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Abstract. There is considerable evidence that the early 
climate of Mars was very different from the inhospitable 
conditions there today. This early climate was charac- 
terized by liquid water on the surface and a dense atmos- 
phere composed predominantly of CO 2. The duration of 
these warm initial conditions on the surface of Mars is 

uncertain, but theoretical models suggest that they could 
have persisted for hundreds of millions up to a billion 
years. From studies of the Earth's earliest biosphere we 
know that by 3.5 Gyr ago, life had originated on Earth and 
reached a fair degree of biological sophistication. Surface 
activity and erosion on Earth make it difficult to trace the 

history of life before the 3.5-Gyr time frame. If Mars did 
maintain a clement environment for longer than it took for 
life to originate on Earth, then the question of the origin of 
life on Mars follows naturally. The fossil evidence of early 
life on Earth provides clues as to what form fossils on 
Mars might take. Of particular interest are stromatolites, 
macroscopic layered structures that result from the 
anchoring of sediments by microorganisms living in the 
photic zone. Since over two thirds of the Martian surface 
is more than 3.5 Gyr old, the possibility exists that Mars 
may hold the best record of the events that led to the origin 
of life, even though there may be no life there today. 

INTRODUCTION 

Early in its history, conditions on Mars may have been 
suitable for the origin of life. Studies of hardy terrestrial 
ecosystems, coupled with both climatological and 
geological studies of Mars and paleontological studies of 
early life on Earth, have resulted in the emergence of new 
scientific interest in the possibility of the origin of life on 
Mars. In this paper we review the recent developments in 
this area and indicate areas of future research. We also 

consider the role that upcoming missions to Mars may play 
in testing current speculation about the emergence of life 
on a more clement primordial Mars. 

Over the past 10 years, detailed studies of the results 
from the Viking and Mariner missions to Mars have 
provided convincing evidence that liquid water was present 
on early Mars and thus that early Mars was warmer and the 
atmospheric pressure was considerably higher than at 
present. In addition, studies of Earth's earliest biosphere 
have suggested a close coupling between the evolution of 
early life forms and the physical and chemical evolution of 
the planetary surface. From a biological perspective, there 
were many similarities between early Earth and early Mars 
[McKay, 1986]. This, combined with the prospect that the 
clement conditions on primordial Mars could have existed 
over time scales comparable to the origin of life on Earth, 
has led to a convergence of research effort in the areas of 
early climate and life on Mars. 

Currently, Mars is a cold desert planet, inhospitable to 
life as we know it. The major components of the atmos- 
phere are 95% CO 2, 2.7% N 2, and 1.6% Ar [Owen et al., 
1977]. The surface pressure as recorded by the Viking 1 
lander varies from 9 to 7.5 mbar [Hess et al., 1979, 1980] 

as a substantial fraction of the atmospheric CO 2 freezes 
onto the winter polar caps. The mean annual surface 
temperature is 215 K, insuring that most water on the 
surface remains in a permanently frozen state. The 
Martian atmosphere contains only a few precipitable 
microns of water vapor [Jakosky and Farmer, 1982], 
consistent with the low temperatures. 

The Viking landers carried experiments specifically 
designed to search for signs of microbial life on Mars. 
Interpretation of the results of the Viking biology experi- 
ments has been controversial, but most investigators would 
suggest that they do not indicate biological activity at the 
landing sites [see Klein, 1978, 1979; Horowitz, 1986] (for 
an opposite view, see Levin and Straat [1981] and Levin 
1988]). 

Studying the relationship between planetary evolution 
and the appearance of life (i.e., exobiology [see Lederberg, 
1960; DeVincenzi, 1984]) is an interdisciplinary task 
requiring strong interaction between geophysical and 
biological elements. The study of early life on Mars is 
rooted in the geophysical understanding of Mars and its 
past history. Hence theories of biological or chemical 
evolution on Mars must be based upon a geophysical 
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understanding of the history of the Martian environment. 
By the same token the intriguing questions posed by the 
exobiological perspective provide specific inputs to the 
program of geophysical exploration of Mars. This 
interaction will, in the long run, benefit our overall 
understanding of planets and life. 

Current hypotheses for the origin of life (based upon the 
work of Oparin [1924, 1936] and Haldane [1928]; for a 
modem review, see Miller and Orgel [1974]) postulate that 
life on Earth began with the abiological production of the 
organic materials from which all life on Earth is composed. 
This prebiological stage in the origin of life is called 
"chemical evolution," a term which shall here encompass 
important variations on the purely organic chemical 
evolution theme, most notably the clay-life hypothesis 
[Cairns-Smith, 1982]. In the broadest sense, chemical 

evolution constitutes those nonbiological chemical events 
that lead to the origin of biological life. 

Even if life never evolved on Mars, exobiology would 
be well served if the study of that planet's past and present 
environments furthered our understanding of chemical 
evolution and the events that led to the origin of life on 
Earth. Thus the study of Mars' environmental conditions, 
including the distribution and cycling of the biogenic 
elements (C, H, N, O, P, S) and their components (I-I•O, 
CO 2, NO x, etc.), the distribution and destruction of organic 
matter and the presence of carbonates, clay and other 
water-related minerals and sediments, is relevant to the 

understanding of chemical evolution on Mars. These goals 
continue to be of very high priority for exobiology studies 
on future Mars missions. 

It is possible that chemical evolution led to the origin of 
life on Mars. On Earth the unequivocal evidence for life 
dates to 3.5 Gyr ago. By this time there was already a fair 
degree of biological sophistication (see, for example, 
Awramik et al. [1983] and Schopf [1983]), suggesting that 
life evolved much earlier. If the early environment on 
Mars was similar in temperature, water abundance, and 
atmospheric composition to that on the early Earth, and if 
this similarity persisted over the time period in which life 
evolved on Earth, then life may have evolved on Mars 
during the same period. Furthermore, if the environment 
played a strong role in determining the form life assumed, 
these life forms may have been similar to those living on 
Earth 3.5 Gyr ago and before. The search for the fossil 
evidence of this past life would be a major challenge for 
future exploration of Mars, with both robotic and human 
missions. 

If life did evolve on Mars at some time in the past, is it a 
foregone conclusion that this life is now extinct? Although 
the present conditions on Mars are not at all favorable to 
Earth-type life, the question of extant life on Mars is, 
strictly speaking, still open. Spacecraft exploration of 
Mars has proven that life is not widespread or obvious on 
the surface of Mars. However, the data do not rule out the 
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possibility that remnants of an early Martian biota could 
still exist in microhabitats confined in space and/or time. 
A better knowledge of the present environment of Mars 
over global and seasonal scales is required to reduce this 
uncertainty. 

The progression of the evolution of possible life on 
Mars can be summarized as follows: chemical evolution 

leading to the origin of life, the evolution of this early life, 
and subsequent developments leading either to extinction 
or to retreat into transient microhabitats. To understand 

the potential for the origin of life on Mars and assess the 
likelihood of its occurrence, we must first understand the 

geophysical evolution of the planet. 

GEOPHYSICAL HISTORY OF MARS 

Our knowledge of the geological and climatological 
history of Mars, while still incomplete, has increased 
enormously as a result of spacecraft imaging of the surface 
and in situ data from the Viking landers. In this section we 
briefly review the geophysical history of Mars with 
particular emphasis on those aspects that are relevant to 
exobiology. These aspects are initial atmospheric mass 
and composition, evidence for liquid water, evolution of 
climate, and volcanic history. 

The Early Mars Atmosphere: Volatile Abundances 
Current Mars is cold and dry, and the atmospheric 

pressure is low. The initial complement of volatiles on 
Mars is uncertain, but there is strong evidence that water, 
carbon dioxide, and nitrogen were more abundant in the 
early Martian atmosphere than at present. Arguments for 
the origin of life on early Mars rely heavily on the 
hypothesis that conditions on early Mars were more 
clement than at present. This would have been the case if 
there was significant greenhouse warming of the planet 
due to the presence of a dense early atmosphere. In this 
section we review the evidence for the initial complement 
of outgassed volatiles which may have resided in the 
atmosphere of early Mars. In subsequent sections we 
examine how these volatiles may have been lost to the 
atmosphere and how long clement conditions may have 
lasted. 

Various estimates have been made of the total inventory 
of atmospheric volatiles, including water, CO 2, and N2 on 
Mars. Table 1 shows a representative sample of estimates 
for the total outgassed inventory of biologically significant 
volatiles as compared to the present Martian atmosphere. 
As is evident from Table 1, a variety of techniques have 
been used to estimate Mars' volatile inventory, with 
widely varying results. 

Theoretical models of planetary formation [e.g., Lewis, 
1972] predicted that Mars should be more volatile-rich 
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TABLE 1. Mars Total Volatile Inventory 

CO 2, mbar N 2, mbar H20, *m Note 

Present Mars atmosphere ~ 10 0.2 ~ 77 atmosphere only 

Earth scalingS: 27,000 300 1,200 _e•qual volatiles, gram/gram 
Rasool and LeSargeant [ 1977] 198 3.1 5.9 • At, ordinary chondrites 
Anders and Owen [ 1977] 140-525 2-8 9.4 K, 4øAr, 36Ar/4øAr 
McElroy et al. [ 1977] 1,760 21.5 133 14N/l•N 
Clark and Baird [ 1979] 187-410 8.6 88 '*OAr, "excess volatiles" 
Pollack and Black [ 1979] 1,000-3,000 6.6-66 80-160 N, noble gases, Venus data 
Carr [1986] 10,000-20,000 100-300 500-1,000 geomorphology 
Dreibus and Wiinke [ 1987] 3,000õ 33õ 130 SNC meteorites, Martian C1 
Greeley [1987] >1,000õ >11õ >45 volcanism only 

*Water estimate cited as thickness of a layer of water spread over the entire surface of Mars. 
?Value in microns. 
•:Determined by assuming that the Martian ratio of volatiles of per gram planet is the same as the Earth's. Earth 

volatiles are based upon Turekian and Clark's [1975] values of CO2:190 bars, N2; 2 bars, and H20:3200 m. 
{}Values not from referenced source but determined assuming that the ratios of volatiles are the same as the Earth 

scaling result. 

than Earth since it formed farther from the Sun. However, 

geochemical models based upon the observed isotopic 
ratios and nobel and other indicator gas abundances in the 
present Martian atmosphere [e.g., McElroy et al., 1977; 
Anders and Owen, 1977; Rasool and LeSergeant, 1977; 
Pollack and Black, 1979, 1982] or upon the elemental 
composition of the soil [Clark and Baird, 1979] all 
suggested that Mars is volatile-poor when compared to 
earth. Dreibus and Wiinke [1987] based their estimate of 
water abundance on an analysis of the Shergottites, 
Nakhlites, and Chassignites (SNC) meteorites, which are 
thought to have come from Mars (see, for example, Becker 
and Pepin [1984] and Pepin [1987]; but see also Bogard 
and Johnson [1983]). Greeley [1987] calculated the 
amount of water that would have been released by the 
observed volcanic features by assuming that 1% is the 
water content of Martian magma, determined primarily by 
Earth analog studies. Since this method does not account 
for water released by means other than volcanism, his 
estimate places a lower limit on the total water content. 

