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CATLING: SEDIMENTARY MINERALS ON EARLY MARS

4.2. Carbonates and P,

Siderite sediment may act as an indicator of high
Pco, on early Mars because its formation is favored
only at relatively high levels of Pco,, as we calculate
below. Otherwise, alternative iron minerals such as sil-
icates, hydroxides, or sulfides form, depending on the
exact pH, oxidation potential, and composition of the
solution. On early Earth this mineralogical approach
seems to indicate a lack of high CO4 needed to offset the
effect of the faint young sun through greenhouse warm-
ing, perhaps implicating (biogenic?) CHy as the likely
greenhouse gas. Indeed, Mel’nik {1982] suggested 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. [1995] argued that
the lack of siderite in paleosols (i.e., ancient terrestrial
weathering profiles) would constrain the Earth’s atmo-
sphere to a Pco, < 40 mbar at about 2.1 Gyr ago.
In contrast, on Mars one suspects that the presence of
siderite sediments would indicate a past thick CO» at-
mosphere. Let us consider the necessary level of COy
in more detail.

In a low-oxygen environment in the presence of dis-
solved silica, if a Fe?t mineral precipitates, it will be
FeCOs if Poo, is high and one or more iron silicates
if Pco, is low. Thus a possible indicator for Pco, in
early Mars sediments is whether siderite or iron sili-
cate gets deposited from a likely solution containing dis-
solved amorphous silica. Greenalite (FegSiaO5(0H)4),
a black to dark green finely grained sediment, 1s the sim-
plest of the possible ferrous silicates and a stable phase
in sediments. The relative stability of siderite versus
greenalite is governed by the equilibrium:

3FeCOg + 2510, + 2H0 = FesSinO5(OH)4 + 300,
(14)
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A thorough and self-consistent source of Gibb’s free en-
ergy data on iron minerals 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 Pco, = 0.1 bar, rather than siderite. Two further re-
lations define the deposition of siderite and greenalite,

Fe?t 4+ CO3 4+ HyO = FeCO3 + 2H™ (15)
3Fe’* 4+ 25102 + 5H,0
= FegSigOs(OH)4 +6H* (16)
respectively, and these yield
pH + Slogapa+ = 4.6—1log(pCO,)  (17)
pH + % 10g QP2+ = 52 (18)

for amorphous precipitates. These equations define the
boundaries in Figure 4, a stability diagram for siderite
and greenalite deposition in association with dissolved
silica where the activity of aqueous divalent iron (ape2+ )
is a free parameter. Hence we would expect greenalite
to be deposited as the Fe?* comes out of solution when
the Pco, level is lower than roughly 0.1 bar (uncertain-
ties on the Gibb’s free energy data do not allow us to
be more exact than this). If the Pco, level is higher,
siderite is favored. Consequently, if atmospheric Pco,
was as high as climate models require for early Mars,
we should expect there to be siderite facies at depth in
sedimentary basins and not iron silicates,

Endogenic siderite does not form in contemporary
lacrustine environments on Earth because in the ter-
restrial atmosphere Peo, is too low for siderite forma-
tion and Pp, is too high for sufficient dissolved fer-

Table 3. Gibb’s Free Energy Values Under Standard Conditions, Gy 498, Used in Calculations

Formula Name G208 Source
keal mol™
FeCOs siderite (crystal) -162.0 1
-162.4 2
FeCO4 siderite {precipitate) -160.0 1
Fe38i205(0H )4 greenalite (crystal) ~717.2 1
Fe3S1, 05 {OH),4 greenalite (precipitate) -711.5 1
510, silica (amorphous gel) -202.89 1
-203.33 3
Fe?t aqueous ferrous ion -21.54 1
-18.85 4
CO» carbon dioxide gas -94.26 4
H,O liguid water -56.69 1

In general, the self-consistent data set of Mel’nik [1982] is used except where not available. In the
literature, there are often discrepancies in Gy 208 values, which can lead to significant uncertainties in
equilibrium calculations, so comparison data are also shown. Sources: 1, Mel'nik [1982]; 2, Helgeson
et al. [1978]; 3, Stumm and Morgan [1996]; 4, Lide [1997].



