
JOURNAL OF GEOPHYSICAL RESEARCH, VOL 104, NO. E7, PAGES 16,453-16,469, JULY 25, 1999 

A chemical model for evaporites on early Mars: 
Possible sedimentary tracers of the early climate 
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Abstract. Martian geomorphology seems to indicate extensive hydrological 
activity during the Noachian era. Liquid water at the surface would require a large 
green hou se effect that IS widely hypothesized to have been caused by a high partial 
pressure of atmospheric carbon dioxide, Peo" A sedimentation model driven by 
sequential evaporation is used ta calculate the evaporite mineraI sequence in a closed 
basin lake subject to high Pcû,. The initial fluid is derived from weathered igneous 
rock similar ta Martian meteorite basalts. Siderite (FeC03 ) iB always the first 
major carbonate to precipitate. Thus siderite is predicted to be an important facies 
component in ancient Martian sediments along with silica, which is also an early 
precipitate. These would form varves in lakes that undergo cycles of evaporation 
and water recharge. After silica and siderite, the sequence is magnesian calcite, 
nearly pure hydromagnesite, and gypsum, followed by highly soluble salts like NaCl. 
The presence of siderite sediments genetally requires an atmospheric Peû, level 
in ex cess of ~ 0.1 bar, otherWÎse iron silicates (such as greenalite) would form. 
This may be used in exploration as an observation al test on the past atmospheric 
composition of Mars, subject to consideration of the depositional environ ment. 
At Peo, of approximately several bar, gypsum precipitation could occur before 
calcite upon evaporation if the initial SO;- :Ca2+ ratio is high and there is no 
water recharge. The predicted carbonate sequence upon evaporation is generally 
consistent with reeent hypotheses suggesting traces of evaporite carbonates in 
SOrne Martian meteorites. Several mechanisms destroy or obscure carbonates at 
the Martian surface. Consequently, in situ analysis of the interior of ejecta from 
recent impact craters lying within sedimentary basins may offer the most practical 
approach to future exploration of ancient carbonate sediments. 

1. Introduction 

Currently, the mean atmospheric pressure (~6 mbar) 
is tao low and the mean temperature (- 215 K) is 
too cold to support liquid water on the Martiari sur
face. However 1 valley networks and high erosion rates 
on ancient geologic units provide compelling ovidence 
for an early epoch of hydrologieal activity [e.g. , Carr, 
1996]. The formation of valley networks by fluvial pro
cesses almost certainly required local surface tempera
tures above the freezing point ofwater. Also, crater ero
sion' rates in the Noaehian may have been caused by pre
cipitation [Craddock and Maxwell, 1993]. This "lVarm, 
wet early Mars" explanation of surface geology demands 
a denser atmosphere ta provide sufficient greenhouse 
warming. This has ta offset sunlight that was sorne 20-
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30% less intense 4 Gyr ago. Consequent/y, a dense at
mosphere with CO, as the predominant constituent has 
been hypothesized (e.g., reviewed by Haberle [1998]). 
Other possible greenhouse gases, such as NH3, CH., 
or S02 J are short-lived because of rapid photodissoci
at.ion and chemical reactions, whereas CO2 could fea
sibly have been sustained against weathering loss by 
voleanism [Pollack et al., 1987] or low-velocity impacts 
[Carr, 1989]. Photochemically labile gases could per
sist if protected by a high-a1titude organie haze [Sagan 
and Chyba , 1997], but the amouotofC R4 needed would 
imply a biological source of ulllikely magnitude [Kast
iog, 1997]. Kasting [1991] noted that COz condensation 
wouJd occur in a thicker C02 atmosphere and limit the 
P C02 level. However, since CO2 ice particles are highly 
reflective in the infrared, CO2 c10uds cause greenhouse 
warming by sealtering infrared radiation baek ta the 
surface [Forget and Pierrehumbert, 1997]. The CO, 
cloud model sets a minimum levcl of PC02 ........ 0.7 bar 
required for liquid water on the surface withill the coo
text of a one-dimension al model, though it is somewhat 
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sensitive ta assumed cloud parameters. Another possi
.bility is that a sufficient background level of S02 pre
vents condensation through UV absorption and allows 
for a t hick CO, atmosphere [Yung et a1. , 1997], although 
maintaining suffieient levels of S02 in the presence of 
liquid water has been questioned [Murphy and Bass, 
1998]. 

However, little bas been said about how one cao ver
if Y by measurement t he supposed high level of past 
Pco,. Observational studies of the present-day climate 
on Mars wou Id allow us ta refiue parameters for climate 
models, but the links between the very aneient climate 
and present climate are direct in ooly a few instances: 
For exam ple, by measuring the e!fects of COz clouds 
in the current climate we might belter understand the 
past o But how caD we establish observationallimits on 
the ancient atmospheric composition and test the hy
pothesis of an early thick CO, at mosphere? 

If early Mars had been "warm and wet" for mi l· 
lions of years, geochemical proeesses should have left 
definitivc isotopie and mineralogical evjdence. More
over, post-Noachian rates of crosion are ........ 103 times 
less than those predating them [Arvidson et al. , 1979 ; 
Carr, 1992], so t hat the ancient surface of Mars should 
be well preserved compared to the Earth 's. Geochem
ical evidence of a past c1imate conducive to liquid wa
ter should be locked up in sediments and evaporites 
like on Earth [e.g., Hol/and, 1984; fÎrupp et al. , 1994]. 
Discussion in the li terature relates to t he possible iso
topie tracers of Martian climate evolution [Jakosky and 
Jo nes, 1997] or the mineralogical stability conditions 
on present-day Mars [Gooding, 1978; Clark and Van 
Had, 1981], but this paper focnses on possible miner
alogical indicators of an earlier warm, wet era. During 
this period , there may have been substantial rain on 
Mars [Craddoek et al. , 1997]; here IVe assume signifi
eant aqueous weathering whether the water originated 
from glacial melt , precipitatioD, or upweHing ground wa
ter. Even in a perennially cold climate, if running water 
exists, weathering rates in local spatial maxima can be 
comparable to terrestrial temperate or tropical regions 
according to Antarctic studies [Lyons et al., 1998]. 

The assumption of aqueous activity on Mars earlier 
in its history is supported by observations that may be 
grouped ehronologically : (1) evidenee for a supposed 
period of sustained warmer and wetter conditions in 
the Noaehian era and (2) evidence for episodic wa
ter throughout the rest of Martian history. For the 
early period the evidence consÎsts of the aforementioned 
valley networks and heavily eroded craters; there are 
a1so geological features that have been interpreted as 
crater lakes, playas, and sedimentary layers [Forsythe 
and Zimbe/man, 1995; Grin and Cabrol, 1997; Edgett 
and Pa"k€1" 1997]. Minority opinion speeulates that 
mass wasting may have been the predominant pro
cess in erodi ng the valley networks [Carr, 1995], and 

recent evidence suggests erosion from a groundwater 
source [Malin and Carl'. 1999], so perhaps the highly 
eroded eraters provide the most unambiguous support 
for wetter , warmer conditions on early Mars. Su ch con
ditions should have produeed sediments. Many val
ley networks terminate in cIased sedimentary basins 
which have depths of several kilometers [Goldspie/ and 
Squyres , 1991] . In addition , analogs to terrestrial evap
orites may exist in ancient crater basins (Forsythe and 
Zimbelman, 1995]. Hyd rologieal analysis of closed drain
age basins suggests evaporation and water recharge 
[Forsythe and Blackwelder, 1998] . Il therefore seems 
extremely likely t hat geochemical evidenee of the early 
Martian environment awaits our discovery, locked up in 
ancient sediments. In ail cases where water debouclted 
at the ends of valley networks or onto plains, it must 
eventually have precipi tated sorne quantity of sediments 
in the terminal phases by solute concentration through 
evaporation or fteezing. 

Evidence for episodic water later in Martian history 
includes outRaw channels eut by enormOliS flao ds and 
possible large terminal lakes estin1ated to have covered 
from 1 to 30% of the planet 's surface [Carr, 1996]. 
Geomorphic evidence for the latter incl udes mottled 
plains, shorelines, terraced slopes , and layered sedi

ments [Baker et al. , 1991; Costard, 1988; Parker et 
al., 1989, 1993; Scott et al., 1991]. Il is plausib le that 
subsequent to sueh fl ooding events, lakes may bave be
come ice-covered and persisted for hundreds of millions 
ofyears [McJ(ay and Davis, 1991]. The iee cover would 
have been ablated away by the wind to leave sediments 
[e.g., Mc/(ay and Nedell, 1988]. 

This paper considers the case of mineraI deposits 
formed in sedimentary basins on Mars. A thermody
namic mocle) is used to investigate the early primary 
precipitates in basin water that evolves from freshwater 
ta a brine. Apart from intrînsic interest, it is important 
to consider the nature of such mineraIs for the fu ture 
Mars exploration program. The interpretation of sedi
mentary mineraIs and determination of the past climate 
(particularly, whether it was conducive to life) are high 
priorities. Indeed, consensus scientific opinion strongly 
recommends targeting future landers and rovers at sedi
mentary environments [see Gulick, 1998, and references 
t herein ; and Brack et al., 1998]. Furthermore, it has 
recently been suggesteci t,hat sorne Martian meteotites 
may contain evaporite salts [Bridges and Grady, 1998; 
Warren, 1998; MeSween and Harvey, 1998a, b ; Scott, 
1999] . It is therefore important and timely to begin 
to model the possible chemistry of su ch evaporite de
posits. Prev iously, sorne short comments on this prob
lem have been presented [DeBraal et al., 1993; Catling, 
1998; Murphy and Bass, 1998]. T his is the first ex
tended paper to discuss t he detailed computation of the 
minerai chernistry of evaporite sediments on Mars and 
their possible implications. 
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2. Aqueous Weathering on Early Mars 

2.1. Geochemical Influences of the Early 
Atmosph er e 

[n principle, sediments on early Mars will be related 
to t he past geochemical nature of the planet and its past 
atmosphere (see F igure 1). Assuming sedimentation on 
early Mars took place in an atmospheric environment 
with high Pço" this would deerease the pH of aque· 
DUS environments at the surface and change the type 
of sediments th at may form in them (see section 4). 
Clearly, t he chemistry of the atmosphere can influence 
possible aqueous chemistry, but apart from tbe general 
opinion based on models that there were higher lev
els of CO, in t he ear ly Martian atmosphere, li t tle else 
has been theorÎzed about its bulk chemistry. However 1 

the early atmospheric composition would depend upon 
the geocbemist ry of the mantle because atmospheric ' 
gases would have originated from volcanic degassing 
with some unknown fractional input from impacts by 
water-rich asteroids and cornets. In the case of comets1 

they likely caused impact. erosion of t he Martian at
mosphere rather than net. addition of volat iles [Zahnle, 
1998J. Whether voleanic ga:;e, were reduced or oxidized 
depends on the mantle l'edox state and its water con
tent. Estimates of Ihe lai 1er from igneaus Martian me
teariles [McSUlfen, 1994J vary between water-rich mell 
inclusions [McSween and Harvey, 1993J and very dry 