The most direct way to estimate the amount of water 
that was present on early Mars is to use the geomor- 
phological evidence that dates back to this period of 
Martian history. This was the approach used by Carr 
[1986], who determined the amount of water that must 

have flowed through the Valles Marineris system in order 
to create the observed channel features. He obtained a 

lower limit by assuming maximal efficiency for erosion by 
the flowing water. By extrapolating these results to the 
rest of the planet, he inferred that Mars has outgassed 
between 0.5 and 1 km of water. Clearly, Carr's [1986] 
estimate for the outgassed water inventory would imply 
that Mars is volatile-rich, with a volatile endowment 

comparable to Earth's (Table 1). 
All estimates of the initial complement of volatiles are 

greater than the abundance of water, CO 2, and nitrogen 
currently residing in the atmosphere of Mars (Table 1). 

The current loss rate of volatiles due to atmospheric escape 
is insufficient to deplete the initial endowment of water 
and other volatiles, and most of the volatiles may still be 
on the planet in surface reservoirs. If the current rate of 
atmospheric escape has remained constant for water (as 2H 
and O) at 6 x 107 cm -2 s -1 [Liu and Donahue, 1976; 
McElroy et al., 1977] and N 2 at 5.6 x 105 cm -2 s -1 [Fox and 
Dalgarnno, 1983], the total loss over the past 4.5 Gyr 
would be 2.5 m of water and 1.4 mbar of N 2. Recently, 
Owen et al. [1988] have reported a D/H ratio on Mars of 
(9-k-_4) x 10 '4, which is enriched over the telluric value by a 
factor of 6, indicating that a significant fraction of the 
exchangeable water has been lost to space. This implies 
either much higher escape rates in the past or that the 
initial complement of water on Mars was very small, no 
more than a few meters [Yung et al., 1988]. However, the 
published error bars on the observations of Owen et al. 
[1988] are too large to permit a unique estimate of the 
initial water inventory [see Yung et al., 1988]. 

It is clear from Table 1 and the previous discussion that 
the complement of volatiles on early Mars and their 
subsequent fate is highly uncertain. This uncertainty 
impacts heavily on whether or not life could have origi- 
nated on Mars and survived for any geologically signifi- 
cant period of time. If the upper range of estimates for 
volatiles is accurate, then warm climatic conditions would 

have prevailed, and the origin of life may have occurred. 
If the lower range of the estimates is accurate, it is unlikely 
that conditions would ever have been conducive to the 

origin of life. This is an important area in which better 
information is needed to evaluate the possibility of life on 
Mars. 

Liquid Water on Early Mars 
Water is the quintessence of life on Earth. The geologi- 

cal evidence that liquid water was abundant on the Martian 
surface in the past is probably the most significant 
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Figure 1. An outflow channel (Ravi vallis) located at løS, 
42øW. The channel is 20 km across and appears to originate 
full-born from the enclosed region of chaotic terrain. These 
channels are thought to have been formed by the rapid release 

and flow of large quantities of water, thereby suggesting that 
Mars does have a significant inventory of water. Such channels 
could form under current climatic conditions. 

ecological fact we currently know about Mars. Yet liquid 
water is unstable on present Mars primarily because the 
total pressure is close to (and sometimes below) the 
triple-point pressure of water [Ingersoll, 1970; Kahn, 
1985]. For liquid water to have remained stable in the 
past, as indicated by widespread fluvial networks, the 
atmospheric pressure must have been higher than at 
present and surface temperatures must have remained 
above freezing for at least part of the year. Thus condi- 
tions on early Mars were more conducive to life than they 
are during the present epoch. 

There is considerable geological evidence for the past 
presence of ground ice and liquid water on the surface of 
Mars (see reviews by Carr [1981, 1987] and Squyres 
[1984]). This evidence includes patterned ground and 
topographical features which suggest the fluid flow of soil 
material indicating near-surface ice [Squyres and Carr, 
1986; Mouginis-Mark, 1987] (see Zimbleman [1987] and 
Schultz and Gault [1979] for cogent discussions of 
problems and ambiguities in these interpretations). The 
most compelling evidence for liquid water on Mars comes 
from the observations of fluvial features [Pieri, 1980; Carr 
and Clow, 1981; Carr, 1987, and references therein]. 

These include the outflow channels and valley networks 
whose morphology is characteristic of formation by liquid 
water. 

The outflow channels, as shown in Figure 1, are 
large-scale fluvial features that appear to have been caused 
by catastrophic flooding events [Baker and Milton, 1974; 
Baker, 1982] possibly associated with the rapid drainage of 
ice-dammed underground reservoirs [Carr, 1979]. 
Although these features are thought to be ancient, their 
formation does not necessarily require a denser atmosphere 
because the rush of water associated with them is so 

intense [Wallace and Sagan, 1979; Carr, 1983]. 
In contrast to the outflow channels, valley networks 

could not form under current conditions of atmospheric 
pressure on Mars. The valley networks (Figure 2) appear 
to be dendritic drainage systems [Baker, 1982; Pieri, 1976, 
1980] believed to have been caused by the slow erosion of 
running water. Some of the channels have complex 
dendritic networks leading into the main channel and are 
suggestive of formation by rainfall [Masursky et al., 1977]. 
From the length and size of some of these networks it is 
clear that water must have been fairly stable at the surface 
[Wallace and Sagan, 1979; Carr, 1983]. The valley 



27, 2 / REVIEWS OF GEOPHYSICS McKay and Stoker: MARS: IMPLICATIONS FOR LIFE ß 193 

Figure 2. Runoff and dendritic channels. The ranoff channels, 
such as (top) Nirgal Vallis, which is located at 28øS, 40øW, is 
800 km long, and looks different from rivers on Earth because of 
the open nature of the network and the lack of a large catchment 
area, probably derive from groundwater sapping rather than 
surface ranoff. (Bottom) Dendritic channels found in the ancient 
terrain are most probably formed by surface runoff following 
precipitation. The craters overlying the channels indicate that 

these features formed about 3.8 Gyr ago. Unlike the outflow 
channels (Figure 1), the runoff and dendritic channels were 
probably formed under a significantly warmer climate, presum- 
ably caused by a denser atmosphere than on the present Mars. 
This evidence for the stability of liquid water on the Martian 
surface 3.8 Gyr ago is the primary motivation for considering the 
possible origin of life on Mars. 
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networks are commonly found in the ancient cratered 
terrain in the southern hemisphere, generally thought to be 
the oldest Martian terrains, and are rarely found on the 
younger northern plains [Carr, 1981]. This would suggest 
that the networks are old and are believed to have formed 

primarily during, and shortly after, the decline in impact 
rates some 3.8 Gyr ago [Carr, 1986]. However, there is 
some fragmentary geomorphological evidence to suggest 
that small water-carved channels have been formed 

periodically throughout Martian history [Masursky et al., 
1987]. The source of the water for these drainage systems 
is not clear; rainfall, glacial melt, and groundwater have 
been suggested (for reviews, see Carr [1981] and Baker 
[1982]). 

Taken together, the outflow channels and the valley 
networks provide two complementary pieces of informa- 
tion about water on Mars. The size and extent of the 

outflow channels suggest that them was a significant 
amount of water on Mars [Carr, 1986], and the long 
complex dendritic systems of the valley networks indicate 
that at some time, liquid water was quite stable on the 
surface [Baker, 1982]. While the amount of water present 
is unclear, it seems certain that there must have been 

aquatic habitats on early Mars and that, at minimum, these 
habitats existed through 3.8 Gyr ago. This is the pivotal 
point upon which the discussion of a possible Martian 
biota rests. 

The Early Martian Atmosphere 
Although the details are not clear, the presence of fluvial 

features indicating the generation and gradual flow of 
liquid water on the Martian surface provides indirect 
evidence for a warmer, denser atmosphere on Mars with 
mean surface temperatures at or above freezing [Pollack, 
1979; Pollack and Yung, 1980; Cess et al., 1980; Hoffert et 
al., 1981; Postawko and Kuhn, 1986; Pollack et al., 1987]. 

Carbon dioxide is considered to have been the major 
constituent of the early Martian atmosphere, as it is in the 
present atmosphere. Similarly, it is believed to have been 
a major constituent in the early atmosphere of the Earth 
[Walker, 1977, 1985; Holland, 1984; Levine et al., 1982a]. 

Increased CO 2 in the atmosphere of the Earth could have 
provided the greenhouse effect required to keep the 
temperature above freezing even though the early Sun was 
30% dimmer than at present [Sagan and Mullen, 1972; 
Owen et al., 1979; Kasting and Ackerman, 1986]. 
Similarly, increased CO 2 in the early Martian atmosphere 
may have provided the greenhouse effect necessary to keep 
Mars warm enough for liquid water to occur [Pollack et 
al., 1987]. 

In order to estimate how much CO 2 would be required 
to warm the surface of Mars above the freezing point of 
water, Pollack et al. [1987] constructed a detailed 
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radiative-convective model of the early Martian atmos- 
phere composed of pure CO 2 in equilibrium with liquid 
water, under the conditions of the faint early Sun. Their 
calculations, as illustrated in Figure 3, indicate that from 1 
to 5 bars of CO 2 were required to raise the mean surface 
temperature above the freezing point of water. An 
atmosphere of 0.75 bar of CO 2 would have been required 
to have warmed only the perihelion subsolar point on early 
Mars, presumably the warmest point on the planet, above 
freezing [Pollack et al., 1987]. It is possible to produce 
liquid water under conditions of lower temperature and 
pressure (see, for example, Ingersoll [1970], Kahn [1985] 
and Clow [1987]); however, production of the observed 
morphologies of some of the valley networks [Carr and 
Clow, 1981; Baker, 1982] would require that water flow 
over the surface for considerable distances. Such flow is 

much more difficult to sustain than localized production 
[Carr, 1983] primarily because of the high evaporation 
rates for liquid water under low atmospheric pressure 
conditions [Kahn, 1985]. Even if atmospheric pressures 
were high enough to allow liquid water to flow for 
significant periods of time, seasonal variability of tempera- 
ture may have been important in forming valley networks; 
McKay and Nedell [1988] have pointed out that summer- 
time maximum temperatures which exceed freezing for 
only a few days each year [Clow et al., 1988] allow fluvial 
features to form from glacial meltwater in the Antarctic dry 
valleys on Earth despite a mean annual temperature of 
-20øC. 
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Figure 3. Surface temperature as a function of CO 2 surface 
pressure (adapted from Pollack et al. [ 1987]). Globally averaged 
results are shown for the present level of sunlight and for faint 
early Sun (30% reduction). Also shown is the result for the 
subsolar point on early Mars. These results suggest that about 1 
bar of atmospheric CO 2 was required to raise the Martian surface 
temperature above freezing as indicated by the fluvial features 
shown in Figure 2. 
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Carbonate Formation and Duration of Clement 
Conditions on Mars 

The critical unknown in gauging the possibility of the 
origin of life on Mars is how long clement conditions 
prevailed after the first occurrence of liquid water on the 
Martian surface. Eventually, Mars would have lost its 

dense CO 2 atmosphere as it was transformed into car- 
bonate rocks (see for example, Kahn [1985], Pollack et al. 
[1987] and McKay and Nedell [1988]), was increasingly 
absorbed by the regolith as temperatures became cooler 
[Fanale et al., 1982; Zent et al., 1987], or reacted with 
surface materials [Huguenin, 1976]. Carbonate formation 
can account for the observed atmospheric pressure on 
present Mars [Kahn, 1985], which is close to the triple- 
point pressure of water vapor. Carbonate formation would 
have proceeded on Mars as long as liquid water occurred 
and ceased once the pressure dropped so low that liquid 
water could no longer form [see Kahn, 1985]. Carbonate 
rocks are formed when metallic ions, weathered from 

surface rocks, accumulate in liquid water. Atmospheric 

CO 2 dissolves in water and combines with cations such as 
Ca 2+, Mg 2+, and Fe 2+ and subsequently precipitates from 
solution as carbonate minerals. On the basis of the Viking 
elemental analyses [Toulmin et el., 1977; Clark et el., 
1982] the most likely carbonates to occur on Mars are 
CaCO 3 (calcite), MgCO 3 (magnesite), CaMg(CO3) 2 
(dolomite), FeCO 3 (siderite), and possibly MnCO 3 
(rhodochrosite). Carbonates are thought to be stable under 
the present Martian environment [Booth and Kieffer, 1987; 
Gooding, 1978] (but see also Clark and Van Hart [1981]). 