16,462
2 E T T T T ;
1
Ty ]
,g 0F FeCQ,: siderite
\/N tsolution:
8 : Fe¥
A, —1if e
[o7] £
o E E
-2F . -
g Fe,Si,0,(0OH),: 1
3 E greenalite ]
2 4 6 8 10

pH + 0.5log(ape: )

Figure 4. The stability of siderite and greenalite as a
function of Pop,. As water in a closed basin evolves to
more alkaline conditions, siderite will be deposited at
high Pro, levels and greenalite will be deposited at low
Pco, levels.

rous iron in the first place. Consequently, calcite is
the ubiquitous carbonate form. However, there are two
exceptions: Lake Nyos and Lake Monoun in Cameroon,
These freshwater lakes, occupying maars, are fed with
COg by cold volcanic vents, and organic detritus keeps
the lake floor sufficiently reduced for a significant hy-
polimnion concentration of Fe?t, As a consequence,
siderite 1s the only stable carbonate phase [Bernard and
Symonds, 1989]. In this case the sediments formed are
not in equilibrium with the atmosphere at all. Thus,
while high €O, is required for siderite sediments, one
must also bear in mind the depositional environment of
sediments before ascribing bulk properties to the atmo-
sphere on the basis of certain cceurrences. If the Earth’s
atmosphere were indeed low in oxygen and Pgo, 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.

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

X* + 9HCO; = XCO3+ CO;3 + Ha0 (19)
For a fixed initial fluid composition anry increase in Poo,
will shift the equilibrium to the left by Le Chatelier’s
principle and delay the onset of carbonate deposition.
However, this simplistic interpretation does not take
into account the fact that larger Pgo, will increase the
weathering rate, leading to greater cation concentra-
tions, so 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
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apply to ice-covered lakes where CQO» becomes trapped
and supersaturated or to sudden, rapidly evaporating
floods of groundwater on Mars accompanied by tempo-
rary increases in Pco, [Gulick et al., 1997]. An inter-
esting constderation is that in this scenario, if Pgg, s
sufficiently high and the initial fluid has a large con-
centration of SOi_, 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 mg,2+ reduced to 0.3 mmol kg™! and
mso, > 2me,z+ = 0.7 mmol kg™, say, with the over-
all charge balance maintained by altering the concen-
tration of nonprecipitating Cl~ and Nat to 0.2 and
1.1 mmol kg~!, respectively. For this initial compo-
sition, Figure 5 shows the resulting saturation index
(SI) of gypsum and calcite as a function of concentra-
tion factor for two different Pro, levels, where the SI,
defined as TAP/{sclubility product), is unity if satu-
ration is reached. At Pro, = 1 bar the 51 of gyp-
sum is < 0.5 by the time calcite is precipitated. With
increasing Poo,, calcite precipitation is delayed, and
the gypsum SI becomes progressively higher at the
stage of calcite precipitation until a threshold Peg, is
reached. For Pco, > 3.5 bar, gypsum will be precip-
itated before calcite and will reduce the level of Ca?t
so that calcite deposition is reduced. This changes the
whaole 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 mafic rock, its appear-
ance resulting only from minor sources in the host rock.
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Figure 5. Evolution of the saturation index (SI) of
gypsum and calcite for two different Poo, levels. At
Pco,=1 bar, the solid line is the SI of calcite, and the
dotted line is the Sl of gypsum. At Pgp,=3 bar, the
dashed line is the ST of calcite and the dashed-dot line
is the SI of gypsam.
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However, what if there was significant subaerial in-
put from volcanic gases (H25/504) into lakes on early
Mars?

