 1989). These
were discovered in the course of mineral exploration in a
stibaerial felsic volcanic terrain, and have not yet been
intensively studied. They contain anomalously high levels
of gold, arsenic, and mercury. These described by White
etal. (1989) are especially relevant here. They were recog-
nized as sinters because of their volcanic setting, siliceous
mineralogy, and morphological similarity to the sinters of
New Zealand and Yellowstone. They are well exposed at
four sites, where they are interbedded with tuffs, lava,
hydrothermal breccia, and lake sediments containing silic-
ified plants. Although the silica is now all recrystallized
to quartz, fine morphological detail is preserved. Features
closely comparable with the stromatolitic sinters of Yel-
lowstone are described. To judge from the descriptions,
the deposits of at least two and possibly three different
microbial communities are recognizable (stringy masses
of bacteria, such as occur in the highest temperature parts
of outflow channels, and two types of columnar stromato-
lites). These and other examples demonstrate the preser-
vation potential of thermal spring deposits and indicate
that long-term survival is feasible even in the tectonically
active environments on Earth.

SOME LESSONS FROM THE SEARCH FOR EARLY LIFE
ON EARTH

Paleontologists searching for morphological evidence
of life on the early Earth face the following three major
problems: 1, selecting a prospective site; 2, finding possi-
bly biogenic structures; and 3, distinguishing biogenic
from abiogenic structures. The search for fossil evidence
of life on Earth during the Archean and Proterozoic
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(3.9-0.54 Gyr) has been underway for about a century.
Most seminal discoveries were made in the course of
nenpaleontological investigations. For instance, the old-
est known animal fossils, the Ediacara fauna of Australia,
were discovered during regional geological mapping for a
state government authority (Sprigg 1947). The discovery
of microfossils preserved in chert of the Gunflint Iron
Formation of Canada (Tyler and Barghoorn 1954), which
led to all subsequent studies of Archean and Proterozoic
chert microbiotas, resulted from observations made dur-
ing a petrological study. Some of the oldest known stro-
matolites (now recognized as amongst the oldest evidence
for life on Earth) were discovered in Western Australia
by a graduate student engaged in field work for a study of
barite deposits (Walter et al. 1980). Each of these discov-
eries led to later systematic and frequently successful
searches by paleontologists. Many discoveries have re-
sulted from regional mapping. There are two reasons why
paleontologists have often followed other field geologists:
they had to learn which rock types preserve remnants of
unmineralized organisms and, even in those rock types,
fossils usually are rare. It needs to be emphasized here
that in this section we are referring to palaeobiological
experience with marine and lacustrine sedimentary rocks
of Archean and Proterozoic age, not to any experience
with subaerial thermal spring deposits because as yet the
oldest known convincing examples of these are Paleozoic.

The lesson that cherts are the best commonly occurring
rock type for the preservation of unmineralized microor-
ganisms is applied here by suggesting silica-depositing
springs as sites for exploration. The problem of rarity is
addressed also, as a high proportion of the sediments of
springs preserve morphological evidence of life, Fossil
preservation in silica is vastly superior to preservation in
any other commonly occurring media, and indeed this
form of preservation is common and provides an informa-
tive record of the early history of bacteria, cyanobacteria,
and microalgae (e.g., Schopf 1970, Knoll 1985). Such pres-
ervation is known in the oldest well preserved rocks on
Earth (3.5 Gyr, Awramik et af. 1983, Walsh and Lowe
1985, Schopf and Packer 1987). In exceptional examples,
cell contents can be preserved (Oehler 1976a), aithough
this is frequently disputed. Nonetheless, diagenesis and
thermal alteration of silicified materials can and do alter
original biological features. Artifacts can arise due to dif-
ferential preservation of cells and mucilage, mineral re-
crystallization, and the addition of extraneous material by
migrating fluids. The processes of silicification have been
studied under laboratory conditions (e.g., Leo and Barg-
hoorn 1976, Oehler 1976b, Francis er af. 1978a,b) but are
still not well understood. Detailed studies of several well-
known deposits have documented the morphological con-
sequences in fossil cells of microbial degradation and the
diagenetic growth of new mineral phases (e.g., Hofmann
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1976, Knoll and Simonson 1981, Knoll ef al. 1988, Lanier
1989).