VOLCANIC GASES 

N" SO, tH,S. 
CO/CO/CH •• Hp~ 

bu lk rock [Wânke and Dreibus, 1994J. If the \Vater- rich 
inclusions are representative (which is certainly consis
tent \Vith the evidenee of Mars as a \Vater-rich planet), 
then \Ve \Vould expect mu eh reduced volcanic gas to have 
been produced on early Ma.rs because equilibria wouJd 
have shifted toward the reduced gas form . For example, 

SO, + H20 = H2S + ~02 (1) 

is shifled toward the right for reasonable values of the 
mantle oxygen fugacity at higher levels of water content. 
Apparelltly, this was the case on early Earth. Ther
modynamic stability anaJysis for sedimentary Archean 
minerais formed in equilibrium \Vith t he atmosphere 
possibly indicate that t he H,S concenlrat ion was many 
orders of magnitude bigher in t.he Archean atmosphere 
t han its trace contemporary value [Krupp et al., 1994J. 
ConsequentlYI if early Mars is analogous, important re
dox couples of gases emanati ng from valeanoes (Fig
ure t ), such as CH./CO, and H,f H,O, would have been 
relatively shifted toward the red uced form compared to 
condi t ions today on Earth . ln any case, active volcan
ism on early Mars [e.g., McEwen et al., 1999J would 
have produced igneous minerais containing ferrous iron 
and some degree of redu ced gases to buffer photochem
ically produced oxygen, so it seems likely that oxygen 
levels were very low. For aqueous chernistry this means 
that ferrous iron (Fe2+ ) would have been freely trans-
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Figure 1. The geochemica1 environment on early Mars (shown schematically) was a complex 
inlerplay of geophysical phenomena. 
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ported in solution \Vit h t he amount greater at the lower 
pH caused t hrough equi librium wit h t he high levels of 
atmospheric COz. Indeed , the hypotbesis that iron ex
isted in the aqueous Fe2+ sta te on Mars earlier in its 
history (whicb implies very low oxygen levels) may be 
supported by the Mars Pathfi nder magnetic properties 
experiment [Hviid et al. , 1997]. The possible presence 
of magnetic magbemite (-y-Fe,03) implies Fe2+ leached 
from bedrock and subj ect to slow oxidation; otherwise, 
bematite (,,- Fe,0 3) or goetbite (a-FeOOH) would have 
formed via fast oxid ation. 

2.2. Weathering on Ear ly M ar s 

Rainwater , glacial melt, or ne ar-surface groundwa~ 

ter on early Mars would consume atm ospheric CO, to 
produce carbonîc acid , which reacts with surface si l
icate rocks. For example, pure water in equilibrium 
\Vit h Pco,=1 bar is acidic witb pH=3.9. Ferromagne
sian s ilicates, typical of Mar t ian igneous rocks , a re dis
solved by 5ueh acidic water to produce cations incl uding 
Fe2+, Mg2+ 1 Ca2+ 1 K +, Na+ 1 and silica in roughly stoi
chiometri c proport ion to the minerai composition under 
low-oxygen con di tions, according t a laboratory experi
ments [Murph y and Helgeson, 1989; Burns, 1993]. This 
process consumes acid and raises the pH. T he principal 
difference from condit ions on contemporary Eart h con
cerns t he dissolution of iron: In highly oxygenated ter
restrial surface waters, dissolution is incongruent a nd 
ferro us iron (Fe2+) is almost instantly oxidized to in
soluble ferric iron (Fe3+) (except in t he case of highly 
acidic hydrothermal springs). On early Mars, dissolved 
ions would be transported to basins and deposited as 
sediments. Here it assumed t hat these processes would 
be essentia lly inorganic. Again, this is unlike contem
porary EarthT where carbonate and silica precipitation 

are almost entirely biologically med iated via skelet al re
mains of microscopie organisms like coccolit hophorids 
and diatoms [e.g. , Hal/and, 1978). 

2.3. Basin Feedwater C omposition 

To make progress in estimat iug a likely sedimentary 
sequence, we must st art wi th sorne rough approxima
t ion of the composition of early Martian water feeding 
a basin . Here we take the approach of estim ating a 
baseline composition from terrestria l analogs and con
sider the effect of changing the com position variables 
later. 

White et al. [1963] report various water compositions 
where leaching has occurred in different ter restrial ig
neous rock terrains. For t he high land crust of early 
Mars, a matie to ultram afic char acter is e.xpected on 
the basis of the composition of Martian meteori tes [Mc
Sween, 1994] and fundamelltal geochemical considera
tions [B aird and Clark, 198 1] . Although approximate, 
for t he purpose of quantitative estimation we shaH as
sume \Vhi te et al. 'g average composit ion of ultramafic 
rock ground water to be rough ly comparable to possi
ble feed water into a sedimentary basin on early Mars 
subject to sorne adjustments (Table 1). The necessary 
adjustments are analogous to tbose employed by Car
reis [1987, 1988] for iron and sil ica where he estimated 
likely terrigenous feedwat er for a sed imentary basin on 
early Earth. 

Fe2+ is negligible in White et al.'s [1 963] contempo
rary oxic terres trial water but would not be 50 on early 
Mars, as mentioned previously. We set the molal con
centration of Fe2+ relative to that of Mg2+ because 
these two cations behave very simila rly during anoxie' 
weathering of mafie rock and dissolve in proportion tü 
their stoicbiometry [e.g. , Burns, 1993]. Igneous rocks on 

Tab le 1. Average Groundwater Comp osition for Ultramafic Rocks on Earth and a HypotheticaJ Composition 
for Basin Feedwater on the Surface of Early Mars 

Constituent 

SiO, 
FeN 
Mg'+ 
Ca2+ 
Na+ 
K+ 
C\-

HCO, 
50;-

Molar Mass 
g 

60.084 
55.845 
24.305 
40.078 
22.990 
39.098 
35 .453 
61.017 
96.064 

Average Terrestrial 
Ultramafi c Rock \oVater'" 

pprn , Molality, 
mg L - 1 xl0-3 mol kg- 1 

40.7 0.678 

26.3 1.08 
26.3 0.657 
18.4 0.80 
2.9 0.074 

23. 0 0. 65 
205.2 3.364 
17.3 0.1 8 

ppm , 
mg L- 1 

60. 1 
44 .7 
24.3 
20.0 
18.4 
2.7 

23.0 
274.0 
17.3 

Hy pothetical Early 
Mars Water 

Molality, 
x lO-3 mol kg-1 

1.0 
0.8 
1.0 
0.5 
0.8 

0.07 
0.65 
4.49 
0.18 

Garrels [1 987, ] 988J used a similar approximation to estimate terriginous feedwater inta a Proterozoic sedimentary iron 
format ion basin , but in his case he was able ta "tune" the composition ta match observed sediments . 

• From Wh ite et al. [1963]. 
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Mars
j 

on the basis of Martian meteorites, have Mg:Fe 
malar ratios ranging from the magnesian orthopyrox
enes (1:0.4) of the ALH84001 meteorite [Mittlejehldt, 
1994) to the iron-rich basaIt of Shergotty (1:1.2). We 
adopt a nominal mean value of 1:0.8. In natural ground
waters! HC03 is the main anion produced by weather
ing of igneous rock, and its malal concentration rela
tive to the malal cation concentration depends on the 
mole ratios in dissolution reactions [Garrels, 1967]. For 
example, for ferrosilite (a pyroxene) and fayalite (an 
olivine) these weathering reactions are 

(2) 

of the highly insoluble nature of iron sulfides), possible 
fluid inclusions, and other small sources. Sulfur would 
therefore enter into lakes on early Mars either through 
leaching of sulfates in, surface soil or by direct disso
lution of volcanic gases (H,S/SO,). The influence of 
sulfur is further discussed in section 4.3. For our base
line feedwater we assume a weakly reducing or weakly 
oxidizing environment consistent with the presence of 
both Fe2+ and sulfate. Sulfide would immediately pre
cipitate highly insoluble iron sulfides although copre
cipitation of iron carbonate and sulfide is also possible. 
For our baseline feedwater, sulfate is assumed to be at 
a similar level to that in fluid derived from weathered 
terrestrial ultramafics (Table 1). 

FeSi03 + 3H20 + 2C02 

~ Fe'+ + 2HC03 + Si(OH)4 

Fe,SiO. + 4H2 0 + 4C02 

~ 2Fe'+ + 4HC03 + Si(OH)4 (3) 3. Evaporative Sedimentation 
respectively. Consequently, to maintain electroneutral
ity in the solution, Fe2+ must be balanced with bicar
bonate in a 1:2 ratio in dissolution. 

Hydrolyzed silica is a product of ultramafic rock 
dissolution, as shown in (2) and (3). On contempo
rary Earth, dissolved silica is voraciously consumed 
by diatoms, radiolaria, and other microorganisms with 
siliceous shells, which generally leaves natural waters far 
bclow silica saturation. However, in the absence of such 
relatively complex organisms, which seems virtually cer
tain for early Mars, silica would be doser to saturation. 
For amorphous silica, saturation occurs at "'-' 115 ppm 
at 25°C. For our ((near-saturated l1 baseline early Mars 
water, we arbitrarily set the initial concentration of sil
ica to 60 ppm, that is, requiring about a halving of the 
water before precipitation. This is the value expected 
in Precambrian seawater prior ta the evolution of silica
secreting organisms [Siever, 1992] and is at the upper 
limit of weathering fluids found on contemporary Earth, 
which have silica concentrations ranging from 2 to 60 
ppm, depending on rock type [Garrels and MacKenzie, 
1971, p.160]. 