The speciation and effect of sulfur in solution depend
in a complicated manner on the redox state and pH.
Also, sulfur affects the stability of iron minerals. Fig-
ure 6 shows the calculated equilibrium stability of iron
minerals as a function of the total dissolved sulfur and
electron activity (pe = —loga,-) for a weakly acidic
pH. If Pco, is increased, the effect is to enlarge the sta-
bility field of siderite, which is found to occupy two en-
vironmental regions: a highly reducing, low-sulfur zone
and a weakly reducing/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 occupies a region
where pe > (. 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 replaced with
iron silicate. If the pH, solution composition, and Peo,
level are constant, a change of redox potential is the
only mechanism that can lead to mineral deposition.
For high oxidation potential, iron will form a brown,
gelatinous precipitate of Fe(OH)s. This iron hydroxide
is unstable and irreversibly converts in time to a stable
oxide [tke 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 ircn oxide or iron sulfide sediments, de-
pending on the precise combination of redox potential,
pH, and Poo,-
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Figure 6. The stability of iron minerals as a function
of electron activity (redox) and total dissolved sulfur
(pH=53.5). Two cases are shown: (solid line) Poo, =
0.1 bar and (dashed line) Pco, = 2 bar.
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5. Sedimentary Layering and Hidden
Carbonates

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 mitial 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 minerals 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 Mg?T as an additional 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 (NapCOgz-
NaHCO3-2H20) is a common sodium carbonate precip-
itate from saline alkaline lakes on Earth (e.g., Lake Ma-
gadiin Kenya, where i accumulates on the lake bed at a
rate of 0.3 cm yr~! [Eugster, 1970]) or, alternatively, na-
iron (NasCOz-10H,0) may form at lower temperatures
(< 20°C). However, on Mars we would expect naheolite
(NaHCO3} to be the predominant sodium carbonate in
evaporites because it tends to form at higher Pco, on
the basis of the equilibria:

2NaHCQOs + H2O

= NayCOjg - NaHCOs - 2,0 + CO, (20)

9NalCOs -+ 9H,0 = NayCOz - 10H,0 + CO,  (21)

However, to shift these equilibria to the left merely re-
quires a minimum Peg, level of ~ 2—10 mbar for a tem-
perature range of 0° to 40°C [Monnin and Schott, 1084].
Thus, while useful for studies of terrestrial paleoatmo-
spheres (as originally suggested by Eugster [1966]), nah-
colite would not be an effective tracer of the early Mar-
tian atmosphere given the present Prg, on Mars of
~ § 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 schematie 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 Minerals Evolved From the Final Stages of Evapaoration of Brines in the Production
of Terrestrial Evaporites After Deposition of Alkaline Earth Carbonates

Brine Type

Characteristic Evaporite Minerals

Key Type Indicators

“Nonmarine”
Na-K-COy-Cl-504

“Marine” or marine/
nonmarine mixtures

Na-K-Mg-C1-504

Mg/K chlorides

Hydrothermal gypsum, anhydrite,

Na-K-Mg-Ca-Cl

halite, Na carbonates/sulfaies

gypsum, halite, Na/Mg sulfates,

Mg/K/Ca chlorides

sodium carbonates

Mg/Na sulfates

halite, KCl 4 CaCl; with absence of
Nag504 and MgS0,; rare Earth

elements

After Hardie [1991].

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

(Fe/Mg/Ca)CO; + SO3 = (Fe/Mg/Ca)SO, + CO-
(22)
where the SOz originates from photo-oxidation of vol-
canic SO; or H3S [Setile, 1979]. This reaction has been
demonstrated in the laboratory [Clark et al, 1979]. In

addition, it has been proposed by Mukhin et al. [1996]
that surface carbonates on Mars are directly photode-
composed by shortwave ultraviolet; however, their ex-
periments were conducted in high vacuum rather than
CQy, which makes their conclusion uncertain because
the presence of CO4 would obvicusly act chemically
to 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

WINDBLOWN, UNIFORM, HIGHLY OXIDIZED DUST _ —OXIDIZED
............................................................. S
ZONE