The time scale for decreasing atmospheric CO 2 from 1 
bar to its present value by carbonate formation is estimated 
to be a few times 107 years [Kahn, 1985; Pollack et al., 
1987]. Thus in the absence of recycling, the lifetime of a 
dense early atmosphere would have been very short 
indeed. On an active planet like the Earth, subduction of 
ocean sediments at plate boundaries followed by decom- 
position of carbonates in the mantle is the primary 
mechanism for completing the long-term geochemical CO 2 
cycle. Mars does not have sufficient heat flow at present 
to cause the global scale recycling of volatiles incorporated 
into crustal rocks, nor is there any sign that Mars has, or 
ever had, crustal dynamics akin to plate tectonics; rather its 
features are consistent with a one-plate planet [Solomon, 
1978]. Without these processes there appears to be no 
long-term geological mechanism on Mars to recycle CO 2 
sink materials back into the atmosphere. 

Pollack et al. [ 1987] proposed an alternative mechanism 
to plate tectonics which could have recycled carbonates 
early in Martian history. Intensive volcanism driven by the 
high heat flows on early Mars would have buried carbonate 
rocks to depths corresponding to their decomposition 
temperature, causing subsequent outgassing of CO 2. 

Eventually, as the interior of Mars cooled, the rate of 
volcanism would have failed to recycle carbonates as fast 
as they were created. Their results indicate that a dense 
CO 2 atmosphere could be retained for -109 years based 
upon estimated values of the primordial heat flow and the 
total CO 2 budget on early Mars. In fact, if the total 
inventory of CO 2 is in the 10- to 20-bar range (Table 1) as 
estimated by Cart [1986], an atmospheric lifetime in 
excess of 109 years is strongly suggested. These scenarios 
are highly uncertain because the weathering rate of 
carbonates on Mars is unknown and must be scaled from 

Earth on the basis of an assumed value for the fraction of 

the surface covered with liquid water. The rates of early 
volcanism on Mars are similarly uncertain. 

Carr [1989] has suggested an alternative mechanism to 
recycle carbonate rocks on early Mars: decomposition by 
crustal heating due to meteoritic impacts. Carr [1986] 
proposed that the entire atmospheric inventory of voletiles 
was outgassed on Mars before the decline in the impact 
rates 3.8 billion years ago. He considers the fluvial 
features, particularly the valley networks, as evidence for a 
dense moist early atmosphere. However, he contended 
that the atmosphere could not have been very dense for any 
significant period of time after 3.8 Gyr ago (see also Carr 
and Clow [1981]). This argument is based upon the low 
levels of erosion, and the absence of infilling, of old 
postbombardment surfaces and craters. Although erosion 
rates may have been greater before and just after the end of 
the early bombardment, they must have declined sharply 
with time. This is an important geomorphological 
argument against a dense early Martian atmosphere lasting 
for many billions of years. Impact-related recycling of 

carbonates would tie the existence of the dense CO 2 
atmosphere to the impact history and would be consistent 
with the previously mentioned decline in erosion rate (and 
atmospheric pressure) after the end of the early bombard- 
ment. Carr's [1989] carbonate recycling mechanism 
would imply that the duration of a clement period which is 
warm enough to support widespread liquid water would be 
no more than a few hundred million years. 

To date, there has been no direct detection of carbonates 

on Mars despite ground-based spectroscopic searches (see, 
for example, McCord et el. [1982] and Singer [1985]) and 
searches of past spacecraft data [Roush et el., 1986; McKay 
and Nedell, 1988]. This may be simply due to the 
presence of a thin layer of aeolian dust that may cover the 
surface at the scales of the observations (typically hun- 
dreds of kilometers or more). However, carbonates have 
been detected in the SNC meteorites [Gooding et al., 1988] 
that are thought to have originated on Mars. 

McKay and Nedell [1988] have suggested that the 
sedimentary material in the Valles Marineris canyons 
could be formed by carbonate deposition. The amount of 
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carbonates required is equivalent to -30 mbar of atmos- 
pheric CO 2. This result illustrates that carbonate precipita- 
tion could provide enough material to account for the 
layered deposits in the Valles Marineris [Nedell et al., 
1987]. It also suggests that many Martian canyons and 
playa basins must contain carbonates if upward of 1 bar of 
atmospheric CO 2 is sequestered as carbonates on Mars. 
The Mars Observer mission should yield more information 
on any near-surface deposits of carbonates. 

There is exobiological importance to the detection of 
carbonates. In lakes and shallow-water environments on 

Earth the presence of microorganisms often causes the 
precipitation of carbonate by the removal of CO 2 from the 
local environment (see, for example, Golubic 1973], 
Wharton [1982], and Walter and Bauld [1983]). For this 
reason, microbial mats and other benthic microflora are 
often encrusted in carbonate deposits. Indeed, carbonate 
layers in lake sediments are often good places to look for 
microfossils. 

In summary, the geological evidence for stable liquid 
water, and the atmospheric models developed to explain 
this stability, suggest that conditions on Earth and Mars 
may have been fundamentally similar during the first 
hundred million years and perhaps for as long as -109 
years or so. Clearly, subsequent planetary evolution led to 
very different histories for the two planets. Our current 
understanding of planetary evolution would suggest that 
the root cause of the unfavorable (to life) turn of events on 
Mars was the incorporation of its atmospheric CO 2 into 
carbonate sediments. The accumulation of carbonates was 

a direct and inevitable result of Mars' small size and hence 

its inability to support and retain sufficient heat flow to 
power plate tectonic activity and thereby recycle the 
atmospheric constituents in a long-term geochemical cycle. 
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than is N 2 [Miller, 1953], and thus it was proposed by 
origin of life researchers as a component of the early 
atmosphere of Earth (see, for example, Sagan and Muellen 
[1972] and Sagan [1977]). However, photochemical 
modeling studies showed that NH 3 is photochemically 
unstable on Earth and Mars [Walker, 1977; Kuhn and 

Atreya, 1979; Kasting, 1982]. In an N2-CO 2 atmosphere, 
nitrogen is convened to NO in the high-temperature core 
of a lightning bolt. Mancinelli and McKay [1988] have 
recently published theoretical calculations, tied to the 
experimental work of Levine et al. [1982b], for the rate of 
NO production by lightning in such an atmosphere. They 
also suggested that any NO produced would become 
nitrate, a biologically useful form of fixed nitrogen. Their 
results, which are shown in Figure 4, can be applied to the 
early atmosphere of Mars. For example, in an atmosphere 
with 100 mbar N 2 and 1 bar CO 2 (production _- 1016 
molecules j-l), lightning rates comparable to the rate on the 
present Earth (-4 x 10 lø W [Borucki and Chameides, 
1984]) would require less than 109 years to convert half of 
the atmospheric nitrogen to nitrate. Thus nitrogen could 
have been rapidly removed from the atmosphere by two 
processes, nonthermal escape of N atoms to space 
[McElroy et al., 1977; Fox and Dalgarno, 1983] and burial 
deep in the regolith as nitrates (perhaps in conjunction with 
the burial of CO 2 as carbonates). Eventually, in the 
absence of sustained geological recycling mechanisms, the 
atmospheric nitrogen must have diminished to its present 
low value. 

Unfortunately, the Viking XRF mineralogical analysis 
experiment was not capable of detecting nitrogen in the 
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Nitrogen on Early Mars • 30 

In addition to CO 2 and water, N 2 would have outgassed 
to contribute to the initial atmosphere [Pollack and Yung, 

'- 20 
1980]. Nitrogen is of particular interest because it is a 
major biological nutrient and it appears to have sig- _o 
nificantly lower concentrations on contemporary Mars 
compared to the corresponding concentration on Earth. 
The pressure of N 2 in the Martian atmosphere is currently 
0.2 mbar, which is about 4000 times less than at Earth's 
surface. As shown in Table 1, estimates for the initial 0 
inventory of nitrogen vary considerably, but even the 
higher estimates are low compared to levels on Earth. The 
nitrogen cycle on Mars could be a key in considerations of 
early life on Mars. 

Nitrogen in the primitive atmospheres of both Earth and 
Mars is thought to have been in the form of N 2 [Levine et 
al., 1982a; Levine, 1985]. Nitrogen in the form of 
ammonia (NH3) is considerably more efficient in produc- 
ing organic compounds in chemical synthesis experiments 
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Figure 4. Theoretical calculation of nitrogen fixation in a 
CO2-N 2 atmosphere [from Mancinelli and McKay, 1988]. The 
yield of NO per joule of lightning energy is plotted as a function 
of the N 2 to CO 2 ratio in the atmosphere. The two curves are the 
two freeze-out temperatures used in the model calculations. 
Lightning in an early Martian atmosphere could have formed 
significant amounts of nitrate. A low initial concentration of 
nitrogen and subsequent loss of nitrogen to space may have been 
limiting factors for biology on Mars. 
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Martian soil [Toulmin et al., 1977], and so there are 

virtually no data on the existence or form of any soil 
nitrogen compounds on Mars. Moreover, the Mars 
Observer orbiter mission planned for 1992 will not be able 
to add much in this area. This is an important area in 
which better data are needed to constrain models of the 

total nitrogen budget and the history of nitrogen on Mars. 
As discussed above, nitrogen on early Mars would have 

been available in two forms: atmospheric N 2 and nitrate. 
Nitrogen is a key biological element, and the ability to 
incorporate N 2 into biologically useful forms is the 
limiting process for many of Earth's ecosystems. Atmos- 
pheric nitrogen is not biologically available until it is 
incorporated into other N compounds (nitrate or ammonia). 
Bacteria utilize the nitrogenase enzyme to "fix" N 2 into 
biologically useful forms. Laboratory investigations 
suggest that the ability of the nitrogenase enzyme to 
incorporate nitrogen is reduced if the partial pressure of N 2 
is below .--100 mbar [Jensen and Cox, 1983], although 
r•ent experimental work has shown that nitrogen-fixing 
organisms can still grow in N concentrations of a few tens 
of millibars and lower (R. Mancinelli, personal com- 
munication, 1988). Thus the availability of nitrogen in the 
Martian atmosphere may have been more limiting to 
growth than in terrestrial ecosystems. Along these lines 
the decrease of atmospheric nitrogen may have played a 
determining role in the deterioration of the environment 
that led to the extinction of Martian life. 