The concentration and speciation of sulfur in our 
early Mars basin water is an issue of uncertainty. On 
present-day Mars the quantity of sulfur in the soil at the 
surface is high, about two orders of magnitude greater 
than average terrestrial sail, and appears to be present 
as sulfate [Toulmin et al., 1977; Banm et al., 1992]. For 
early Mars this is perhaps less relevant: The sulfur is 
widely postulated ta have originated from volcanic gases 
(H2S/S0,) over the course of geological time [Clark, 
1979; Settle, 1979], perhaps a large component in the 
last 109 years [Banin et al., 1997]. On Earth, volcanic 
sulfur ends up as a major anion, SO~- , in the oceans, 
second only to chloride, whereas on Mars this sulfur 
has had nowhere else to go but the sail. Of course, 
sulfate may have gone through aqueous speciation be
cause of episodes of surface water. On early Mars an 
idealized CO2-weathered mafie rock would produce lit
tle sulfur-bearing species, arising only from oxidation of 
possible minor iron sulfides (which is difficult because 

3.1. General Considerations 

vVhen natural waters evaporate, the average ion con
centration in solution increases and leads to the precipi
tation of salts; after mineraI precipitation the rate of the 
concentration of the species concerned changes. Certain 
species can increase, decrease, or fluctuate as a result 
of the evaporation process. These solute fractîonatîon 
processes are important for Mars because they would re
suit in sedimentary layers and in potentially long-lived 
brines dominated by just a few chemical species" Be
sides evaporation, mineraI precipitation can aiso occur 
through a variety of other mechanisms, for example, pH 
gradients from mixing acidic streamwatel' with a more 
alkaline standing body of water such as a lake or sea, 
temperature changes including freezing effects, and re
dox changes. Here we consider an evaporative thermo
dynamic model to investigate the chemical fat.e of water 
in a sedimentary basin on early Mars. The model cal
culates the endogenic precipitates in a water column 
(i.e., those directly precipitated) arising from sequen
tial evaporation. This allows us to predict the minerai 
sequence that may result from evaporative concentra
tion as weIl as the composition of the remaining brine. 
Since the model represents thermodynamic equilibrium 
states, it also allows us to make sorne qualitative assess
ment of other possibilities for solute fractionati"on listed 
above, such as the effect of changing the solution pH. 

3.2. Model Description 

The evaporation mode} uses the general methodology 
originally conceived by Garrels and MacKenzie [1967] 
for modeling Sierra Nevada spring water and relating 
the composition to the host bedrock. This methodology 
also forms the basis of evaporation models for terrestrÎal 
lacustrine environments by Hardie and Eugster [1970], 
Eugster and Jones [1970], AI-Droubi et al. [1980], Gar
reis [1987], Herczeg and Lyons [1991], and Rajan et al. 
[1996]. 

Possible variables are temperature T, total pressure 
P(total), Pco" and the molalities m (i.e., mol kg-I) 
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and activity coefficients 7 of the dissolved species. The 
species activity ai is a dimensionless effective concen~ 

tration that is related to molality by ai = "'fimi. Sorne 
assumptions are made for practicality: (1) The ""ater is 
assumed to evaporate isothermally in equilibrium with 
the atmosphere; T = 25°C is chosen because this is 
ahove the QOC limit required for liquid water (or a low 
ionie strength solution) and is a standard temperature 
for which thermodynamic data are weIl characterized; 
however, we apply this with caution, noting that tem
peratures on Mars may have been closer to O'C; (2) 
precipitated solids are assumed ta be in equilibrium 
with the solution; and (3) thermodynamic data are used 
where P(total) is assumed as 1 atm standard because, 
unless the total pressure was higher by two or three 
magnitudes, the total pressure effect on the thermo
dynamics is very sm aIl [Carrels and Christ, 1965J and 
vastly outweighed by our uncertainties about the initial 
fluid composition. Thus total pressure effects are not 
considered ta be relevant. 

Since the solution must remain electroneutral, pos
itive charges are balanced by negative. Arranging a 
charge balance equation such that pH-dependent species 
are on the right, we get 

2mMg 2+ + 2mCa2 + + 2mFe2+ + mNa+ + mK+ 

-mCl- - 2mS02-, 
= mOH- - mH+ + 2mco'- + mHCO - (4) , , 

where mi is the molal concentration of dissolved species 
l. The molalities of the species that depend on the 
activity of the hydrogen ion, aH+, that is, that depend 

on the pH (where pH = -loglO(aH+), by definition), are 
given by Stumm and Morgan [1996, chap. 4J: 

mOR-
]{H2 O 

('YOH- )( aH+) 
(5) 

aH+ 
(6) mH+ 

'YH+ 
PCO,KH K 1K2 

(7) mco;- b co'- )(aH+)' , 
PC0 2 KHK1 (8) m HCO;-

(-rco'- )(aH+) , 
Here KH

2
0 is the dissociation equilibrium constant for 

water, KR is Henry's Law constant for dissolved CO2 , 

and K 1 and f{ 2 are the first and second dissociation 
constants of carbonic acid, respectively (Table 2). 

From an initial estimate of the ionic strength, activity 
coefficients 'Yi ~ and hence mol alti tes m i , are calculated 
to alIow the charge balance equation to be solved for 
pH. Activity coefficients are calculated from the Davies 
equation, 

( 
1° 5 ) 

log(-y;) = -Azl 1 + 105 - 0.21 (9) 

where Zi is the charge on each species, l is the ionie 
strength (1 = 0.5 L miz[) of the solution, and A is a 
constant ('" 0.5 at 25'C) [Stumm and Morgan, 1996J. 
For the initial solution with no precipitates, the pH can 
be found easily by substituting the above expressions 
for mH+, mOH-, mco2-, and m HCO - into (4) to give a , , 
simple cubie in OH. For the fluid with preeipitates, iter
ative substitution of pH i8 repeated ta calculate the m i 

Table 2. Equilibrium Constants Assumed in the Evaporation Model 

Name Equilibrium -log K Symbol Source 

Basic Components 

Water H,O = H+ +OH- 14.000 Kw 1 
Carbon dioxide CO, (g) = CO, (aq) 1.468 KH 1 
Bicarbonate CO,(aq) + H,O = H+ + HCO, 6.352 [{l 1 
Carbonate HCO, = H+ + CO;- 10.329 ](2 1 
Siderite FeC03 (s) = Fe'+ + CO;- 10.45 K~id 1 
Calcite CaC03(s) = CaH + CO;- 8.47 Kea] 1 
Hydromagnesite Mg,(CO),(OH),(s) = 

4Mg'+ + 3CO;- + 20H-
36.47 }(hmag 2 

Amorphous silica Si(OH),(s) = SiO, + 2H,0 2.70 l(l,msil 1 
Gypsum caSo, . 2H,O(s) = 

Ca'+ + SO.;-' + 2H,O 
4.58 K gyp 1 

Complexes 

CaCO~ = Ca2+ + CO;- 3.22 [(CaCOo 1 
FeCOg = Fe2+ + CO~-

, 
4.38 KF~CO~ 1 

MgCO: = Mg2+ + CO;- 2.98 J(MgCO~ 1 
CaS02 = Ca2+ + SO~- 2.30 Kc a. so o 1 , 

Values at 25°C. Sources: 1, Nordstrom et al. (1990]; 2, Morse and MacJ(enzie (1990]. 
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of pH-dependent species (e.g., OH-J, solve the charge 
balance equation again for pH, and heuce recalculate 
ionic strength and activity coefficients until convergence 
i8 achieved. 

In solution, oppositely charged ions attract each other 
and can form soluble ion pairs, for example, CaSO~(aq). 
Sa next, the proportion of each species that exists as 
a free ion i8 computed by calculating how much of 
each species i8 paired using an iteratÎve scheme similar 
to that originally developed by Garrels and Thompson 
[1962] for ion pairing ta model seawater composition. 
Adams [1971J also uses a similar methodology. Essen
tially, in addition to charge balance, we also have mass 
balance equations for each species subject to complex
ing (i.e., the formation of polyatomic soluble entities). 
For example, for carbonate we have 

mcoJ- = mco:'- free + mCaCOO + mpeCOO + mMgCOO + 
3 3' 3 3 3 

(10) 
where CaCOg, etc., are the soluble carbonate ion pairs 
considered in solution. The coIicentrations of the ion 
pairs are given by their respective equilibrium relations, 
such as 

where we assume unît y for activity coefficients of un
charged species (i.e., lCaCOO = 1). For nurnerical sirn-, 
plicity, we consider only those neutral ion pairs listed 
in Table 2. Other ion pairs also exist, such as NaC03 
and FeCI+, but an examination of equilibrium constants 
[Nordstrom et al., 1990J shows that the divalent cation 
neutral pairs listed are the dominant ion pairs affecting 
precipitation for the typical solutions we consider. Be
cause a proportion of the ions get complexed, this leaves 
a free ion concentration somewhat below the total ion 
concentration (e.g., mco~- ,free < mco;-), and this de
mands recalculation of the ionic strength and activity 
coefficients. Briefly, the method is to calculate ion pair 
concentrations from the equilibria (initially assuming 
free ion concentrations equal to total concentrations), 
revise free ion concentrations on the basis of mass bal
ance equations for total ions, recalculate ionic strength 
and activity coefficieIits, and iterate the whole proce
dure until convergence on ionic strength is achieved (see 
Adams [1971J for details). After this, pH is recalcu
lated (because activity coefficients have changed), and 
the whole procedure is repeated iteratively until con
vergence on pH is achieved. The effect of ion pairing 
is typically to delay the onset of precipitation products 
containing the complexed ions compared ta the case 
with nb complexes. Furthermore, through complexa
tian, even ions not contained in a precipitate can affect 
a precipitate's formation. For example, Fe2+ and Mg2+ 
can suppress calcite precipitation through the effect of 
Fe'+ and Mg'+ pairing with CO~-, which reduces the 
level of free CO~-. 

Given the concentration of the free ions, mineraI pre
cipitation lS determined by checking for ion activity 
products. If ions precipitate, the ion activity product 
(IAP) of the free ions involved remains constant, equal 
to the solubility product, which can result in the con
centration of a cation becoming pH-dependent. For ex
ample, if calcite precipitates, the Ca2+ concentration is 
determined by the IAP and depends on the pH through 
the pH-dependent concentration of CO~-. The equa-
tian 

CaC03 (s) = Ca2+ + CO;- (12) 

has equilibrium constant, the solubility product, given 
by 

(13) 

where aCa2+ and aco2- are the activities of calcium and , 
carbonate. The latter depends on pH through (7) as 
weil as equilibria for ion pairing. For silica the dissolved 
amount is simply allowed to increase until saturation of 
silica is reached. 

The charge balance equation is recast such that the 
pH dependence of precipitating ions is incorporated on 
the right of (4) in subsequent calculations. Thus, with 
this tnethodology we obtain a final solution state for a 
particular degree of evaporation. A more detailed de
scription of this general methodology is given by Rajan 
et al. [1996J 

4. Modeled Evolution of the Basin 
Water 

4.1. Base1ine Results 

Figure 2 shows the evolution of the baseline basin 
feedwater from a relatively dilute fluid, concentrated 
1000-fold to a brine with an ionic strength l of 1.3 
(compared to terrestrial seawater with l = 0.7). The 
change in concentration of the ions can be followed on 
the left-hand ordinate axis in Figure 2, while the corre
sponding pH for each concentration factor maps to the 
right-hand axis. The initial assumed concentration of 
bicarbonate in Table 1 is slightly decreased from 4.49 
to 4.47 xlO- 3 mol kg- 1 by enforcing equilibrium with 
a specific atrnospheric Pco,. This can be physically in
terpreted as allowing the fluid to come to equilibrium 
with the atmosphere by losing CO, with a consequent 
small increase in the pH. 