As has been shown by Knoll et al. (1988), amongst
others, many Proterozoic fossil assemblages have been
exposed to burial diagenesis and low-temperature regional
metamorphism to the prehnite—pumpellyite facies (ap-
proximately 200°C). This metamorphic overprint is re-
sponsible for some destruction of fabric and loss of bio-
genic information. However, despitc the lack of
submicroscopic preservation in regionally metamor-
phosed sediments, a biogenic signature still persists in the
isotopic composition of organic matter (kerogen) derived
from cells. The possible preservation of surface deposits
on Mars with limited burial should result in a very low
degree of thermal alteration,

By far the most abundant morphological fossils in Pre-
cambrian rocks are stromatolites (Walter 1972, 1983,
Grotzinger [989). It is conceivable that stromatolites
formed on Mars. If part of the strategy were to search for
them on Mars, as is sometimes suggested (McKay and
Stoker 1989), the following observations of stromatolites
on Earth should be considered:

1. The only abundant rock types in which these occur
frequently are limestone and dolostone. They aiso occur
in some siliciclastic rocks (sandstones) but are exceed-
ingly rare. Limestones and dolostones are rare in Archean
sedimentary rock sequences.

2. 1t is rare to find a well-preserved limestone or dolo-
stone with no stromatolites, but it is normal to search
extensively within any such rock body (and in cherts)
before finding convincing stromatolites.

3. Stromatolites are restricted to only a small fraction
of the available area in most environments where they
occur now {lakes, rivers, marine embayments, and open
ocean). The reasons for this restriction are very poorly
understood.

4. There are many abiogenic structures that resemble
stromatolites. Many abiogenic structures closely resem-
ble biogenic fossils, and where the fossils are of simple
organisms, these two classes of objects can be very diffi-
cult to distinguish with confidence (see, e.g., Hofmann
1971, Walter 1976a, 1983, Cloud and Morrison 1979,
Glaessner 1984, Buick 1990). Tt is important in such cases
to know the full geological context (sedimentary facies
relationships) of the objects to determine whether an inter-
pretation of a structure as biogenic is reasonable. Further-
more, any one set of observations is unlikely to be conclu-
sive; it is frequently necessary to combine field scale
(macroscopic) observations of geomeltry with observa-
tions on a microscopic scale before confident interpreta-
tion is possible, and even then substantial differences of
opinmion occur {¢.g., Awramik er «f/. 1983, 1988, Buick
1984, 1988, 1990). Confidence can be raised substantially
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by the use of several independent techniques to recognize
biogenicity, for instance by adding stable isotope (e.g.,
Schidlowski er al. 1983) and organic biomarker analyses
(Summons and Walter 1990}, Stromatolites are the most
abundant morphological evidence of life on the early
Earth, but interpretations can be confused and confidence
lowered by the possibility of mistaking partly or entirely
abiogenic structures such as pedogenic deposits (calcrete,
silcrete, etc.) and geyserile for biogenic stromatolites.
The isotopic composition of carbon and sulfur-containing
minerals provides important evidence for early life on
Earth (e.g., Schidlowski er ¢/, 1983), but this evidence in
isolation may not be sufficient to be convincing evidence
of life. For instance, the 3.8 Myr old sedimentary rocks
at Isua in Greenland are so altered by thermal metamor-
phism that all possible morphological evidence of life has
been destroyed. It is often argued that the carbon isotopic
composition of the contained carbonate and graphite is
evidence for the same type of biological carbon fixation
as is found in the later geological record. But this interpre-
tation is frequently disputed, to a large extent because it
cannot be corroborated by any independent evidence.
Experience with the discovery and interpretation of fossil
microbial life on Earth clearly demonstrates the impor-
tance of using multiple criteria to demonstrate biogenicity
(e.g., Schopf 1983).

A SEARCH STRATEGY

Any strategy employed must first of all address the
need for multiple criteria for convincingly demonstrating
biogenicity. Second, it must be possible to find whatever
type of site is advocated, with a high degree of confidence.
And third, it must be technically feasible to collect the
data and samples required. Fossil thermal spring deposits
meet all of these requirements.

We suggest that the search for fossil life on Mars focus
on areas of long-lived volcanism where there is evidence
of groundwater discharge. There ts a great deal of experi-
ence in the search for ancient hydrothermal systems on
Earth as these are prime sites for the exploration for gold,
sitver, and other rare metals. The use of remote sensing to
locate the rock alteration haloes typical of hydrothermal
systems is central to many such exploration programs,
and the characteristic mineral suites can be detected re-
motely (Goetz et al. 1983, Kahle 1986, Huntington and
Green 1988, Kruse and Taranik 1989, Watson et al. 1990,
Kruse ¢t al. 1990). Such sites are typified by an abundance
of clays and oxides or hydroxides, and abundance of sec-
ondary precipitates such as silica and calcite. The experi-
ence gained through these programs should be of value in
locating similar systems on Mars.