In addition to biological fixation of atmospheric N 2, 
nitrate produced by shock heating of the atmosphere by 
lighming strokes and meteoritic impact could have been an 
important biological resource for any early Martian biota 
as it is believed to have been on early Earth [Mancinelli 
and McKay, 1988]. If there were nitrogen-utilizing 
organisms on early Mars, they may have played an 
important role in cycling any dissolved nitrate back into 
the atmosphere [Mancinelli and McKay, 1988], allowing 
escape to space. 

The isotopic ratio of nitrogen (•SN/nN) on Mars is 
particularly interesting because it is believed that the 
isotopic ratio of atmospheric nitrogen has varied 
monotonically with time b•ause of atmospheric escape, 
enriching the heavier isotope [McElroy et al., 1977; Fox 
and Dalgarno, 1983]. Hence the N isotopic ratio of 
organic material or nitrates in the Martian sediments may 
refl•t the time of incorporation. Along similar lines, 
Banin and Navrot [1979] have suggested that organic 
carbon and fixed nitrogen are key elements that are 
enriched by the presence of life above their natural 
geochemical abundances and may be applicable to the 
study of Martian sediments. If the C/N ratio of biological 
material is invariant and if the relative concentrations of C 

to N varied throughout the history of the Mars atmosphere, 
then the ratio of C/N in organic material may be a way to 
differentiate between biological versus abiological origins. 

Volcanic Activity on Mars 
An ancient, densely cratered terrain covers about 

two-thirds of the surface of Mars, generally in the southern 
hemisphere. This terrain bears a superficial resemblance to 
the densely cratered lunar highlands. The number density 
of large craters (>30 km) is high but not saturated (see, for 
example, Carr [1981]). Since the impact history of Mars 
is believed to have been similar to that for the Moon, this 
densely cratered terrain must date back to the d•lining 
phase of heavy bombardment [Hartmann, 1973; 
Soderblom et al., 1974], about 3.8 billion years ago, with 
much reduced impact rates continuing to the present 
(Figure 5). The presence of valley networks in this ancient 
terrain suggests that these terrains were formed during a 
period of warm, moist climatic conditions. The northern 
portion of the planet is primarily covered by sparsely 
cratered plains thought to be formed by lava flows which 
clearly postdate the end of the heavy bombardment. 

At present, Mars is seismically and volcanically inactive 
when compared to the Earth [Greeley and Spudis, 1981; 
Carr, 1981], although there is ample evidence for tectonic 
and volcanic activity [Greeley and Spudis, 1981; Head and 
Solomon, 1981] and increased surface heat flows in the 

past [Toks6z and Hsui, 1978; Davies and Arvidson, 1981]. 
Most notable is the Tharsis bulge, a roughly circular 
feature covering nearly a quarter of the planet's surface 
with a mean elevation over 11 km above the planetary 
average [Carr, 1974]. The large shield volcanos, such as 
Olympus Mons (27 km above the mean datum), are found 
atop Tharsis (see, for example, Wu et al. [1984]). Sur- 
rounding Tharsis is a pattern of faults radial to the bulge. 
As only the oldest surfaces retain the fault pattern, it is 
believed that the formation of Tharsis occurred early in the 
planet's history [Wise et al., 1979]. However, the low 
level of craters on Tharsis indicates that its formation 

occurred after the heavy bombardment. There is some 
evidence that volcanic activity has occurred, albeit at a 
reduced level, for most of Martian history [Greeley and 
Spudis, 1981; Greeley, 1987]. The general alignment of 
Valles Marineris canyons, which extend east from the base 
of Tharsis, and the presence of fault scarps suggest that 
these canyons were formed by faulting probably related to 
the formation of Tharsis itself [Head and Solomon, 1981]. 

The Tharsis event has potential significance to the 
scenarios of early life, since the volcanic activity may have 
provided a source of heating to melt snowfall or ground ice 
and meltwater may have accumulated in the nearby 
canyon. This is discussed in more detail in the next 
section. 

ECOLOGICAL IMPLICATIONS OF EARLY CLEMENT 

PERIOD 

The theory of the origin of life on early Mars is based on 
the evidence that conditions on early Earth and early Mars 
were similar. Figure 5 is a schematic representation, 
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Figure 5. Major events in the history of the Earth (based upon 
the work of Walker [1977], Schopf[1983], and Holland [1984]) 
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have corresponded to the time during which life originated on 
Earth. The similarities between the two planets at this time raises 
the possibility of the origin of life on Mars. 

adapted from McKay [1986], of the major events in the 
biogeochemical history of Earth (based on the work of 
Walker [1977], Schopf [1983], and Holland [1984]) and 
geological history of Mars (based on the work of Carr 
[1981]). The formation of the Earth occurred about 4.5 
Gyr ago, and the late phase of accretion proceeded through 
3.8 Gyr ago (see, for example, Holland [1984]). The 
Earth's crust was probably cool enough to support stable 
liquid water by 4.0 Gyr ago, although some late impactors 
may have episodically heated the Earth's entire surface to 
above the boiling point of liquid water, thereby resetting 
the biological clock [Maher and Stevenson, 1988]. Life 
appears to have been widespread on the Earth and existed 
in sophisticated ecological communities by 3.5 Gyr ago 
[Schopf, 1983; Schopf and Packer, 1987]. Schopf and 
Packer [1987] have suggested that oxygenic photosyn- 
thesis by cyanobacteria existed at this time. It is possible 
that the organic material recovered from the 3.8-Gyr-old 

Isua sediments are also indicative of biological activity 
(see, for example, Robbins [ 1987] and Schidlowski [1988]) 
[cf. Schopf, 1983], suggesting an even earlier origin for 
life. Thus the time interval for the origin of life on Earth is 
between approximately 4.0 and 3.5 Gyr ago, and life may 
have evolved over a much shorter time period. 

On Mars it appears that there was liquid water on the 
surface at the termination of the late bombardment, some 
3.8 billion years ago, and therefore there must have been a 
warm atmosphere of approximately 1 bar CO 2. During this 
time, and after, there was extensive crustal and volcanic 

activity. Habitats suitable for the origin and survival of 
life may have existed for hundreds of millions up to a 
billion years. 

The similarities between the initial environments of 

Earth and Mars are compared in Table 2. This table 
reflects the biologically important aspects of a planetary 
habitat. The period of most interest is between 4.5 and 3.5 
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TABLE 2. Comparison of Early Earth and Early Mars 

Property Early Earth Early Mars 

Water oceans 

Temperature 
Atmosphere 
Volcanic and geothermal 

activity 
Geochemical carbon cycle 

CO 2 •> carbonate rocks 
Carbonate rocks ---> CO 2 

Duration of dense atmosphere 
Preservation of rock record 

Biology 

>273 K 

CO 2, N 2, H20: > 1 arm 

yes 

reactions in water 

subduction and volcanism 

4.5 Gyr to present 
highly altered and reworked 
diverse life by 3.5 Gyr 

evidence for surface liquid water; hydrological 
cycle(?) 

•- 273 K 

CO 2, N2(?), H20:-• 1 atm 

yes 

reactions in water 

early volcanism only 
4.5 Gyr to 3.5 Gyr(?) 
- two thirds of the surface is older than 3.8 Gyr 
unknown 

Adapted from McKay [ 1986]. 

Gyr ago. During this time, life arose on Earth and reached 
a fair degree of biological sophistication. The emerging 
picture of early Mars and its similarity to early Earth has 
generated many opportunities to tie the geophysical 
understanding of Mars to biological processes. In the 
following subsections we review some of the more 
interesting areas in exobiology that have strong ties to the 
geophysical understanding of Mars. 

Comparison to Earth's Earliest Biosphere 
In considering the question of life on early Mars, we 

have developed a line of reasoning about Martian life that 
is based upon the assumption that in the early stages of 
microbial development, life on another Earthlike planet 
would follow a similar pattern of evolution to that on 
Earth. This assumption may be overly geocentric but 
represents a conservative approach to speculating about 
life on early Mars. The extent to which this generalization 
is valid is unknown, since we have studied only one 
example of a planet-life relationship: Earth. General 
ecological attributes such as uptake of carbon dioxide via 
photosynthesis (CO 2 being the obvious C source and 
sunlight being the obvious energy source) and incorpora- 
tion of the essential macronutrients, such as P and N, are 

on comparatively firm ground. Of much less certainty is 
the universal nature of the biochemical machinery by 
which Earth's organisms carry out these ecological 
processes. Specific enzymes that are essential and 
ubiquitous on Earth such as carboxalase (for incorporating 
CO 2 into reduced organic carbon compounds) and 
nitrogenase (for fixation of N2) could conceivably have 
completely different structures in life that evolved on a 
planet other than, but similar to, Earth. Almost certainly, 
the details of evolution beyond the microbial level are very 
much dependent on the specific historical details of the 
environment, and the evolutionary process and generaliza- 
tions are extremely fragile. However, this complex period 

of path-dependent evolution did not occur on Earth until at 
least 1 Gyr ago. It is doubtful that Mars ever achieved the 
conditions (such as high 0 2 concentrations) that seemed to 
be the harbingers of the explosive growth in biological 
complexity at the start of the Phanerozoic. 

An interesting, and practical, example of extrapolation 
from Earth's ecosystems to those that may have existed on 
early Mars is that of stromatolites, which are defined by 
Awramik et al. [1976] as organosedimentary structures 
produced by sediment trapping, binding, and/or precipita- 
tion as a result of the growth and metabolism of microor- 
ganisms. Stromatolites are one of the primary forms of 
fossil evidence for microbial life on Earth during the 
Precambrian. Their formation is typically associated with 
the phototactic (i.e., light-seeking) properties of cyanobac- 
teria and algae (see, for example, Golubic [1973,1976]). It 
is reasonable to suppose that if life arose on Mars, the 
shallow-water habitats would have been populated by 
algaelike photoautotrophs. Certainly, it would appear that 
CO 2 was available on early Mars as a source of C atoms to 
any photoautotrophic organisms that may have existed to 
consume it. As occurs on Earth, the requirement for light 
would have driven these algallike organisms to move 
above any sediment that gradually deposited upon them. 
In the absence of other organisms grazing on them (a 
problem for the terrestrial stromatolites which did not 
evolve until the Phanerozoic) this basic mechanism of 
phototaxis would result in the formation of stromatolites. 
Since stromatolites are macroscopic structures, often tens 
of meters in size, they are good targets for an in situ (and 
possibly remotely from orbit) search for fossil evidence of 
Mars' earliest biosphere. The prediction that stromatolites 
may be found on Mars is not just a reflection of our 
inevitably geocentric perspective on life. Rather, it springs 
from the fact that light is the most abundant source of 
energy on a planet and the motion toward light, through 
obscuring sediments, would have a selective advantage for 
those organisms that utilize it. Thus we assume that 
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Darwinian evolution would equally apply to life on Mars 
as it has to life on Earth. 