Silica is precipitated first in the sequence at a con
centration of about 2 x sin ce it is initially close to sat
uration because aqueously CO,-weathered (ultra)mafic 
rock water is high in dissolved silica (section 2.3). The 
next precipitate is siderite (FeC03 ) at a concentration 
of about 4x. This is always the first carbonate to pre
cipitate from solution because it is the most insoluble 
of the major cornmon carbonates. Further evaporation 
of basin fluid leads to the precipitation of other carbon
ates: calcite and hydromagnesite. The latter tends to 
form rather than the pure carbonate phase because of 
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Conce ntration f aclor 

Figure 2. The ionic evolution of basin water as a func
tion of concentration factor at Pco, = 2 bar. The 
ion concentrations are mapped ta the left-hand ordi
nate axis; the pH is mapped ta the right-hand ordinate 
axis. Arrows indicate the auset of precipitation events 
for various minerais at l'articular concentration levels. 

the adherence of water molecules io the Mg2+ ion in pre
cipitation. More evaporation leads ta precipitation of 
gypsum r by which time the solution i8 somewhat mOre 

concentrated than average terrestrial seawater. Thus 
the overall sedimentary sequence of early precipitates 
for this fluid Îs silica, siderite, calcite, magnesite, then 
gypsum. At tbe end of tbe 1000-foid concentration a 
concentrated brine remains, dominated by N a-Mg-CI
SO.-C03 ions. 

However j the I:!arly precipitates are important. In 
conditions of moderate summertime evaporation fol
lowed by winter/spring recharge of the basin water, fol
lowing Figure 2, we would expect annual precipitation 
events leading to varves of siderite and chert. Sucb a 
sequence, siderite-chert , might be considered a.nalogous 
to sorne microbanded sediments found in sorne Precam
brian banded iron formations (BIFs). However, a direct 
aoalogy is probably misleading: Modern majority opin
ion contends that BlF siderite-chert sediment formed 
at the cheniocline of either a deep marine environment 
or a cont inental shelf where ferrous iron and higb CO, 
were maintained by ocean Hoar bydrotbermal activity 
combined \Vith oxida,t ibn of cirganic matter. T his ma
rine, hydrothermal hypothesis is largely based on tbe 
rare Earth element (REE) hydrotherm al signatures in 
the sediments [Beukes and Klein, 1992J although the ex
act mechanisms of sedimentation and banding are still 
controversial. 

Although not explicitly modeled, for the carbonate 
sequence we expect sideri te to contaio substantial Mg2+ 
and Ca2+ ions (FeaMg;Ca,C0 3, where a + b + c = 
1 and a > b > c) and the calcite to contain substan
tial Mg2+ (CaxMgl _xCOs , where " < 1). These occur 
rather than the pure components because of the innate 
tendeocy of Fe/Ca/Mg carbonates to form solid solu-

tions. The degree of cation substitution depends upon 
the activity ofthe substituting cation in solution [Woods 
and Garrels, 1992J. Thus the hydromagnesi te would be 
relat ively pure because by the time it precipitates, the 
concentrations of Ca2+ and Fe2+ are 50 low (Figure 2) 
aS to preclude significant cation substitution. Minor 
rbodochrosite (MnC03) is also an expected component 
although not explicitly included in the mode!. 

For the carbonates the concentrations of the solu
ble neutral ion pairs are key factors in determining the 
stages at which the carbonates actually get deposited. 
Figure 3 shows the evolution of the soluble ion pairs 
corresponding to Figure 2. Il can be seen that even 
in dilute solut ion, Fe2+ is a highly effective complexing 
agent for the CO~- ion and considerably reduces the 
amou nt of rTee CO;- io solution. Up to about 95% of 
the CO;- gets tied up in the FeCOg(aq) ion pair . This 
prevents the precipitation of other carbonates . On the 
basis of the total concentrations of Fe2+ and CO~-, 
that is, the sum of free and bound ions that one would 
normally measure in the field , siderite is considerably 
supersaturated by the time a precipitate is formed. Cal
cite is also supersaturated by a factor of about 8 by the 
time it precipitates, on the basis of total ion concentra
tions, which compares fairly with the observation that 
noti ceable calcite precipitation occurs on]y for supersat
urationS by a factor of - 10 in terrestrial waters [e.g. 
Lui et al. , 1995J. At a more concentrated stage in the 
model the calcium sulfate ion pair become appreciable 
(> 10% of total sulfate gets bound up in it). 

Let us Iiow consider the efTect of various parameters, 
notably the high CO" and aqueous species in the solu-

o tian. 
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Figure 3. Changes in the concentration of the major 
carbonate soluble ion pairs for the fluid evolutioll shown 
in Figure 2. Dashed lines show the concentration of the 
ion pair species as a percentage of the total carbonate 
present in solution. The solid line shows the percent age 
sum of the ion pair concentrations. The solid line shows 
that the amount of unbound, free CO~~ is always < 
20% of the total CO~- in solution . 
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4 .2. Carbonates and Pco'J 

Siderite sediment may act as an indicator of high 
Pco

2 
on early Mars because its formation is favored 

only at relatively -high levels of P CO'l ' as we calculate 
below. Otherwise, alternat ive iran mineraIs such as sil
icates, hydroxides , or sulfides farm , depending on the 
exact pH , oxidation potential , and composition of the 
solution . On early Earth t his mineralogical approach 
seems to indicate a lack of high CO, neecled to offset the 
effeet of the faint young sun through greenhouse warm
ing, perhaps implieating (biogenie?) CH, as the likely 
greenhouse gas. [ndeed , MeI 'nik [1982] suggestecl atmo
spheric Pco, < 0.15 bar on Archean Earth using this 
argument given the observational presence of silicates 
and lack of exclusive siderite facies in oldest Archean 
BIF sediments. Later, Rye et al. [1 995] argued that 
the lack of s iderite in paleosols (i .e. , ancient terrestrial 
\Veathering profiles) would constrain the Earth's atmo
sphere to a Pco, < 40 mbar at about 2. 1 Gyr aga. 
ln con tra..:;t , on Mars one suspects that the presen ce of 
siderite sediments would indicate a past thiek CO, at
mosphere. Let us consider the necessary leve! of CO, 
in more detail. 

In a low-oxygen environ ment in the presence of dis
solved silica , if a Fe2+ mineraI precipitates, it will be 
FeC03 if Pc o'J is high and one or more iron silicates 
if Pco, is low. Thus a possible indicator for Pco, in 
early Mars sediments i5 whether sideri te or iron sili
cate gets deposited from a likely solution containing dis
solved amorphous silica. Greenalite (Fe3Si,05(OH).) , 
a black to dark green finel y grained sediment , is the sim
plest of the possible ferrous silicates and a stable phase 
in sediments. The relative stability of siderite versus 
greenali te is govem ed by the equilibrium: 

3FeC03 + 2SiO, + 2H,O == Fe3Si,05(OH)4 + 3eO, 
(14) 

A thorough and self-consistent source of Gibb's free en
ergy data on iron minerais is that compiled by Mel 'nik 
[1982] . We use the values for amorphous precipitates 
since these apply directly to the real sedimentation 
process rather than values for crystalline solids (Ta
ble 3). Applying these values to (14) , at 25'C, amor
phous greenalite will be precipitated below a threshold 
of Peol ::::::: 0. 1 bar, ratber than sideri te. Two further re
lations define the deposit ion of siderite and greenalite 1 

Fe'+ + CO, + H, O == FeC03 + 2H+ (15) 

3Fe2+ + 2SiO, + 5H,O 

== FeaSi,05(OH)4 + 6H+ (16) 

respectively, and these yield 

pH + ~ log aF, ,. 

pH + p og aFe'+ 

4.6 - log (pCO,) 

:::; 5.2 

( 17) 

(18) 

for amorphous precipitates . These equations define the 
boundaries in Figure 4 1 a stability diagram for siderite 
and greeQalite deposition in associat ion \V ith dissolved 
siJica where t he activity of aqueous divalent iron (aFe") 
is a free parameter. Renee we would expect greenalite 
ta be depositecl as the Fe2+ cornes out of solution when 
the Pco, level is lower than roughly 0.1 bar (uncertain
l ies on the Cibb's free energy data do Dot allow us to 
be more exact than this). If the Pco, level is higher, 
siderite is favored. Consequently, if atmospheric P C02 

was as high as climate models require for early Mars, 
we should expect there to be siderite facies at depth in 
sedimentary basins and Hot iron silicaiet>. 

Endogenic siderite does not form in contemporary 
laerustine environments on Earth because in the ter
restrial almosphere Pco 2 is too low for siderite forma
tion and Po, is too high for sufficient dissolved fer-

Table 3 . Gibb 's Free Energy Values Under Standard Conditions, Cf ,29B, Used in Calculations 

Formula Narne G J,298 Source 
kcal mol - l 

FeCO, siderite (crystal) -162.0 1 
-162.4 2 

FeCO, siderite (preclpitate) -160.0 1 
Fe., Si, 0 5( OH), greenalite (crystal) -717.2 1 
Fe3Si,05(OH), greenalite (precipitate) -711.5 1 
SiO, silica (arnorphous gel) -202.89 1 

-203.33 3 
Fe2+ aqueous ferrons ion -21.54 1 

-18.85 4 
CO, carbon dioxide gas -94.26 4 
H,O liquid water -56.69 

. In general, the self-consistent data set of Mel'nik [1982] is used except where Dot available. In the 
üt e ~~tu7e, there are .often discrepancies in G J,298 values, which can lead ta significant uncertainties in 
equillbnu:n ca1cu,lat ,ons, so comparison data are ruso shown . Sources: 1, Me/ 'nik [1982]; 2, l{elgesoJ1 
et al. [1 9,8J; 3, St"mm and Morgan [1996J; 4, Lide [1997J. 
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Figure 4. The stability of siderite and greenalite as a 
function of Pco 2 • As water in a closed basin evolves ta 
more alkaline conditions, siderite will be deposited at 
high Pco, levels and greenalite will be deposited at low 
Pco z levels. 

rous Iron in the first place. Consequently, calcite is 
the ubiquitous carbonate farm. However, there are two 
exceptions: Lake Nyos and Lake Monoun in Cameroon. 
These freshwater lakes, occupying maars, are fed with 
CO2 by cold volcanic vents, and organic detritus keeps 
the lake floor sufficiently reduced for a significant hy
polimnion concentration of Fe2+. As a consequence, 
siderite is the only stable carbonate phase [Bernard and 
Symonds, 1989]. In this case the sediments formed are 
not in equilibrium with the atmosphere at aIl. Thus, 
while high CO2 is required for siderite sediments, one 
must also bear in mind the depositional environment of 
sediments before ascribing bulk properties to the atma-
sphere on the basis of certain occurrences. If the Earth's 
atmosphere were indeed low in oxygen and PCO'l suffi
ciently high, siderite would be common, replacing cal
cite as the predominant carbonate on a global basis. 
We hypothesize that this may have been the situation 
on early Mars. 