<Mg/K CHLCRIDES, SULFATES Na CARBONATES >

MgCoO,
CaCO3

Mg4(C0) (OH),

CaMg(CO,),

SHLYNOTEYD dd3da

NEAR-SURFACE CARBONATE

/(EXPOSED BY IMPACT CRATER)

EVAPORATION BASIN

HIGHLY SOLUBLE SALTS

\
T

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 those that
became ice-covered may 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;
Rieder et al., 1997]. In the contemporary Martian at-
mosphere the OH number density may be typically 10-
100 times less than in the Earth’s atmosphere [Hunten,
1974}, and there is only 0.13% by volume of oxygen com-
pared to the Earth’s copious biological supply. How-
ever, over a geologically short timescale on Mars, which
unlike Earth lacks liquid water to dissolve photochem-
ical oxidants, all the surface layers will have globally
oxidized to a depth of several centimeters by oxidant dif-
fusion [Bullock et al., 1994; Hartman and McKay, 1995;
Quinn and Zent, 1998]; mechanical mixing via crater-
ing may have increased the global oxidation depth to a
few meters [Zent, 1998]. Thus some Fe’T compounds
may be oxidized at the surface given the constant filux
of oxidants due to photodissociation of water vapor in
the atmosphere. Exposed at the surface, it is uncer-
tain whether siderite, in particular, would remain sta-
ble against oxidation [Gooding, 1978]. Infrared remote
sensing, which samples only the first few tens of mi-
crons, is therefore unlikely to reveal the identity of the
most intriguing minerals relating to early Mars. These
are buried and require in situ studies. Nevertheless,
debris naturally excavated by impacts and strewn on
the surface allows us to sample deep sediments with-
out recourse to deep drilling. The survival of reduced
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, 1998].

6. Discussion

Aqueous thermodynamic calculations 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 from
weathered igneous rock in a thicker CO» atmosphere.

Results of the calculations imply the following:

1. Assuming that conditions are neither strongly oxi-
dizing nor strongly reducing, siderite (FeCQ3), the most
insoluble of the major carbonates, is always the first car-
bonate mineral 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 Poo, were several times
0.1 bar on early Mars, then siderite facies (or their di-
agenetic alteration products) deposited in that epoch
will act as an indicator of this high Pco,; otherwise,
(dark-colored) hydrous iron silicates are more proba-
ble sediments. If such siderite sediments do not ex-
ist, it does not necessarily rule out high levels of Pgo,.
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

16,465

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 addition, greenalite,
a possible silicate, is moderately magnetic, turning to
a black, strongly magnetic ferric form if heated [Joliffe,
1935).

3. In 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 considerable substitution of Mg and Ca cations
into the siderite and some Mg substitution into the cal-
cite on the basis of on the evolution of the concentration
of these cations in solution. In contrast, the magnestte
would be relatively pure because the Fe?* and Ca?T
concentrations in solution are relatively very low by the
stage that magnesite precipitates.

4. Carbonate precipitation is strongly influenced by
the ion-pairing behavior of the divalent cations, as it
is in terrestrial seawater [Garrels et al, 1961]. In the
model of Martian water, Fe*¥ typically complexes 80-
95% of the CO3™ into the FeCO$(aq) ion pair prior to
siderite precipitation and thereby suppresses the pre-
cipitation of other carbonates by reducing the activity
of the free CO3™ ion. At a more concentrated stage the
MgCO$(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 calcite. For example, if the ratio of
SO;~ relative to Ca?t is increased in our baseline fluid
to > 2, and Poo, 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 fluid. However, on the basis of assumptions and
calculations here, a Na-Cl-504-Mg-COg3 brine composi-
tion is expected at near neutral pH (although climatic
lowering of Pgo, after brine formation would raise the
pH). Further evaporation would result in the deposition
of salts such as halite (NaCl), sylvite (KCl), nahcolite
(NaHCOg3), magnesium sulfates, sodium sulfates, and
other highly soluble minerals. If is possible that abi-
otically 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 model.
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Finally, one should note that the model presented
here is a “case study.” There are certain assumptions
concerning the nature of the early Mars water {eg.,
using terrestrial analogs) that may differ from reality
to a degree that remains unknown until we have more
extensive observational data concerning Mars and its
early conditions.