Tharsis and the Vailes Marineris as Sites for Early Life 
The Tharsis plateau and the associated canyons are sites 

of special interest to exobiological investigations of Mars. 
As mentioned before, the lack of impact features suggests 
that Tharsis formed after the end of the early bombard- 
ment, but the pattern of faults associated with the forma- 
tion of Tharsis suggests that it occurred early in Martian 
history. Carr [1981] placed the formation of Tharsis at 
between 3.8 and 3.5 Gyr ago (see Figure 5) and the 
formation of the circum-Tharsis fractures at 3.5-2.9 Gyr 
ago. 

Associated with the formation of Tharsis was the 

formation of the Valles Marineris canyon system. The 
floors of many of the canyons .contain deposits of horizon- 
tally layered material where individual layers are laterally 
continuous over tens of kilometers (Figure 6). It has been 
suggested that these deposits were laid down in lakes that 
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existed in these canyons early in Martian history [e.g., 
McCauley, 1978; Lucchitta, 1981; Lucchitta and Fer- 
guson, 1983; Nedell et al., 1987]. Nedell et al. [1987] 
conducted a derailed study of the Valles Marineris layered 
deposits using Viking high-resolution images. They 
considered and discarded several alternative hypotheses for 
the origin of the layered deposits, including aeolian 
deposition, erosional isolation of canyon wall material, and 
subaerial explosive volcanism. Their conclusion was that 
deposition in standing water was the only mechanism that 
could readily explain the distribution, lateral continuity, 
horizontality, great thickness, and rhythmic nature of the 
deposits. 

Carr [1986] has suggested that liquification of local 
rocks mixed with a high proportion of clays could have 
formed the thick stacks of seemingly water-lain, easily 
erodible deposits within these canyons. Alternatively, 
McKay and Nedell [1988] have suggested that a consider- 
able fraction of the possible Martian paleolake sediment 
could be carbonate material that was precipitated in 

Figure 6. Viking orbiter image of Hebes Chasma (0øS, 75øW). 
This canyon is a box canyon about 280 km long. The mesa in the 
center of the canyon shows layered deposits that are believed to 
have been deposited in standing bodies of water [Nedell et al., 
1987]. The lakes that may have existed in these canyons may 

actually date to the period after the initial warm epoch that 
formed the dendritic channels (Figure 2) and thus are of interest 
exobiologically as a possible habitat for life after ambient 
conditions on Mars had become inimical to life. 
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standing water under conditions of high atmospheric 
pressures of CO 2. This suggestion is consistent with the 
evolutionary scenarios proposed for the Martian atmos- 
phere discussed above. 

It may be argued that the Tharsis and Vailes Marineris 
events postdate the valley networks and the period of 
dense, moist atmospheric conditions on Mars. While this 
may be true, it does not diminish their significance in 
terms of possible habitats for life. In fact, the occurrence 
of local geothermal activity and the presence of liquid 
water are, by themselves, an indication that conditions 
were suitable for life. Microbial life can readily adapt to 
high temperatures, and in fact, there is growing evidence 
that the common ancestor of all organisms on Earth was a 
sulfur-metabolizing thermophile [Woese, 1987; Lake, 
1988]. Microbial assemblages associated with geothermal 
locales have been widely reported (see, for example, Brock 
[1978]). As our understanding of volcanic processes on 
Mars grows, the range of biological possibilities may grow 
as well. Depending on the duration of the Tharsis activity 
and the timing of the water flows, the Valley Marineris, by 
itself, could have been a suitable site for the origin of life 
on Mars. If these events occurred shortly after the late 
bombardment, at a time when the Martian atmosphere was 
thinning and surface temperature was dropping, the lakes 
in the Vailes Marineris could have been the last major 
habitat for a dwindling Martian biota [McKay, 1986; 
McKay and Nedell, 1988]. There is even the intriguing 
possibility that volcanism may have occurred in the Vailes 
Marineris in geologically recent times [Lucchitta, 1987]. 

Ice-Covered Lakes as Habitats on Early Mars 
One interesting possibility that has grown out of recent 

work in the dry valleys of Antarctica is that the period on 
Mars during which biologically favorable habitats could 
persist may have been greatly extended by the phenome- 
non of perpetually ice-covered lakes [McKay et al., 1985; 
Wharton et al., 1987; McKay and Nedell, 1988]. Although 
the mean temperature of the so-called Antarctic "dry 
valleys" is 20øC below freezing, deep lakes (>30 m) are 
formed by groundwater flow and by transitory melting of 
glacial ice [Parker et al., 1982]. 

Using data from perpetually frozen Antarctic lakes, 
McKay et al. [1985] developed a general energy balance 
model for determining the thickness of ice on these lakes. 
If the lake is large, lateral conduction of heat from the 
shore is negligible. In addition to sunlight penetrating the 
ice, heat is added to the lake by geothermal heat flow 
(usually small) from the bottom and by the influx of 
meltwater whose latent heat is released at the ice-water 

interface when it freezes to form new ice. Only a small 
amount of heat is brought in to the lakes by the intowing 
water, since its temperature is close to freezing. Conduc- 
tion of heat through the ice is the only means of heat 

exchange between the liquid water and the surface; hence 
in steady state the rate of supply below any level in the ice 
must equal the conduction of heat upward in the ice at that 
level. This constraint determines the temperature lapse 
rate in the ice cover [McKay et al., 1985], while the mean 
surface temperature and the freezing temperature of the 
ice-water interface determine the thickness of the ice. 

McKay et al. [ 1985] applied this model to the Antarctic dry 
valley lakes and also showed that any groundwater-fed 
lakes on the present Mars would have ice cover thicknesses 
between 65 and 650 m. 

McKay and Nedell [1988] have also applied this model 
to Martian paleolakes and have determined that for 
reasonable assumptions of meteorological conditions, the 
ice thickness would have been 3.4 rn if the mean tempera- 
ture was 250 K and 11 rn and 19 rn for mean temperatures 
of 240 K and 230 K, respectively. For comparison, the ice 
cover thickness on current Antarctic lakes is 4-6 m. For 

the same surface temperature, Mars lakes would have 
thinner ice covers than Anttactic lakes because of the fact 

that the mean insulation on the primordial equatorial Mars, 
even with the faint young Sun and dust attenuation, was 
greater than in Antarctica today [McKay and Nedell, 
19881. 

A further aspect of the perennially ice-covered lakes in 
the Antarctic is the enhanced level of atmospheric gases. 
The water in these lakes contains dissolved atmospheric 
gases at concentrations greatly in excess of the value that 
would be in equilibrium with the atmosphere. This results 
from the inflow of meltwater that has been aerated on the 

surface. This meltwater carries atmospheric gases (0 2, N2, 
etc.) in solution into the lakes. The gases are then 
concentrated when the water freezes at the bottom of the 

ice cover. For example, Lake Hoare in Taylor Valley, 
Antarctica, has -250% of the 0 2 and -150% of the N 2 that 
would be at equilibrium with the atmosphere [Wharton et 
al., 1986, 1987]. The 0 2 supersaturation is higher b•ause 
of a biological net source [Wharton et al., 1987]. 

The physical processes that characterize an ice-covered 
lake are shown schematically in Figure 7. In addition to 
providing a liquid water environment held at 0øC that may 
have significantly extended the biological "window of 
opportunity" on Mars, the gas concentration mechanisms 
that operate in ice-covered lakes would have affected the 
gas budget of the lake, enhancing atmospheric gases. This 
could have been a vital source of biologically important 
gases (principally CO 2 and N2) as the Martian atmosphere 
thinned. 

The ice-covered lake habitat is of major biological 
significance in the inhospitable dry valleys of Antarctica. 
A mat of microbial organisms composed primarily of the 
cyanobacteria Phormidium frigidurn Fritsch and Lyngbya 
martensiana Menegh, several species of pennate diatoms, 
and heterotrophic bacteria occur abundantly throughout 
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Figure 7. Schematic of the physics of an ice-covered lake 
showing the buffering of temperature and the concentration of 
atmospheric gas that occur in a perpetually ice-covered lake. 
Such lakes are found in the dry valleys of Antarctica and may 
have been important habitats on Mars as the atmosphere thinned 
and the surface cooled. 

much of the benthic regions of these lakes [Wharton et al., 
1983]. These microbial mats are precipitating calcite and 
trapping and binding sediments, thereby forming alternat- 
ing laminae of organic and inorganic matter. The unique 
feature of many of these benthic mats is their development 
into modem, cold-water stromatolites [Parker et al., 1981; 
Love et al., 1983; Wharton et al., 1982]. 

The carbon isotopic composition of carbonate and 
reduced carbon in microbial mats and biogenic sediments 
is often preserved during their transformation into 
stromatolites [Barghoorn et al., 1977; Estep, 1984; 
Schidlowski, 1988]. By studying the Antarctic lakes and 
understanding the exact nature of the sedimentary record in 
the lake bottom, it may be possible to develop a set of 
techniques for the in situ analysis of the sediments from 
any paleolakes on Mars and provide a data base for 
reconstructing the nature of the Martian lake environment 
and the life-forms, if any, that lived there. 

In addition to the Valles Marineris lake features, there 

are many sedimentary features that date back to the 
potentially biologically active period of Martian history. 
Goldspiel and Squyres [1989] have recently suggested that 
there are playalike lake basins in the ancient terrain in the 
Margarifter Sinus region. This is an ancient region of 
Mars laced with many channels [Baker, 1982]. Sediments 
in these regions are of particular interest, since they may 
provide the oldest record of water activity on Mars. 
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organisms adapt to long periods without liquid water? (2) 
How did the Martian climate evolve from an early warm 
period to the present state? (3) Could suitable habitats have 
existed throughout Martian history in which life cotfid 
survive and occasionally grow? The critical consideration 
in this regard is the availability of liquid water, both 
throughout Martian history and during the present epoch. 

Although early Mars may have been warm and wet 
compared to the current conditions, it was probably much 
cooler and dryer than early Earth because of its greater 
distance from the Sun and its initially lower volatile 
inventory. Throughout its history the Martian climate 
undoubtedly experienced larger temperature fluctuations 
than were experienced on Earth. And, although the climate 
may have remained warm enough to globally support 
liquid water for as much as 10 9 years [Pollack et al., 1987], 
as conditions gradually got colder, the evolutionary 
pressure to adapt to colder environments would have been 
intense. 

On Earth, life does not grow at low water activities (the 
partial pressure of water vapor over a solution divided by 
its partial pressure over pure liquid water). Most bacteria 
require a water activity of 95%, extreme halophiles can 
tolerate 75%, and only certain eukaryotes can survive 
down to 60% [Mazur, 1980; Kushner, 1981]. On a warm, 

water-rich planet like Earth, there may have been little 
selective pressure to adapt to very cold environments or to 
metabolize without liquid water. However, the fact that on 
Earth the vast expanse of the polar plateau is barren of life, 
except at the periphery where liquid water is found, 
suggests that it may not be biologically possible for 
Earthlike life to grow without water in the liquid state. 
Survival is another issue, and many terrestrial organisms 
are able to survive years of dehydration and/or subfreezing 
temperatures [Mazur, 1980; Crowe and Crowe, 1989; 
Crowe and Clegg, 1978]. 