Pco 2 can also affect the stage at which sedimentation 
takes place in Figure 2. The overall equation governing 
carbonate deposition (with clivaIent cation X) may be 
written as follows: 

X2+ + 2HCO;;- = XC03 + CO, + H,O (19) 

For a fixed initial fluid composition any increase in Pco
2 

will shift the equilibrium to the left by Le Chatelier's 
principle and delay the ouset of carbonate depositiou. 
However, this simplistic interpretation does not take 
into account the fact that larger Pco

2 
will increase the 

weathering rate, leading to greater cation concentra
tions, 50 that ultimately dynamic equilibrium is main
tained between weathering processes and carbonate de
position to remove CO,. This is a key point. How
ever, such a simple situation exemplified by (19) may 

apply to ice-covered lakes where CO2 becomes trapped 
and supersaturated or ta sudden, rapidly evaporating 
floods of groundwater on Mars accompanied by tempo
rary increases in Pco, [Gulick et al., 1997]. An inter
esting consideration is that in this scenario, if Pco 2 is 
sufficiently high and the initial fluid has a large con
centration of SO~-, then gypsum saturation could be 
reached prior to calcite (cf. Herzeg and Lyons [1991] 
for a similar argument applied to terrestrial lakes). 
For example, consider the initial fluid in Table 1 but 
adjusted with mCa'+ reduced to 0.3 mmol kg- 1 and 
mS0 4 > 2mCa'l+ = 0.7 mmol kg-l, say, with the over
ail charge balance maintained by altering the concen
tration of nonprecipitating CI- and Na+ to 0.3 and 
1.1 mmol kg-l, respectively. For this initial compo
sition, Figure .) shows the resulting saturation index 
(SI) of gypsum and calcite as a function of concentra
tion factor for two different PCû 2 levcls, wherc the SI, 
defined as IAP/(solubility product), is unit y if satu
ration is reached. At Pco, = 1 bar the SI of gyp
sum is < 0.5 by the time calcite is precipitated. With 
increasing Pco 2 , calcite precipitation is delayed, and 
the gypsum SI becomes progressively higher at the 
stage of calcite precipitation until a threshold PC02 is 
reached. For Pco, > 3.5 bar, gypsum will be precip
itated before calcite and will reduce the level of Ca2+ 
so that calcite deposition is reduced. This changes the 
whole precipitation sequence to silica-siderite-gypsum
hydromagnesite/ calcite. Thus calcium would be de
posited primarily in the form of gypsum beds and not 
as calcite on the Martian surface in this hypothetical 
case. 

4.3. Influence of Sulfur and Redox State 
As mentioned in section 2, sulfur is a minor species 

one expects from weathering of mafie rock, its appear
ance resulting only from minor sources in the hast rock. 
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Figure 5. Evolution of the saturation index (SI) of 
gypsum and calcite for two different Pco, levels. At 
Pco,=l bar, the solid line is the SI of calcite, and the 
dotted line is the SI of gypsum. At Pco,=3 bar, the 
dashed line is the SI of calcite and the dashed-dot line 
is the SI of gypsum. 
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5. Sedimentary Layering and Hidden 
Carbonates 

However, what if there was significant subaerial in
put from volcanic gases (H,SjSO,) into lakes on early 
Mars? 

The speciation and effec\ of sulfur in solution depend 
in a complicated manner on the redox state and pH. 
AIso, sulfur affects the stability of iron mineraIs. Fig
ure 6 shows the calculated equilibrium stability of iron 
mineraIs as a function of the total dissolved sulfur and 
electron activity (pe = -log a,-) for a weakly acidic 
pH. If Pco, is increased, the effect is to enlarge the sta
bility field of siderite, which is found ta occupy two en
vironmental regions: a highly reducing, low-sulfur zone 
and a weakly reducingj oxidizing zone. In this latter 
zone, near pe (or Eh) = 0, sulfate ions are stable. In
deed, if the pH is decreased, pH < 4, the latter siderite 
zone shifts upward on the diagram and oecupies a region 
where pe > O. Thus siderite becomes more stable in oxi
dizing environments. If the pH is increased, siderite will 
no longer be a stable phase and will be rcplaced with 
iron silicate. If the pH, solution composition, and Pco

2 

level are constant, a change of redox potential is the 
only mechanism that can lead to mineraI deposition. 
For high oxidation potential, iron will form a brown 
gelatinous precipitate of Fe(OH)s. This iron hydroxid~ 
is unstable and irreversibly converts in time to a stable 
oxide like magnetite or hematite, depending on the di
agenetic environment. Figure 6 also indicates that we 
expect to find iron oxide sediments in association with 
siderite but not with iron sulfide. In general, the effect 
of a greater concentration of sulfur is to somewhat de
crease the stability of siderite as a possible phase and 
could lead to iron oxide or iron sulfide sediments de
pen ding on the precise combination of redox pote~tial, 
pH, and Pco,. 
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Figure 6. The stability of iron mineraIs as a [unction 
of electron activity (redox) and total dissolved sulfur 
(pH=5.5). Two cases are shown: (solid line) Pco, = 
0.1 bar and (dashed line) Pco, = 2 bar. 

Eventually, as the climate became unfavorable on 
Mars, a sedimentary basin would no longer be recharged 
with water and the lake would either totally evaporate 
or diminish under ice cover (because aeolian ablation 
of the ice would remove water). In the former case, 
after the initial sequence of carbonate sediments, fur
ther evaporation of the brine results in the deposition 
of highly soluble salts. Which salts get deposited de
pends mainly on the initial composition of the brine in 
the basin. In principle, evaporite salts therefore record 
the major ions of the ancient water composition. Ta
ble 4 lists the expected evaporite mineraIs from ter
restrial evaporites based on the initial brine. From the 
calculations presented earlier we expect a Martian brine 
to be similar to the terrestrial "nonmarine" type but 
with Mg2+ as an addition al major component. The ex
tent to which the expected highly soluble evaporite salts 
apply to Mars is moderated by our knowledge of the 
different atmospheric composition which will affect the 
precipitation sequence. For example, trona (Na2C03-

NaHC03 ·2H,O) is a common sodium carbonate precip
itate from saline alkaline Jakes on Earth (e.g., Lake Ma
gadi in Kenya, where it accumulates on the lake bed at a 
rate of 0.3 cm yr- 1 [Eugsler, 1970]) or, alternatively, na
tron (Na2C03·10H,O) may form at lower temperatures 
« 20'C). However, on Mars we would expect nahcolite 
(NaHC03) to be the predominant sodium carbonate in 
evaporites because it tends to form at higher PC02 on 
the basis of the equilibria: 

2NaHC03 + H,O 

"" Na,C03 · NaHC03 · 2H,O + CO, (20) 

2NaHC03 + 9H,O "" Na,C03 · 10H,O + CO, (21) 

However, to shift these equilibria to the left merely re
quires a minimum PC02 level of,...., 2~10 mbar for a tem
perature range of 0' to 40'C [Monnin and Scholl, 1984]. 
Thus, while useful for studies of terrestrial paleoatmo
spheres (as originallysuggested by Eugster[1966]), nah
colite would not be an effective tracer of the early Mar
tian atmosphere given the present Pco-, on Mars of 
~ 6 mbar. -

Siderite-calcite-magnesite facies would tend to be de
posited early in the sequence and hidden beneath gyp
sum and halite layers. However, in a lake open to 
the atmosphere (i.e., unfrozen) they would be closest 
to the surface near the edges of a concave basin since 
the highly soluble salts pool at the center before finally 
precipitating from solution. A schematic diagram (Fig
ure 7) shows a possible morphology. The sedimentary 
sequence shown represents the center of the basin and, 
although only salts are depicted, in reality there are 
likely to be clastic sediments also (such as clays). Surfi
cial carbonate deposits were likely exposed to sulfurous 
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Table 4. Typical MineraIs Evolved From the Final Stages of Evaporation of Brines in the Production 
of Terrestrial Evaporites Aftet Deposition of Alkaline Earth Carbonates 

Brine Type 

"Nonmarine" 
N a~ K~C03~Cl~SO, 

"Marine" or marine! 
nonmarine mixtures 
N a~K~Mg~Cl-S04 

Hydrothermal 
N a~K~Mg~Ca~Cl 

After Hardie [1991]. 

Characteristic Evaporite MineraIs 

halite, Na carbonates/sulfates 

gypsum, halite, Na/Mg sulfates, 
Mg/K chio rides 

gypsum, anhydrite, halite, 
Mg/K/Ca chlorides 

Key Type Indicators 

sodium carbonates 

MgfN a sulfates 

KCl ± CaCb with absence of 
NaZ S04 and MgS04 ; rare Earth 
elements 

outpourings from volcanic activity later in Martian his
tory (which may have been responsible for the high sul~ 
fur content of Martian sail). This would have destroyed 
carbonates according to 

addition, it has been proposed by Mukhin et al. [1996] 
that surface carbonates on Mars are directly photo de
composed by shortwave ultraviolet; however, their ex
periments were conducted in high vacuum rather than 
CO2 , which makes their conclusion uncertain because 
the presence of CO, would obviously act chemically 
ta oppose any decomposition. A further consideration 
for siderite, in particular, is photochemical oxidation. 
On Mars today near the surface one expects a heavily 
oxidized layer covered with the ubiquitous wind-blown 

(FejMgjCa)C03 + S03 = (FejMgjCa)S04 + CO2 

(22) 
where the S03 originates from photo-oxidation of vol
canic S02 or H2 S [Settle, 1979]. This reaction has been 
demonstrated in the laboratory [Clark et al., 1979]. In 

/ NEAR~SURFACE CARBONATE 
/ . (EXPOSEDBYIMPACTCRATER) 

EVAPORATION BASIN ~ 
!;;; HIGHLYSOLUBLESALTS ~ "\ 

//;; ////// / \\\\\\\\\\~ 
Figure 7. Hypothetical morphology of a sedimentary basin on Mars from a long~lived lake that 
evaporated. Lakes that were short-lived may be dominated by clastic sediments, and thosethat 
became ice-covered rnay also have different morphological features. 
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Martian dust of almost uniform composition on the ba
sis of Viking and Pathfinder results [Clark et al. , 1982; 
Ri.der et al., 1997J. ln the contemporary Martian at
mosphere the OH number density may be typically 10-
100 times less th an in the Earth's atmosphere [Hunten , 
1974], and there is only 0.13% by volumeofoxygen com
pared to the Earth 's copious biological supply. How
ever , over a geologically short t imescale on Mars , wruch 
unlike Earth lacks liquid water to dissolve photochem
ical oxidants, all the surface layers will have globally 
oxidized to a depth ofseveral centimeters by oxidant dif
fusion [Bullock et al. , 1994; Hartman and McKay, 1995; 
Quinn and Zent, 1998J ; mechanical mixing via crater
ing may have increased the global oxidation depth to a 
few meters [Zent, 1998J. T hus some Fe'+ compounds 
may be oxidized at the surface given the constant flux 
of oxidants due to photo dissociation of water vapor in 
tbe atmosphere. Exposed at the surface, it is uncer
tain whether siderite, in particular, would remain sta
ble against oxidation [Gooding, 1978J. Infrared remote 
sensing, which samples only the first few tens of mi
crons, is t herefore unlikely to reveal the identity of the 
most intriguing minerais relating tü early Mars. These 
are buried and require in situ studies. NevertheJess, 
debris naturally excavated by impacts and strewn on 
the surface allows us to sam pIe deep sediments with
out recourse tü deep drilling. The survival of rcduced 
compounds like siderite or even organics in the interior 
of such debris seems plausible given the small diffusion 
depth of photochemical oxidants, experimentally deter
mined as < 10 cm [Quinn and Zent, 1998J. 