Geomorphological analysis of many Martian valley sys-
tems suggests that they originated through spring sapping
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(e.g., Baker and Partridge 1986). More specifically, the
former presence of thermal springs has been inferred from
the juxtaposition of volcanic features and apparently
spring-fed valleys (Brakenridge 1990). Interpretation of
the morphology of the valley systems recognized on sev-
eral of the volcanoes of Mars sugests formation by head-
ward sapping as a result of groundwater flow from springs
(Gulick and Baker 1989). Already it is possible to suggest,
tentatively, several sites where fossil hydrothermal sys-
tems might occur on Mars. Springs and outflow streams
might have existed on the volcano Hecates Tholus, as is
meuntioned above (Gulick and Baker 1989). Dao Valles on
the margin of Hadriaca Patera is also considered to have
originated through spring discharge (Squyres ef al. 1987,
Crown et g, 1992). Spring sites in general have the advan-
tage of preserving evidence of life at the ground surface
rather than in buried sediments.

The forthcoming Mars Observer mission will provide a
great deal of information which should assist with the
selection of prospective sites, In particular, data from the
thermal emission spectrometer (Christensen et al. 1992)
should enable searches for mineral suites associated with
hydrothermal alteration. Individual spring mounds are
generally ten to several hundred meters wide, and they
frequently occur in clusters which occupy areas of the
order of 10 km® (Fig. 5). Consequently, high resolution
imagery is needed for confident identification of spring
sites; the Mars Observer camera has a resolution of 1.5
m, though most of its coverage will be at a much lower
resolution. The planned Russian Mars 94 mission will
carry a high resolution stereo camera with a resolution of
10 m.

Thermal spring deposits may not be good sites for the
preservation of organic material, because of their high
initial porosity (although if the early environment of Mars
were not markedly oxidizing this might not be a problem).
However, these springs are excellent sites for the preser-
vation of morphological fossils due to the mineral precipi-
tation that is characteristic of thermal systems. Further-
more, preservable microbial communities occupy a high
proportion of the avaitable area in hydrothermal spring
systems, enhancing the chance of discovery.

Lacustrine sediments are prime sites for the discovery
of chemical evidence for life on Mars, because that
evidence (organic matter, isotopic patterns in minerals)
would be widely dispersed and therefore readily found.
However, it is likely to be much more difficult to find
morphological evidence for life at such sites, because
suitable sediments could well be areally very restricted
(e.g., stromatolites frequently occupy only a small pro-
portion of the available area of a benthic subaqueous
deposit, and fossils of unmineralized microorganisms
are characterized by patchy and infrequent distribution).
Furthermore, the vertical exposures neceded to allow
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searches of numerous sedimentary layers might be inac-
cessible.

If a site selection strategy for Mars were to include
spring as well as lake deposits, the chances of finding
convincing evidence of life would be significantly en-
hanced. The deposits of these different environments of-
ten occur in close proximity. On Mars, some spring-fed
channels flow into central basins which contain sediments
cited as examples of lacustrine deposition (Goldspiel and
Squyres 1991). Both spring and lake deposits could pro-
vide samples for sensitive chemical life-detection analy-
ses, including isotopic and biomarker approaches.

In preparation for the application of this strategy it will
be necessary to develop detailed geometric and facies
maodels of thermal springs to allow their recognition on
Mars with as much confidence as possible. At the same
time well-exposed examples of fossil hot springs should
be studied, reconstructing their sedimentology, biology,
and ecology using every technique available, with the
purpose of testing, developing, and refining techniques
for acquiring paleobiological information. This requires
that the transformation of the various thermal spring com-
munities to their fossil equivalents be understood. Infor-
mation will be lost during diagenesis and mineral transfor-
mation, 50 it will be important to document the effects of
this loss. The transition from opaline silica to chalcedony
and then to quartz can be studied in progressively older
springs. A combination of sedimentology, morphological
paleontology, petrology, and stable isotope geochemistry
is likely to be most effective. Such an approach should be
an excellent way to test the techniques for evaluating
biogenicity on Mars (not only in relation to thermal
springs} and for exploring ways to draw maximal biologi-
cal information from the sediments.

If visual and spectroscopic observations ranging from
the macroscopic to the microscopic were combined with
chemical and isotopic analyses, it should be possible to
select probably biogenic and fossiliferous deposits from
among a larger sample set on the surface of Mars.
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