Since Mars is not covered with an active biota, it seems 

probable that if there was life during an. earlier period, it is 
now extinct. If, somehow, life has survived to the present, 
then on the basis of the same observation one can conclude 

that it has not fully adapted to current conditions on Mars 
and exists only in restricted habitats or dormant forms. 
The most likely restriction is the scarcity of liquid water, 
and thus life, if it has survived, is probably confined to 
regions where at least transient pockets of liquid water may 
occur. Such life would need the capability to remain 
dormant for extremely long periods of time until favorable 
conditions for metabolism occurred. 

COULD LIFE HAVE SURVIVED TO THE PRESENT? 

Three key questions must be addressed when consider- 
ing whether or not life could have survived on Mars to the 
present epoch. They are as follows: (1) To what extent can 

Climatic Evolution and Associated Time Scales 

As discussed above, the primary factor responsible for 
the deterioration of Martian climate and the progressive 
cooling of the planet is thought to have been the formation 
of carbonate rocks and gradual loss of the atmosphere. 
Since the absence of open bodies of liquid water would 
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have greatly retarded the loss of a dense CO 2 atmosphere 
[Kahn, 1985; Pollack et al., 1987], the rate of temperature 
drop on the Martian surface may have been greatly reduced 
once the mean annual temperature fell below freezing. 
Hence it is likely that Mars' climatic history was charac- 
terized by two distinct periods. The first period would 
have been characterized by rapid formation of carbonates 
(and concomitant loss of CO 2) driven by an active 
hydrological cycle and the presence of standing bodies of 
water. This period would have been followed by a much 
more gradual loss of CO 2 as any standing water developed 
perennial ice covers and the hydrological cycle became 
seasonal only or was entirely removed, leaving only 
groundwater flow as a source of liquid water [McKay and 
Nedell, 1988]. Thus the climate of Mars may have 
deteriorated to its present state rather gradually compared 
to time scales associated with biological adaptation to 
changing conditions. 

In addition to the gradual cooling of the Martian 
climate, periodic climatic variations may have influenced 
the continued survival of life on Mars. Of interest in this 

regard is the magnitude of climatic variations that occur on 
Mars today and in the past [Carr, 1982; Pollack and Toon, 
1982]. The current Martian climate experiences substan- 
tial temperature and possibly pressure changes caused by 
alterations in the distribution and intensity of sunlight due 
to periodic variations of Mars' orbital parameters [Ward, 
1974; Ward et al., 1979; Pollack and Toon, 1982]. These 

variations may have been even larger on early Mars, 
although their climate effects may have been subdued as 
long as there was substantial greenhouse warming and 
polar cap temperatures remained high enough to prevent 
the formation of seasonal CO 2 polar caps. 

Variations in the obliquity exert the strongest influence 
on Martian climate [Ward et al., 1974]. The obliquity of 
Mars is now 25.1 ø and oscillates periodically by about 
+13 ø with a dominant periodicity of N105 years and a 
modulation period of---10 6 years [Ward, 1974; Ward et al., 
1979]. Currently, the Martian obliquity is forced by 
torques near a resonant condition, and prior to the forma- 
tion of Tharsis the average Martian obliquity may have 
been closer to 32 ø with a maximum of 46 ø [Toon et al., 
1980]. During periods of high obliquity the polar caps 
receive more solar insolation than at present, which results 
in higher summertime temperatures at the poles. The large 
variations of insolation may have impacted climate on 
early Mars before the formation of Tharsis [Ward et al., 
1979]. Toon et al. [1980] show that even without the 

greenhouse effect provided by a dense CO 2 atmosphere, 
daily average summer temperatures at high latitudes would 
significantly exceed the freezing point of water when the 
obliquity is 45 ø . 

On present Mars, orbital variations may still produce 
substantial variations in Martian climate. If a large 
reservoir of CO 2 were present in the polar caps of Mars, 

the increase of insolation at the polar regions during 
high-obliquity periods would result in the atmospheric 
pressure increasing to as high as 40 mbar [Ward et al., 
1974; Toon et al., 1980]. However, the Viking results 
indicate that the polar caps contain only a limited reservoir 
of CO 2 [Fanale et al., 1982]. Even though the polar caps 
apparently do not buffer atmospheric pressure, the regolith 
probably does have this capability [Davis, 1969; Fanale 
and Cannon, 1974, 1979; Zent et al., 1987]. The Martian 

surface may be covered by a thick regolith in absorption 
equilibrium with the atmosphere. The ability of this 
regolith to absorb CO 2 is a function of both pressure and 
temperature, with more CO 2 being absorbed at lower 
temperatures. As temperatures increase toward the poles 
and decrease toward the equator, CO 2 will be desorbed in 
the polar regions and adsorbed at low latitudes. Depending 
on the absorption properties of the regolith, at high 
obliquity the atmospheric pressure could increase by as 
much as several tens of millibars above present values 
[Toon et al., 1980; Fanale et al., 1982]. During these 
periods, summer polar ground temperatures as high as 273 
K may occur, and melting is possible in the water ice cap 
[Toon et al., 1980]. 

During low-obliquity periods the poles would be cold 
enough for CO 2 to remain stable throughout the year and 
pressure to fall below 1 mbar. At these low pressures the 
regolith would nearly completely desorb, and all the CO 2 
in the atmosphere-regolith-cap system will reside in the 
cap [Fanale et al., 1982]. Dust storm activity would cease 
at such low pressures, thereby increasing the albedo of the 
cap ice and causing further cooling. The global average 
temperatures would not be significantly colder during low 
obliquity because the CO 2 greenhouse amounts to only a 
few degrees Kelvin at present [Pollack, 1979]. However, 
even transient liquid water at the surface would be virtually 
impossible at such low atmospheric pressures [Kahn, 
1985], as shown in Figure 8. A significant amount of ice 
may also be exchanged between the regolith, the atmos- 
phere, and the polar cap as the obliquity changes [Fanale 
et al., 1982, 1986]. 

In addition to the above theoretical arguments for 
periodic climate change on Mars, there is some geomor- 
phological evidence that liquid water occurred episodically 
over geologic time scales [e.g., Soderblom and Wenner, 
1978] (also see reviews by Rossbacher and Judson [1981], 
$quyres [1984], and Carr [1987]). Masursky et al. [1987] 
presented evidence for some very recent channel forma- 
tion. However, there is considerable debate about the 

nature of the heating source responsible for the formation 
of these channels. Geological proof for episodes of liquid 
water activity throughout Martian history, whether 
associated with geothermal activity or with climatic 
warming, would have important implications for the 
possible survival of life on Mars to the present time. 

The large variations of climate on Mars, caused by 
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Figure 8. Minimal atmospheric pressure required to support 
liquid water from melting ice as a function of the heating rate of 
the ice surface in units of the present average solar insolation on 
Mars (adapted from Kahn [1985]). Arrows indicate the 
maximum range of each of these parameters on the present Mars. 
Thus liquid water is difficult, but not impossible, to form under 
present conditions. 

orbital forcing on 105- and 106-year time scales, relatively 
short periods compared to evolutionary time scales, may 
have provided additional stress on life as well as possibly a 
selective pressure for developing strategies for survival 
during long periods of colder climatic conditions. 

Possible Niches for Life on Mars 

Liquid water is the sine qua non for life as we know it. 
In order to evaluate the possibility that life may have 
survived to the present we need to examine the locations 
where liquid water is physically possible. Below we 
evaluate some possible niches where liquid water may 
occur and discuss their likelihood as refuges for life. Three 
primary niches are identified: (1) transient sources of 
near-surface liquid water, (2) meltwater within a dusty 
snowpack, and (3) subsurface reservoirs of meltwater deep 
within the regolith or at the base of the polar caps. 

Strictly speaking, transient pockets of liquid water on 
the surface are not impossible, although the evaporation 
rates for liquid water in contact with the atmosphere are 
very high [Kahn, 1985]. Figure 8 shows the relationship 
between the atmospheric pressure and the heating rate 
required to produce stable liquid water on Mars. Basically, 
ice can melt to form liquid water only if the rate at which 
water molecules are released from the ice can exceed the 

rate at which they are carried away by evaporation. The 
arrows indicate the extremes of pressure and solar 
insolation in the present Mars. With the present climate, 
special conditions are required before even transient liquid 
water can form. These conditions include high heating 
rate, low altitude (for high pressure), and a reduced 
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evaporation rate. Saturated salt solutions, by depressing 
the vapor pressure of water, would allow the liquid state to 
occur more readily (see, for example, Zent and Fanale 
[1986]). The Viking landers discovered high concentra- 
tions of salts in Martian soil [Clark, 1978]. 

One example of a surface environment where conditions 
could allow the formation of liquid water is the pore spaces 
of rocks. Water reaches saturation in the Martian atmos- 

phere at typical nighttime temperatures. When saturation 
is exceeded, water frost may be deposited on surface rocks 
and soil. Such deposits were seen by the Viking lander 
cameras during autumn [Hart and Jakosky, 1986]. Under 
favorable conditions, transitory moisture could form from 
the melting of this frost, and some of it could soak into the 
pore spaces in rocks and exist there for longer periods than 
would be possible in open contact with the atmosphere. 
Liquid could persist for even longer periods as a brine 
solution. An Earth analog to this type of niche is found in 
the sandstone rocks in the dry valleys of Antarctica 
[Friedmann and Ocarnpo, 1972; Friedmann, 1982, 1986] 
and in hot deserts [Freidmann, 1980], where cryptoen- 
dolithic lichens grow in subsurface pore spaces. Water is 
retained by these rocks despite low ambient relative 
humidifies [Friedmann et al., 1987]. 

For life on Mars to take advantage of such a niche, 
organisms would need to be able to remain dormant for 
long periods of time and then quickly and efficiently 
metabolize when temperature and water conditions 
allowed growth. This is essentially the metabolic pattern 
accomplished by the cryptoendolithic lichens on Earth 
[Friedmann et al., 1987], albeit to a much lesser extent 

than would be required on Mars. 
The possibility of fairly stable brine solutions at or just 

below the Martian surface has been suggested [Zisk and 
Mouginis-Mark, 1980] as a possible explanation of strong 
Earth-based radar reflectivities that are seasonally variable 
near Solis Lacus and Noachis-Hellespontus. These same 
areas were suggested by Huguenin et al. [1979] to be 
possible sites of near-surface water activity. However, the 
existence of near-subsurface water is controversial (A. P. 
Zent et al., Possible Martian brines: Radar observations 

and models, submitted to Journal of Geophysical Re- 
search, 1989), and alternative explanations for the radar 
observations are possible [Zisk and Mouginis-Mark, 1980]. 

The stability of near-surface brine solutions has been 
discussed by Zent and Fanale [1986], who concluded that 
certain brines may exist for periods of 107 years under 
current conditions. This is a time scale comparable to 
orbital forcing of the Martian climate. 