6. Discussion 

Aqueous thermodynamic caJculations were used to 
investigate the possible deposition of carbonates, sul
fates/sulfides , silica, and silicates from sequential evap
oration in a closed sedimentary basin fed by water Crom 
weathered igneous rock in a thicker CO2 atmosphere. 

Results of the calculations imply the following: 
1. Assuming that conditions are neither strongly oxi

dizing nor strongly redu cing, siderite (FeC03 ) , the most 
insoluble of the major carbonates, is always the first car
bonate mineraI to precipitate and is predicted to be a 
significant facies component in early Martian carbon
ate sediments for this reason. If a basin is periodically 
recharged with fluid and continually evaporates, siderite 
sedimentary beds will build up. 

2. If it is true that levels of Pco, were several times 
0.1 bar on early Mars, then siderite facies (or their di
agenetic alteration products) deposited in that. epoc.h 
will act as an indicator of this high Peo,; otherwise, 
(dark-colored) hydrous iron silicates are more proba
ble sed iments. If such siderite sediments do not ex
ist, it does not necessarily rule out high levels of Pea,. 
For example, we might find pyrite if a high concentra
tion of sulfur was present in the water and conditions 
were more reducing; or we might find iron oxides only 

if our assumption about the anoxicity of the environ
ment is somehow erroneous. However, endogenic hy
drous iron silicate sediments would argue against high 
Peo, at the time of deposition. It is also worth noting 
that on Earth such silicate sediments are often found 
in assocation with Iron oxides; in additioll , greenalite, 
a possible si licate, is moderately magnetic, turning ta 
a black , strongly magnetic ferric form if heated [JolifJe, 
1935J . 

3. ln general, the carbonate precipitation sequence 
consists of siderite, followed by calcite, followed by hy
dromagnesite. Solid solution chemistry, though not ex
plicitly included , leads to some further conclusions. We 
expect considerabJe substitution of Mg and Ca cations 
ioto the siderite and sorne Mg substitution iota the cal
cite on the basis of on the evolution of the concentration 
of these cations in solution. In contrast , the magnesite 
would be relatively pure because the Fe2+ and Ca2+ 
concentrations in solution are relatively very IDW by the 
stage that magnesite precipitates. 

4. Carbonate precipitation i5 strongly influenced by 
the ion-pairing bebavior of the clivaient cations, as it 
is in terrestrial seawater [Garrels et al., 1961J. [n the 
model of Martian water, Fe2+ typically complexes 80-
95% of the CO~~ into the FeCO~( aq) ion pair prior to 
siderite precipitation and thereby suppresses the pre
cipitation of other carbonates by reducing the activity 
of the free CO;~ ion. At a more coneentrated stage the 
MgCOg( aq) ion pair becomes the dominant carbonate 
complex. 

5. Silica is expected to precipitate early in the se
quence along with siderite. This is because silica is pro
duced by aqueous CO, weathering of igneous rocks as a 
significant component of the initial solution and is likely 
to be close to saturation. 

6. Gypsum precipitates from solution generally af
ter calcite and hydromagnesite. However, under certain 
unusual circumstances, it is possible that gypsum could 
precipitate prior to calci te. For example, if the ratio of 
SO~- relative to Ca2+ is in creased in our baseline fluid 
to > 2, and Pea, is greater than about 3.5 bar , this 
chemical divide occurs, assuming no resupply of freshly 
weathered ions. 

7 . After carbonate and gypsum precipitation, the 
main components of the resulting brine depend upon 
our assumptions about the initial composition of the 
dilute fiuid. However, on the basis of assumptions and 
ca1culations here, a Na-CI-S04-Mg-C03 brine composi
tion is expected at near neutral pH (although climatic 
lowering of PC02 after brine formation would raise the 
pH) . Further evaporation would result in the deposition 
of salts such as halite (NaCI) , sylvite (KC1) , nahcolite 
(NaHC03 ) , magnesium sulfates, sodium sulfates, and 
other highly soluble minerais. [t is possible that abi
oticall y fixed nitrate, which would be leached from the 
surface and enter groundwater, may be an evaporite salt 
component also although this species has been ignored 
in the mode!. 
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FinaUy, one should noie Ihal Ihe model presenled 
here is a "case study." There are certain assumptions 
concerning the nature of the early Mars water (e.g., 
using terreslrial analogs) Ihal may differ from realily 
ta a degree that remains unknown until we have more 
extensive observational data concerning Mars and its 
early conditions. 

6.1. Possible Application ta Carbonates in 
Martian Meteorites 

AU subgroups of the shergoltites, nakhlites, and chas
signites contaÎn traces of salts, including carbonates and 
sulfates, that have been interpreted as minerais pre
cipitated from water [Gooding, 1992]. Tiny amounts 
of evaporites in the fractures of Martian meteorites 
can be c.onsidered within the context of an evaporite 
model as what would happen if tiny droplets of the 
initial water were allowed ta evaporate. It is interest
ing ta note that the mineral assemblage resulting from 
the baseline evaporite model discussed here is consis
tent with the hypothesis of Bndges and Grady [1998] 
that salts in the N akhla Martian meteorite, in partic
ular, are derived from an ancient evaporite sequence 
that was încorporated into the basal tic melt and that 
pre dates the basait. They report a Nakhla carbon
ate component dominated by siderite (about 20-90%) 
with lcsser amounts of calcite « 6%), magnesite, and 
rhodochrosite; also, the more soluble salts comprise 
anhydrite (CaS04, a possible dehydration product of 
gypsum) and halite (NaCI). Bridges and Grady have 
suggested an evaporite origin based on several factors. 
These include the SC' 3 '" 50% in the siderite compared 
ta Sl3C '" -12% in the bulk N akhla, which suggests 
derivatioll of the carbonate from the Marhan atmo
sphere. The REE signature in the salts also suggests 
a nonhydrothermal origin. 

The origin of salts in the ALH84001 meteorite is con
troversial. Because the carbonate globules are assocÎ
ated with hydrocarbons, alleged microfossils, and sup
posed biogenic minerais [McKay et al., 1996], it is im
portant to understand their origin. An evaporite ori
gin for the carbonate globules in the ALH84001 mete
orite has been proposed, where water perhaps ùating 
from the Hesperian or N oachian percolated subsurface 
to precipitate minerais in tiny fractures [Warren, 1998]. 
McSween and Harvey [199Sa, h] have suggested infil
tration of a saline lake into shock-induced fractures at 
the base of a closed drainage basin, such as an impact 
crater. The carbonate globules have iron-ri ch cores and 
progress to pure magnesite rims [Valley et al., 1997]. 
This is broadly consistent with the minerai assemblage 
resulting from the aquatic chemistry calculations pre
sented in this paper for evaporating fluid. Formation of 
the carbonates from an evaporating droplet would de
velap on a central nucleus of Fe-rich carbonate. Physi
cal factors, such as water stratification [Warren, 1995] 
or the occlusion of pore spaces by the carbonates [Mc
Sween and Harvey, 1995bL are needed to account. for 

the lack of typical evaporite mineraIs like halite, which 
would be expected to accompany the carbonates. Un
fortunately, the ALHS4001 salts were likely subject ta 
multiple shock events and melting on Mars prior to ejec
tion [Treiman, 1995], sa the considerable complexity of 
the salt chemistry is unlikely to lend itself to simple În
terpretation. However 1 an argument can be made that 
the original carbonate component was evaporite in ori-· 
gin [Scott, 1999]. 

6.2. Implications for Exploration 

Upcoming sample-return missions could provide de
finitive answers that Martian meteorites cannot but 
only if samples are judiciously chosen; otherwise, re
turned samples may be just as complicated and con
troversial to interpret as the meteorites. \Vhat is clear 
is that future sam pIe return missions or human explo
ration should foeus on N oachian sedimentary and evap
orite basins: These are places ta search for vestiges 
of life as weIl as the past climate. Buried carbonate 
sediments , representative of early water chemistry, are 
best accessed by targeting basins where smaU, geologi
cally recent. impact craters within the basin have thrown 
up sediments from depth. Deep drilling IS probably 
impractical in the near-term. The optimum scenario 
would be if the impact crater is in the outer part of a 
concave basin "vhere carbonates may be closer to the 
surface (Figure 7). In the interior of debris thrown out 
from a crater 1 unoxidized sedimentary material could 
be protected from photochemical oxidants. For iden
tifying siderite in situ, after removing oxidized surfi
cial layers , a sensitive technique would be Mossbauer 
spectrometry; alpha-proton X-ray spectroscopy and in
frared techniques would also be suitable. Sinlilarly, it is 
important to look for hydrous ferrous silicates as pos
sible products of aqueous alteration, which has also 
been suggested by Calvin [1998]. Returned samples, 
of course, vmuld present the additional opportunity for 

, dating mineraI assemblages unambiguously through ra-
dioisotopes so that we can tie a particular environment, 
location, and sediment to a specific absolu te time. In 
this way, \ve can have sorne hope of addressing the fun
damental issue of the evolution of the Martian climate 
over geological time on a direct observational basis. 

Acknowledgments. This research was undertaken dur
ing a National Research Council Resident Associateship at 
N ASA Ames Research Center. In pursuing this work, l am 
grateful to Robert Haberle (Figure 1 is based on an earlier 
sehematie of his) and Christopher McKay of NASA Ames for 
their help and encouragement. l also thank Kevin Zahnle, 
who provided helpful comments on an early draft of the 
manuscript, and two anonymolis reviewers who helped im
prave the final draft. 

References 

Adams, F., Ionie concentrations and activities in sail solu
tions, Soil Sci. Soc. Am. Proc., 35, 420-426, 1971. 