6.1. Possible Application to Carbonates in
Martian Meteorites

All subgroups of the shergottites, nakhlites, and chas-
signites contain traces of salts, including carbonates and
sulfates, that have been interpreted as minerals pre-
cipitated from water [Gooding, 1992]. Tiny amounts
of evaporites in the fractures of Martian meteorites
can be considered within the context of an evaporite
model as what would happen if tiny droplets of the
initial water were allowed to evaporate. It is interest-
ing to note that the mineral assemblage resulting from
the baseline evaporite model discussed here is consis-
tent with the hypothesis of Bridges and Grady [1998]
that salts in the Nakhla Martian meteorite, in partic-
ular, are derived from an ancient evaporite sequence
that was incorporated into the basaltic melt and that
predates the basalt. They report a Nakhla carbon-
ate component dominated by siderite {(about 20-90%)
with lesser amounts of calcite (< 6%), magnesite, and
thedochrosite; also, the more soluble salts comprise
anhydrite (CaSQ4, a possible dehydration product of
gypsum) and halite (NaCl). Bridges and Grady have
snggested an evaporite origin based on several factors.
These include the 6C'? & 50% in the siderite compared
to §1%C ~ —12% in the bulk Nakhla, which suggests
derivation of the carbonate from the Martian atmo-
sphere. The REE signature in the salts also suggests
a nonhydrothermal origin.

The origin of salts in the ALH84001 meteorite 1s con-
troversial. Because the carbonate globules are associ-
ated with hydrocarbons, alleged microfossils, and sup-
posed biogenic minerals [MeKay 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 daling
from the Hesperian or Noachian percolated subsurface
to precipitate minerals in tiny fractures [ Warren, 1998].
McSween and Harvey [1998a, b] 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 giobules have iron-rich cores and
progress to pure magnesite rims | Valley et al., 1997).
This is broadly consistent with the mineral 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-
velop on a central nucleus of Fe-rich carbonate. Physi-
cal factors, such as water stratification {Warren, 1998]
or the occlusion of pore spaces by the carbonates [Mec-
Sween and Harvey, 1998b], are needed to account for
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the lack of typical evaporite minerals like halite, which
would be expected to accompany the carbonates. Un-
fortunately, the ALTIB4001 salts were likely subject to
multiple shock events and melting on Mars prior to ejec-
tion [Treiman, 1998}, so the considerable complexity of
the salt chemistry is unlikely to lend itself to simple in-
terpretation. However, an argurnent can be made that
the original carbonate component was evaporite in ori--
gin [Scott, 1999].

6.2. Implications for Exploration

Upecoming 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 meteorttes. What is clear
is that future sample return missions or human explo-
ration should focus on Noachian sedimentary and evap-
orite basins: These are places to search for vestiges
of life as well as the past climate. Buried carbonate
sediments, representative of early water chemistry, are
best accessed by targeting basins where small, geologi-
cally recent impact craters within the basin have thrown
up sediments from depth. Deep drilling 1s probably
impractical in the near-term. The optimum scenario
would be if the impact crater is in the outer part of a
concave basin where carbonates may be closer to the
surface {(Figure 7). In the interior of debris thrown out
from a crater, unoxidized sedimentary material could
be protected from photochemical oxidants. For iden-
tifying siderite in situ, after removing oxidized surfi-
cial layers, a sensitive technigue would be Mossbauer
spectrometry; alpha-proton X-ray spectroscopy and in-
frared techniques would also be suitable. Similarly, 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, would present the additional opportunity for

- dating mineral assemblages unambiguously through ra-

dioisotopes so that we can tie a particular environment,
location, and sediment to a specific absolute time. In
this way, we can have some hope of addressing the fun-
damental issue of the evolution of the Martian climate
over geological time on a direct ohservational basis.
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