The polar regions represent another location where 
liquid water may occasionally be possible at the surface. 
Clow [1987] has shown that meltwater is possible in a 
dusty Martian snowpack such as the residual water-ice 
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polar cap. With optimal dust loading, melting can occur in 
the upper few centimeters of dense, coarse-grained snow at 
atmospheric pressures as low as 7 mbar [Clow, 1987]. At 
these depths, sufficient sunlight penetrates the ice to 
support photosynthesis. A surface ice crest could provide 
the needed inhibition against evaporation. There are 
organisms on Earth that grow under the surface of 
water-saturated snow (the snow algae) [Hobare, 1975; 
Hobare et al., 1983] and in small melt holes, known as 
cryoconite holes, on glaciers [Wharton et al., 1981, 1985]. 

Another location where liquid water has been suggested 
to occur is deep below the base of the north polar cap on 
Mars. As discussed by Squyres and Carr [1986], the 
equatorial regions on Mars appear to be depleted in ground 
ice, while evidence for ground ice, in the form of quasi- 
viscous relaxation of topography due to creep deformation 
of ice, is widespread at high latitudes. Ground ice can 
exist in equilibrium with the atmosphere only at those 
latitudes and depths where crustal temperatures are below 
the frost point. Outside these regions, ground ice can 
survive only if it is diffusively isolated from the atmos- 
phere by a regolith of low gaseous permeability [Clifford 
and Hillel, 1983]. Figure 9 shows a cross-section of the 
Martian crust and the implied distribution of permafrost, 
i.e., those regions on Mars that are permanently below the 
frost point. In other regions the temperatures are 
seasonally high enough that water ice, in contact with the 
atmosphere, would have evaporated over geologic time, 
leaving the ground dehydrated. Water that sublimed out of 
these areas would have been deposited at high latitudes or 
in the polar caps. Clifford [1987] (see also Fanale [1976]) 
has pointed out that the deposition and retention of ice at 
the polar surface results in a situation in which the 
equilibrium depth to the melting isotherm has been 
exceeded, causing ice to melt at the base of the cryosphere. 
Water that results from this basal melting would fill the 
available pore space that exists beneath the frozen outer 

crest. Since a porous regolith may reach to depths of 10 
km [Clifford, 1987], the total pore volume in the deep 
regolith is sufficient to store a quantity of water equal to a 
layer 1.5 km deep distributed over the Martian surface. 
Clifford [1987] calculated that the thickness of the north 
polar cap (4-6 km) is consistent with basal melting 
maintaining its equilibrium depth. However, the inferred 
thickness of the south polar cap is 1-2 km, which is 
smaller than the estimated equilibrium thickness. Thus 
basal melting may occur in the north polar cap but is 
unlikely in the south polar cap. 

The existence of a meltwater lake at the base of the 

cryosphere offers another possible location where or- 
ganisms could survive, although some form of metabolic 
energy source would be needed since sunlight would be 
absent. The closest analogy on Earth may be the or- 
ganisms living in hydrothermal vents obtaining energy by 
the oxidation of sulfur compounds [Karl et al., 1980]. The 
Martian surface is 3% sulfur by weight, most probably in 
the form of sulfate [Toulmin et al., 1977]. Clark [1979] 

has proposed an energy cycle for a subsurface Martian 
biota based on sulfur-driven metabolism, requiring a 
source of H 2 or organic material. He notes that the 
bacterium Desulfovibrio is an anaerobic bacterium that 
derives energy by catalyzing the reduction of sulfate 
compounds. This organism appears to be ubiquitous in the 
soils of Earth, even being found in extreme environments 
in the Antarctic [see Clark, 1979, and references therein]. 

Sulfate minerals could be transported to the basal melt 
layer in the polar cap as a component of the dust which is 
annually deposited on the polar caps. Thus a plausible 
energy source exists to power a subsurface Martian biota. 

Even though polar basal meltwater could conceivably 
provide a growth habitat for life on Mars, it is unlikely to 
be a location where we will have the capability to search 
for extant life in the near future. 

In summary, environments may exist on Mars where 
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Figure 9. Stability diagram of ground ice on present Mars as a 
function of latitude. The heavily stippled region shows those 
areas around the polar caps for which the temperature is below 
the frost point (T - 200 K) and ice can exist in equilibrium. 

Outside these polar regions, ground ice can exist only if it is 
isolated from the atmosphere by a diffusive barrier. The melting 
isotherm is also shown. Liquid water could exist below these 
depths. 
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liquid water occurs at least occasionally. One can 
postulate that organisms have adapted to these environ- 
ments and still survive on Mars at the present time. 
However, we emphasize that even in such "oases," 
conditions are exceedingly hostile compared to conditions 
in analogous environments on Earth. Further geophysical 
exploration of Mars is needed to evaluate whether such 
oases actually exist. 

Viking Biology Experiments and Implications for 
Survival 

One primary focus of the Viking mission to Mars was to 
search for evidence of living organisms. In addition to the 
lander cameras, which would have shown the presence of 
any obvious macroscopic life-forms, the Viking landers 
contained thr• experiments specifically designed to search 
for indications of life on Mars: (1) the Gas Exchange 
Experiment JOyarea and Berdahl, 1977], designed to 
determine if Martian life could metabolize and exchange 
gaseous products in the presence of a nutrient solution; (2) 
the Labeled Release Experiment [Levin and Straat, 1977], 
which sought to detect life by the release of radioactively 
labeled carbon initially incorporated into organic com- 
pounds in a nutrient solution; and (3) the Pyrolytic Release 
Experiment [Horowitz and Hobby, 1977], based on the 
assumption that Martian life would have the capability to 
incorporate radioactively labeled carbon dioxide in the 
presence of sunlight (photosynthesis). 

The results of these experiments showed that Martian 
soil exhibited activity which was similar in many ways to 
the metabolic activity they were designed to detect. 
However, in detail the results were inconsistent with a 

biological explanation [Horowitz, 1977; Klein, 1978; 
Mazur et al., 1978], and a chemical explanation, based 
upon the presence of a strong oxidant in the soil, has been 
suggested [Klein, 1979; Ballou et al., 1978; Oyama and 
Berdahl, 1979]. In addition, the negative results of the 
Viking gas chromatograph/mass spectrometer (GCMS) 
search for organic compounds place severe restrictions on 
the probability of life on Mars. The GCMS failed to detect 
organic material at levels less than parts per billion for 
heavy organics and parts per million for lighter ones 
[Biemann et al., 1977]. The experimental procedure and 
results of the Viking biology experiments have been 
reviewed extensively elsewhere [Horowitz, 1977, 1986; 
Klein, 1978, 1979]. 

The inferred existence of oxidants in the Martian soil 

poses an additional challenge to the possibility that 
Martian organisms survive to the present. The fact that the 
abundance of organic compounds on Mars was lower than 
would be expected from the influx of meteorites containing 
organic material suggests that these oxidants are actively 
decomposing organic compounds on Mars [Pang et al., 

1982]. Any Martian organism with a habitat in this 
oxidizing layer would likewise be subject to such an 
attack. Biomass production would be required to keep 
pace with loss due to this oxidation process. However, as 
discussed above, biomass production would be severely 
limited by the restricted occasions when conditions would 
be conducive to growth. 

The details of the mechanism that creates the oxidizing 
conditions are not well understood, and various mecha- 

nisms have been proposed that would explain the produc- 
tion of several different types of oxidants on Mars. The 
most plausible model is that the solar ultraviolet light 
acting on the small amount of water in the atmosphere 
creates hydrogen peroxide in the soil [Hunten, 1979; Or6 
and Holzer, 1979]. Other suggested oxidants include 
metallic superoxides created by cosmic rays and 
triboelectric discharges interacting with Martian minerals 
[Oyama and Berdahl, 1979] and metallic oxides and/or 
clay activity [Banin and Margulies, 1983; Banin, 1986] 
(see also discussions by Huguenin et al. [1979] and Pang 
et al. [1982]). Since there is little evidence for extensive 
reworking of the ancient terrain after 3.8 Gyr [Carr, 1981], 
this oxidizing material is probably limited to the diffusion 
depth of the oxidizing agent over its production time. This 
is highly uncertain, but diffusion may be limited to a depth 
of a few meters or so by the presence of ground ice [Chyba 
et al., 1988]. Organic material may be preserved below 
this depth. It is important to better understand the 
production mechanisms for oxidants and their possible 
distribution in order to design better strategies to search for 
organic remains of past life, as well as extant life, on Mars. 

IMPLICATIONS OF FINDING EVIDENCE OF LIFE ON 

MARS 

Clearly, the most important thing that the discovery of 
life on Mars, even past life, will tell is that the origin of life 
is a common event, probably happening on most planets 
with liquid water at the surface. By implication, the 
universe would be full of life. In addition, Mars may very 
well contain the deepest and best preserved record of the 
events that transpired on the early terrestrial planets during 
the procreative stages, that time during which life might 
have evolved. On Earth, and probably on Venus as well, 
the record of this early period has been largely destroyed, 
and the small samples that are left are usually highly 
altered. On Mars the cold, the absence of tectonic activity, 
and the absence of oxygen could have all helped to 
preserve the record of the steps leading to the origin of life. 

Investigating the record of prebiotic and biotic evolution 
on Mars will involve searching for many things, including 
[McKay, 1986] direct traces of life such as microfossils, 
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organically preserved cellular material, altered organic 
material, morphological microstructures (see, for example, 
Campbell [1982]) and chemical discontinuities associated 
with life (see, for example, Friedman [1986]), isotopic 
signatures due to biochemical reactions, inorganic mineral 
deposits attributable to biomineralization (see, for 
example, Nealson [1982] and Tebo and Emerson [1986]), 
and hydrated minerals such as clays as well as water- 
formed minerals such as carbonates. A useful example is 
illustrated in Figure 10. This plot shows the isotopic 
composition of carbon in sedimentary carbonate and 
organic material over most of Earth's history. Also shown 
are the isotopic shifts due to contemporary autotrophs. 
The approximately 2% shift in carbon isotopic composi- 
tion in organic material is due to the selectivity of the 
carboxylase enzyme for the lighter isotope of carbon •2C 
[Lorimer, 1981; O'Leary, 1981; Estep et al., 1978; Estep, 
1984]. In studies of Earth's earliest biosphere this isotopic 
shift provides a useful test for determining if organic 
matter is of biological origin [Calder and Parker, 1973; 
DesMarais et al., 1981; Schidlowski et al., 1983; Schid- 

lowski, 1988]. In fact, Schidlowski [1988] argues that the 
presence of the characteristic isotopic shift due to biologi- 
cal activity seen in the Isua metasediments (Figure 10) is 
presumptive proof of biological origin. It is possible that 
similar effects may be present on Mars. 

Information From a Martian Fossil Record 

The discovery that life did originate on Mars would not 
only be of broad interest, it could also provide insight into 
many scientific questions concerning life on Earth 
[McKay, 1986]. Certainly, if life evolved on Mars, it 
would have differences and similarities to life on Earth. 