AI-Droubi, A" B. Fritz, J.-Y. Gac, and Y. Tardy, General
ized residual alkalinity concept: Application ta prediction 



CATLING: SEDIMENTARY MINERALS ON EARLY MARS 16,467 

of the chemical evolution of natural waters by evapora
tion, Am. J. Sci., 280, 560-572, 1980. 

Arvidson, R. E., E. A. Guiness, and S. Lee, Differentiai ae
alian redistribution rates on Mars, Nature, 278, 533-535, 
1979. 

Baird, A. K., and B. C. Clark, On the original igneous source 
of Martian fines, Icarus, 45, 113-123, 1981. 

Baker, V. R., R. G. Strom, V. C. Gulick, J. S. Kargel, G. Ko
matsu, and V. S. Kaie, Ancient oceans, ice sheets and the 
hydrological cycle on Mars, Nature, 352, 589-594, 1991. 

Banin, A., B. C. Clark, and H. Winke, Surface chemistry 
and mineralogy, in Mars, edited by H. H. Kieffer et aL, 
pp. 594-625, Univ. of Ariz. Press, Tucson, 1992. 

Banin, A., F. X. Han, 1. Kan, and A. Cicelsky, Acidic 
volatiles in the Mars soil, J. Gcophys. Res., 102, 13,341-
13,356, 1997. 

Bernard, A., and R. B. Symonds, The significance of siderite 
in the sediments from Lake N yos, Cameroon, J. VoJeanoJ. 
Geotherm. Res., .'39, 187-194, 1989. 

Beukes, N., and Klein, C., Models for iron-formation deposi
tian, in The Proterozoie Biosphere, edited by J. W. Schopf 
and C. Klein, pp. 147-151, Cambridge Univ. Press, New 
York, 1992. 

Brack, A., B. Hofmann, G. Horneck, G. Kurat, J. Maxwell, 
G. G. Ori, C. Pillinger, F. Raulin, N. Thomas, and 
F. 'VVestall, The search for life on Mars, ESA exobiology 
study team final report., Eur. Space Agency, Paris, 1998. 

Bridges, J. C., and M. M. Grady, Melted sediment in N akhla 
(abstract), Proe. Lunar Planet. Sei. Conf. 29th, 1399-
1400, 1998. 

Bullock, M. A., C. R. Stoker, C. P. McKay, and A . .P. Zent, A 
coupled soil-atmosphere model of H2 0 2 on Mars, Iearus, 
107, 142-154, 1994. 

Bm'ns, R. G., Rates and mechanisms of chemical weather
ing of ferromagnesian silicate minerais on Mars, Geoehim. 
Cosmoehim. Acta, 57,4555-4574, 1993. 

Calvin, W. M., Could Mars be dark and altered?, Geophys. 
Res. LeU., 25, 1597-1600, 1998. 

Carr, M. H., Recharge of the early atmosphere of Mars by 
impact-induced release of CO2 , Iearus, 79,311-327,1989. 

Carr, M. H., Post Noachian erosion rates: Implications for 
Mars climate change (abstract), Proe. Lu.nar Planet. Sei. 
Conf. 23rd, 205-205, 1992. 

Carr, M. H., The Martain drainage system and the origin of 
valley networks and fretted channels, 1. Geophys. Res., 
100, 7479-7507, 1995. 

Carr, M. H., Water on Mars, Oxford Univ. Press, New York, 
1996. 

Catling, D. C., Sorne possible mineralogical tracers of the 
dimate on early Mars (abstract), Proc. Lu.nar and Planet. 
Sci. Conf. 29th, 1568-1569, 1998. 

Clark, B. C., Is the Martian lithosphere sulfur-rich?, J. Geo
phys. Res., 84,8395-8403, 1979. 

Clark, B. C. and D. C. Van Hart, The salts of Mars, Icarus, 
45,370-378, 1981. 

Clark, B. C., A. K. Baird, R. J. Weldon, D. M. Tsusaki, 
1. Schnabel, and M. P. Candelaria, Chemical composi
tion of Martian fines 1. Geophys. Res., 87, 10,059-10,067, 
1982. 

Clark, B. C., S. 1. Kenley, D. 1. O'Brien, G. R. Huss, 
R. Mack, and A. K. Baird, Heterogeneous phase reac
tions of Martian volatiles with putative regolith mineraIs, 
J. Mo/ec. Evo/., 14, 91-102, 1979. 

Costard, F. M., Thickness of sedimentary deposits of the 
mouth of the outflow channels (abstract), Pme. Lunar 
Planet. Sei. Conf. 19th, 211-·212, 1988. 

Craddock, R. A., and T. A. Maxwell, Geomorphic evolu
tion of the Martian highlands through ancient fluvial pro
cesses, Icarus, 98,3453-3468, 1993. 

Craddock, R. A., T. A. Maxwell, and A. D. Howard, The 

early history of Mars as told by degraded highland impact 
craters, in Conference on Early Mars, edited by S. M. Clif
ford et aL, pp. 20-21, Lunar and Planet. rnst., Houston, 
Tex., 1997. 

DeBraal, J. D., M. H. Reed, and G. S. PlumIee, Calcu
lated mineraI precipitation upon evaporation of a model 
Martian groundwater near oC (abstract), In Workshop on 
Chemieal Weathering on Mars, LPI Tech. Rep. 92-04, pp. 
10-11, Lunar and Planet. Inst., Houston, Tex., 1993. 

Edgett, K. S., and T. J. Parker, Water on early Mars: Pos
sible subaqueous sedimentary deposits covering ancient 
cratered terrain in western Arabia and Sinus Meridiani, 
Geophys. Res. LeU., 24, 2897-2900, 1997. 

Eugster, H. P., Sodium carbonate-bicarbonate mineraIs as 
indicators of P C02 , J. Geophys. Res., 71, 3369·_·3377, 
1966. 

Eugster, H. P., Chemistry and origin of the brines of Lake 
Magadi, Kenya, Mineral. Soc. Am. Spec. Pap., 3, 215-
235, 1970. 

Eugster, H. P., and B. F Jones, The evolution of closed-basin 
brines, Am. J. Sei., 279,609-631, 1970, 

Forget, F., and R. T. Pierrehumbert, Warming early Mars 
with carbon dioxide clouds that scatter infrared radiation, 
Science, 278, 1273-1276, 1997. 

Forsythe, R. D., and C. R. Blackwelder, Closed drainage 
basins of the Martian highlands: Constraints on the early 
Martian hydrologie cycle, J. Geophys. Res., 103,31,421-
31,431, 1998. 

Forsythe, R. D., and J. R. Zimbelman, A case for ancient 
evaporite basins on Mars, 1. Geophys. Res., 100, 5553-
5563, 1995. 

Garrels, R. M., Genesis of sorne ground waters from igneous 
rocks, in Researehes in Geoehemistry, vol. 2, edited by 
P. H. Abelson, pp. 405-420, John Wilcy, New York, 1967. 

Garrels, R. M., A model for the deposition of the mi
crobanded Precambrian iron formations, Am. J. Sei., 
287,81-106,1987. 

Garrels, R. M., A mode! for the deposition of the mi
crobanded Precambrian iron formations - Reply, Am. J. 
Sei.! 288,669-673, 1988. 

Garrels, R. M., and C. 1. Christ, Solutions, Minerais and 
Equ.ilibria, Harper and Row, New York, 1965. 

Garrels, R. M., and F. T. MacKenzie, Origin of the chemical 
compositions of sorne springs and lakes, in Equilibrium 
Concepts in Natural Water Systems, edited by W. Stumm, 
pp. 222-242, Am. Chem. Soc., Washington, D. C., 1967. 

Garrels, R. M., and F. T. MacKenzie, Evolution of Sedimen· 
tary Rocks, W. W. Norton, New York, 1971. 

Garrels, R. M., and M. E. Thompson, A chemical model 
for sea water at 25°C and one atmosphere total pressure, 
Am. J. Sei., 260,57-66, 1962. 

Garrels, R. M., M. E. Thompson, and R. Siever, Control 
of carbonate solubility by carbonate complexes, Am. J. 
Sci., 259,24-45, 1961. 

Goldspiel, J. M., and S. W. Squyres, Ancient aqueous sedi
mentation on Mars, Icarus, 89, 392-410, 1991. 

Gooding, J. 1., Chemical weathering on Mars: Thermody
namic stabilities of primary minerals (and their alteration 
products) from mafic igneous rocks, Icarus, 33,483-513, 
1978. 

Gooding, J. L, Soil mineralogy and chemistry on Mars: Pos
sible cIues from salts and clays in SNC meteorites, Iearus, 
99, 28-41, 1992. 

Grin, E. A., and N. A. Cabrol, Limnologie analysis of Gusev 
Crater paleolake, Mars, Icarus, 130,461-474,1997. 

Gulick, V. C. (Ed.), Nlars Surveyor2001 LandingSite Work
shop Report, NASA Arnes Res. Cent., Moffett Field, Calif., 
Jan. 1998. 

Gulick, V. C., D. Tyler, C. P. McKay, and R. M. Haberle, 
Episodic ocean-induced CO2 greenhouse on Mars: Impli-



16,468 CATLlNG: SEDIMENTAcRY MINERALS ON EARLY MARS 

cations for fluvial valley formation, [carus, 130, 68-86, 
1997. 

Haberle, R. M., Early Mars climate models, J. Geophys. 
Res., 103,28,467-28,479, 1998. 

Hardie, 1. A., On the significance of evaporites, Annu. Rev. 
Earth Planet. Sei., 19, 131-168, 1991. 

Hardie, 1. A., and H. P. Eugster, The evolution of dosed
basin brines, Mineral. Soc. Am. Spec. Pap., 3, 273-290, 
1970. 

Hartman, H., and C.P. McKay, Oxygenic photosynthesis 
and the oxidation state of Mars, Planet. Space Sei., 43, 
123-128, 1995. 

Helgesou, H. C., J. M. Delany, H. W. Nesbitt, and D. K. Bird, 
Summary and critique of the thermodynamic properties 
of Nck-forming minerals, Am. J. Sei., 278Jl, 279 pp. 

Herczeg, A. 1.. and W. B. Lyons, A chemical model for 
the evolution of Australian sodium chloride lake brines, 
Palaeogeogr. Palaeoclimatol. Palaeoecol., 84, 43-53, 1991. 

Rolland, H. D., The Chemistry of the Atmosphere and 
Oceans, John Wiley, New York, 1978. 

Holland, H. D., The Chemical Evolution of the Atmosphere 
and Oceans, Princeton U niv. Press, Princeton, N . .1., 1984. 

Hunten, D. M., Aeronomy of the lower atmosphere of Mars, 
Rev. Geophys., 12, 529-535, 1974. 

Hviid, S. F., et al., Magnetic properties experiments on the 
Mars Pathfinder Lander: Preliminary results, Science, 
278,1768-1770, 1997. 

Jakosky, B. M., and J. H. Jones, The history of Martian 
volatiles, Ret'. Geophys., 35, 1-16, 1997. 

Joliffe, F., A study of greenalite, Am. Mineral., 20, 405-425, 
1935. 

Kasting, .1. F., CO2 condensation and the climate of early 
Mars, Icarus, 71,1-13, 1991. 

Kasting, J. F., Planetary atmospheres - Warming early 
Earth and Mars, Science, 276, 1213-1215, 1997. 

Krupp, R., T. Oberthür, and \V. Hirdes, The early Pre
cambrian atmosphere and hydrosphere: Thermodynamic 
constraints from mineral deposits, Econ. GeaI., 89, 1581-
1598, 1994. 

Lide, D. R. (Ed.), Handbook of Chemi.stry and Physics, CRe 
Press, Boca Raton, Fla., 1997. 

Liu, Z., U. Svensson, and D. Buhamann, Hydrodynamic 
control of inorganic calcite precipitation in H uanglong 
Ravine, China: Field measurements and theoretical pre
diction of deposition rates, Geochim. Cosmochim. Acta, 
59,3087-3097, 1995. 

LyOllS, Vi. B., R. A. Welch, K. Neumann, J. K. Toxey, 
R. McAfthur, C. Williams, D. M. McKnight, and D. Moor
head, Geochemical linkages among glaciers, streams and 
lakes within the Taylor Valley, Antarctic,,", in Ecosystem 
Dynamics in a Polar Desert The lVJcMurdo Dry Valleys, 
Antarctica, edited by J. C. Priscu, pp. 77-92. AGU, 
Washington, D. C., 1998. 

Malin, M. C., and M. H. Carr., Groundwater formation of 
Martian valleys, Nature, 397, 589-591, 1999. 

McEwen, A. S., M. C. Malin, M. H. Carr, and W. K. Hart
mann, Volumino1.l.s volcanism on early Mars revealed in 
Valless Marineris, Nature, 397, .584-586, 1999. 

McKay, C, P., and W. 1. Davis, Duration of liquid water 
habiLats on early Mars, Icarus, 90,214-221, 1991. 

McKay, C. P., and S. S. NedeU, Are there carbonate deposits 
in the Valles 1'1arineris, Mars?, IcartJs, 73,142-148,1988. 

McKay, D. S., E. K. Gibson, K. 1. Thomas-Keprta, H. Vali, 
C. S. Romanek, S. J. Clemett, X. D. F. Chillier, C. R. 
Maechling, and R. N. Zare, Search for past life on Mars: 
Possible relie biogenic activity in Martian meteorite ALH-
84001, Science, 273, 924-930, 1996. 

McSween, H. Y., \Nhat we have learned about. Mars from 
SNC meteorites, Meteoritics, 29, 757-779, 1994. 

McSween, H. Y., and R. P. Harvey, Outgassed water on 
Mars - Constraints from melt inclusions in SNC mete
orites, Science, 259, 1890-1892, 1993. 

McSween, H. Y., and R. P. Harvey, Brine evaporation: An 
alternative model for the formation of carbonates in Allan 
Hills 84001 (abstract), Meteoritics, 33, A103, 1998a. 

McSween, H. Y., and R. P. Harvey, An evaporation model 
for formation of carbonates in the ALH84001 Martian me
teorite, Int. Geai. Reu., 40, 774-783, 1998b. 

MePnik, Y. P., Precambrian Banded Iron~Formations: Phys~ 
icochemical Conditions of Formation, Elsevier, New York, 
1982. 

Mit.t.lefehldt, D. W., ALH84001, a cumulate orthopyroxenite 
member of the Martîan meteorite clan, Meteoritics, 29, 
214"-221, 1994. 

Monnin, C., and J. Schott, Determination of the solubility 
products of sodium cafbonate mineraIs and application 
ta trona deposition in Lake Magadi (Kenya), Geochim. 
Cosmochim. Acta, 48, 571-581, 1984. 

Morse, J. W., and F. T. MacKenzie, Geochemistry of Sedi
mentary Carbonates, Elsevier, New York, 1990. 

Mukhin, 1. M., A. P, Koscheev, and H. Wanke, Experimen
tal simulations of the photodecomposition of carbonates 
and sulphates on Mars, Nature, 379, 141-143, 1996. 

Murphy, W. M., and D. S. Bass, Greenhouse gases and gas
water-rock interactions at the surface of early Mars (ab
stract), Bull, Am. Astron. Soc., 30, 11.03, 1998. 

Murphy, W. M., and H. C. Helgeson, Thermodyna.mic and 
kinetic constraints on reaction rates among mineraIs and 
aqueous solutions, IV, Retrieval of rate constants and ac
tivation parameters for the hydrolysis of pyroxene, wol
lastonite, olivine, andalusite, quartz and nepheline, Am. 
J. Sci., 289, 17-101, 1989. 

Nordstrom, D. R., 1. N. PlumIüer, D. Langmuir, E. Busen
berg, H. ),.1. May, B. F. Jones, and D. L Parkhurst, Re
vised chemical equilibrium data for major water-mineral 
reactions and their limitations, in Chemical Modeling in 
..4queou.~ Systems II, edited by D. D. Melchior and R. 1. 
Bassett, pp. 393-413, Am. Chem. Soc., Washington D. 
C., 1990. 

Parker, T. J., R. S. Saunders, and D. M. Schneeberger, 
Transitional morphology in the west Deuteronilus Men
sae region of Mars: Implications for modification of the 
lowlandjupland boundary, Icarus, 82, 111~145, 1989. 

Parker, T. J., D. S. Gorcine, R. S. Saunders, D. C. Pieri, 
and D. M. Schneeberger, Coastal geomorphology of the 
Martian northern plains, J. Geophys. Res., 98, 11,061-
11,078, 1993. 

Pollack, J. B., J. F. Kasting, S. M. Richardson, and K. Po
liakoff: The case for a wet, warm climate on early Mars, 
Icarus, 71, 203-224, 1987. 

Quinn, R. C., and A. P. Zent, Heterogeneous catalysis of 
hydrogen peroxide vapor by Martian soil analogs: Im
plications for regolith :penetration depths of photochemi
cally produced oxidants on Mars (abstract), Proc. Luna1' 
Planet. Sei. Conf. 29th, 1998. 

Rajan, S., F. T. MacKenzie, and C. R. Glenn, A thermody
namic model for water column precipitation of siderite in 
the Plia-Pleistocene Black Sea, Am. J. Sei., 296,506-548, 
1996. 

Rieder, R., T. Economou, H. Wiinke, A. Turkevich, J. Crisp, 
J. Breckner, G. Dreibus, and H. Y. McSween, The chem
ical composit.ion of Martian soil and rocks returned by 
the mobile alpha proton X-ray spectrometer: Preliminary 
results from the X-ray mode, Science, 278, 1771-1774. 
1997. 

Rye, R., P. H. Kuo, and H. D. Holland, At.mospheric carbon 
dioxide concentration before 2.2 billion years aga, Nature, 
S78, 603-605, 1995. 



CATLING: SEDIMENTARY MI NERALS O N EARLY MARS 16,469 

Sagan, C., and C . Chyba, T he early faint sun parada=<: Or
ganie shielding of ultraviolet-labile greenltouse gases, Sci
ence, 276, 1217- 1221, 1997. 

Scott, D. H., J. W. IDee, and J . M. Dohm, Martian paJeo
lakes and waterways: Exobiologica.l implications, Origins 
Life Eva/. Biosphue, 21, 189-198, 1991. 

Scott , E. R. D., Origin of carbonate-magnetite-sulfide as
sembla.ges in MaTtian meteorite ALH8400l , J. Geophys. 
Res. , J04 , 3803- 3814 , 1999. 

Settle, M., Format ion and deposition of sulfate aerosols on 
Mars, J. Geophys . Res., 84, 8343- 8354, 1979. 

Siever, R. , The silica cycle in the Precambrian , Geochim. 
Cosmochim. Acta, 56, 3265-3272, 1992. 

St'Q.mm, W., and J . J. Morgan, Aquatic Chemistry, John 
W iley, New Ya ,k , 1996. 

TOlllmin, P., A. K. Baird , B. C . Clark, K. KeU, H. J . Ro,e, 
R . P . Chris tian , P. H. Evans, and W. C. Kelliher , Geo
chemical and mineralogical interpretation of the Viking 
inorganic chemical results, J . Geophys. Res., 82, 4625-
4634, 1977. 

Treiman, A. H., The history of Allan Hills 84001 revised : 
Multiple shock events, Meleoritics, 33, 753- 764, 1998. 

Valley, J. W., J. M. Eiler, C. M. Graham, E. 1<. Gibson, 
C. S. Romanek, and E. M. Stolper, Low-temperature car
bonate concretions in t he Martian meteorite ALH84001: 
Evidence (rom stable isotopes and mineralogy, Science, 
275, 1633- 1638 , 1997. 

Wanke, H., and G. Dreibus, Chemistry and Accretion his to ry 
of Mars, Philos. Trans. R. Soc. London, ser.A, 34 9, 285-
293,1994 . 

Warren, P. Ho, Petrologic evidence for low-temperature, pos
sibily flood evaporitic origin of carbonates in the ALH-
84001 meteorite, J . Geophys. Res., J09, 16,759- 16,774 , 
1998. 

White, D. E' I J. D. Hem, and G. A . Waring, C hemÎcal com
position of subsurface waters, in Dala of Geochemislry, 
edited by M. Fleischer, Prof . Pop. 440-F, U.S. Geel. 
Surv ., Washington , D. C ., 1963. 

"Voods, T. L. , and R. M. G arrels, Calculated aqueous solu
tion solid-solution relations in th'e low temperaLure system 
CaO-MgO-FeO-C02 -H 2 0 , Geochim. Cosmochim. Acta, 
56,3031- 3043, 1992. 

YHng, Y. L., H. Naîr, a.nd M. F. Gersü'!ll , CO 2 greenhouse in 
the early Martian atmosphere: 502 inhibits èondensation, 
Icaru8, 130, 222- 224 , 1997. 

Zahnle, K. J ., Origins of atmospheres, in Origins , Astron. 
Soc . Paç. Conf. Ser. , "01. H 8, pp. 364- 391, edited by 
C. E. Woodward , J. M. Shllll , and H. A. Thron,on, Jr. , 
Astron. Soc. Pac. San Francisco, Cali!. , 1998. 

Zent , A. P., On the thickness of the oxidized layer of the 
Martian regoJtth , J. Geophys , Re$., J03, 31 ,491- 31,498 , 
1998. 

David C. Catling, SETllnstitute/N ASA Ames Research 
Center. Space Science Division , Mail Stop 245-3, Moffett 
Field , CA 94035. (e-mail: catling@humba?e.arc.nasa .gov) 

(Received December 23, 1998; revised Ma.rch 15, 1999; 
accepted March 25, 1999.) 