Most likely, any early Martian life would have had to 
respond to the same ecological constraints that early life on 
Earth did. For example, whether the first organisms on 
Earth were heterotrophic (consume organic material) or 
autotrophic (produce organic material via photosynthesis 
or chemosynthesis) probably depended more on the 
prevalence of abiologically produced organic material in 
the environment than it did on the details of the 

biochemistry of the first organism [Stoker et al., 1989]. 
The same was probably true for Mars. On Earth we do not 
have the fossil record required to determine the environ- 
mental context in which the earliest organisms lived. Our 
first record of life is already a mature system (see, for 
example, Awramik [1981] and Schopf [1983]). If life 
evolved on Mars, the record of its early history may be 
more accessible. Using isotopic and geochemical means 
[see Schopf, 1983] to explore the fossil record on Mars has 
the potential to shed light on theories of the energy 
generation mechanism of early life (autotrophy versus 
heterotrophy). 
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Figure 10. Carbon isotopic values for carbonate and organic 
sediments on Earth for the last 3.8 Gyr (adapted from Schid- 
lowski [1988]). Carbon isotope values are reported in units of per 
mil, which corresponds to the enrichment of the heavy isotope 
(•3C) in parts per thousand, when compared to a standard (Pee 
Dee belemnite (PDB)). Photosynthetic systems preferentially 

uptake •2C over •3C, resulting in an isotopic shift of about 
-25ø/oo. This isotopic shift has characterized organic sediments 
throughout Earth's history despite significant changes in the 
Earth's environment and biota. Similar carbon isotope values in 
ancient Martian organic material may be an indicator of 
biological origins. 
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On Earth, there is evidence that microbial life very 
quickly split into the three major taxonomic groups of the 
bacterial world [Woese, 1987]. The universal genetic 
ancestor common to all three lines is the so-called 

progenote (see, for example, Woese [1981, 1987]). On the 
basis of comparing molecular sequences (primarily RNA), 
phylogenetic trees have been constructed that suggest that 
the earliest organisms were sulfur-metabolizing ther- 
mophiles [Woese, 1987; Lake, 1988]. With only one 
example of life to study it is hard to tell if this is chance or 
if there is some evolutionary "reason" for this initial 
combination of properties. If the earliest organisms on 
Mars also turn out to have been sulfur-utilizing ther- 
mophiles, this would be a significant bit of information. 
Such information could be obtained from the geological 
context of Martian fossils. 

Proceeding later in evolutionary time, was the endosym- 
biosis that created the eukaryotic cell [Margulis, 1970] that 
was ultimately to be the seed for all plants and animals 
merely a chance event, or would similar circumstances in a 
similar environment produce similar developments? It is 
possible that studies of morphologies of Martian microfos- 
sils may shed light on these questions. Although most 
biochemical studies, such as molecular sequencing, would 
require extant Martian organisms, it is conceivable that 
organic remains may provide some information on the 
biochemistry of the early Martian biota. 

It is possible that life on Mars developed to a stage that 
may be comparable to the stromatolites [Awramik, 1971; 
Awramik et al., 1977]. If so, the record of biological 
evolution from the earliest universal ancestor to the fairly 
well developed communities comprising stromatolites (a 
record that has been destroyed on the Earth) might be 
found on Mars, and organically preserved microfossils 
might be identified. 

Knoll et al. [1986] have reported the discovery of large 
populations of organically preserved microorganisms 
associated with silicified carbonate deposits on Earth of 
age 700-800 million years. This suggests that it is not 
unreasonable to search for organically preserved fossils in 
Martian carbonate sediments that may be --3 Gyr old, since 
conditions on Mars over geological time may have been 
conducive to organic preservation. Depending upon the 
extent of Martian biological evolution, it is even possible, 
although admittedly unlikely, that information will be 
preserved that will bear on the question of the rise of the 
eukaryotic cell and tissue multicellularity, oxygenic 
photosynthesis, and the buildup of oxygen in the 
atmosphere. 

Chemical Evolution 

But perhaps life did not originate on Mars. If prebiotic 
evolution occurred on Mars but conditions became 

unsuitable for life at a very early stage, Mars may give us a 
glimpse of the conditions that precede life. There are 
currently two competing paradigms for prebiotic evolution. 
The "organic" hypothesis is based upon the initial ideas 
of Oparin [1924, 1936] and Haldane [1928] and on the 
classic experimental work of Miller [1953, 1955]. In this 
hypothesis, life originated in an organic-rich primordial 
soup. The competing hypothesis argues for an "inor- 
ganic" origin to the first self-replicating system based 
upon clay [Cairns-Smith, 1966, 1982; Cairns-Smith and 
Hartman, 1986]. This early clay life-form subsequently 
developed into the biochemically based life we see today. 
Mars, as previously mentioned, is probably rich in clay 
minerals (see also Huguenin [1974]), and any abiotic 
sources of organic material that may have been operative 
on early Earth should have also been operative on early 
Mars. Thus if Mars' evolution was arrested very early in 
its biological development, a detailed examination of the 
organic and inorganic geochemistry of the Martian 
sediments may resolve questions, as yet unanswered, about 
prebiotic evolution. Since we apparently have no record of 
this stage of evolution preserved on Earth, it is not yet 
clear how to design instruments or experiments to search 
for this chemical record in Martian rocks. 

The Importance of a Negative Result 
A third possibility is a completely negative result: 

neither life nor any relevant form of prebiotic evolution 
occurred on Mars. If a thorough examination of the 
Martian surface indicates that there was no life or prebiotic 
evolution on primordial Mars, then our present model of 
the physical evolution of the Martian environment may be 
incorrect, and a suitable environment may never have 
existed. This would increase our knowledge of Mars, but 
it would have minimal impact on our understanding of the 
origin or evolution of life. Alternatively, if it was con- 
firmed that early Mars and early Earth did indeed enjoy 
similarly hospitable environments for long periods of time 
and life still did not originate on Mars, then that finding 
would call into question our entire paradigm for the origin 
and early evolution of life on Earth. In many ways this 
would be a stunning and significant result. It would 
certainly prompt a more in-depth comparison of early 
Earth and early Mars in an effort to determine just what 
critical environmental or planetary factor, which is not now 
considered biologically important, could account for the 
disparate biological histories. 

As an aside, if we find that life did evolve on Mars, 
reached a fair degree of microbiological sophistication (for 
example, stromatolites), and subsequently went extinct, 
this would certainly impact on Lovelock's [1979] Gaia 
hypothesis that life, once established, controls its planetary 
environment. 
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FUTURE MISSIONS AND THE SEARCH FOR MARS' 

EARLIEST BIOSPHERE 

Missions to the Martian surface and ultimately a 
returned sample for analysis in laboratories on Earth 
[Drake et al., 1987] will be required to address the 
scientific questions raised in this paper concerning the 
possible origin and evolution of life on Mars. Site 
selection will be an important part of the planning for these 
missions. From an exobiology perspective, site selection 
should be based upon the indication of past or present 
water. Water is the most direct link between biological 
processes and chemical indicators and is the one universal 
material requirement of life on Earth. Consequently, there 
are at least three types of sites that are of interest to 
exobiology on Mars: (1) sites where water was present in 
the first billion years of Martian history (sites of this type 
have akeady been identified by geomorphological 
analysis); (2) sites where water activity may be occurring 
at the present, probably associated with concentrated brine 
solution resupplied by diffusion from below; and (3) sites 
near the polar regions where water is being seasonally 
deposited and sublimed as ice. 

The sediments at the bottom of paleolakes, as suggested 
in previous sections, may be ideal locales to search for 
evidence of past biological activity. A lake environment is 
well suited to life, and liquid water can persist under an ice 
cover long after ambient temperatures fall below freezing. 
The accumulation of detrital material and sediment on the 

lake bottom provides a fossil record spread over a large 
contiguous area. Although the shores may provide better 
sampling sites, there would be a good chance of detecting 
fossil remnants in sediments taken from anywhere on the 
lake bed. The possibility that carbonate formation was 
associated with aquatic environments on early Mars 
suggests that sites at which carbonate-bearing sediments 
are detected are prime locations for searching for organic 
material and/or biological fossils. 

Sediments deposited in aquatic environments may be 
identified from orbit or from the surface by the detection of 
stratified geological formations. Samples collected from 
depth could be analyzed for organic material and 
precipitates such as carbonates using pyrolysis techniques 
with analysis of the evolved gases. 

Direct detection of microscopic fossils on a robotic 
mission is improbable; such fossils are difficult to detect 
and identify on Earth. However, one of the main in- 
dicators of the presence of microbial life on the early Earth 
is stromatolites. As discussed above, these are macro- 

scopic structures produced by phototrophic microor- 
ganisms, and it is not unreasonable to suggest that they 
could have occurred on Mars [Awramik, 1989]. These 

structures could be detected with imaging systems on 
surface vehicles. 
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If interesting samples are found on Mars that hold open 
the possibility of a past biological history, it will probably 
require analysis of these samples in laboratories on Earth 
in order to convincingly demonstrate their biological 
origin. In addition, much more sophisticated analysis, 
such as searches for microfossils, could be performed on 
returned samples than would be practical on robotic 
missions. Since the amount of sample returned would be 
limited and since sample acquisition would have to be 
done remotely, even a sample return mission may not 
provide the critical information needed to unravel the 
chemical evolution and biological history on Mars. 
Human missions, with field scientists moving about the 
Martian surface, may be required to fully understand the 
Martian fossil record and to determine if the origin of life 
is preserved in that record. 

CONCLUSIONS 

Our current understanding of the climatic history of 
Mars suggests that billions of years ago the Martian 
environment may have been similar to the environment on 
Earth at that time. The valley networks, indicative of 
slowly flowing water, are the most obvious remnant of this 
early clement period. The duration of clement conditions 
on early Mars may have been comparable to, or longer 
than, the time required for life to have evolved on early 
Earth. Thus the question of the possible origin of life on 
Mars has become a topic of serious interest. 

While the early Martian environment may have been 
conducive to life, conditions have deteriorated over time, 
albeit with the possibility of occasional periodic or 
episodic amelioration of conditions. Martian life may have 
gone extinct, or it may have developed adaptive strategies 
unknown to life on Earth that have allowed it to survive in 

isolated habitats, or in highly resistant dormant stages, to 
the present time. We have insufficient data to test this 
hypothesis, and strictly speaking, the question of extant life 
on Mars remains open. 

To address the exobiological questions regarding Mars 
requires first an understanding of the climatological and 
geochemical history of that planet. In this paper we have 
tried to illustrate those areas in which biological investiga- 
tions are closely coupled to the physical models of Mars' 
evolution. Some of these areas are as follows: (1) the 
hydrological cycle of early Mars; (2) the duration of 
clement conditions (defined by liquid water) on Mars; (3) 
the abundance and fate of nitrogen on early Mars; (4) the 
timing, nature, and magnitude of episodic changes in 
Martian climate; and (5) the location of carbonates and 
nitrates on Mars. 

The study of the biological and environmental history of 
Mars, whether life originated there or not, will provide us 
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with new insights into the coevolution of planets and life. 
Clearly, this effort in planetary science will require strong 
support from both the biological and the physical sciences. 
But the payoff is enormous; the origin of life, in the cosmic 
context, is a profound question in science and human 
civilization and provides a strong motivation for sending 
machines and eventually humans to our neighboring 
planet, Mars. 
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