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Carbonate minerals are of particular interest in paleoenvironmental research as they are
an integral part of the carbon and water cycles, both of which are relevant to habitability.
Given that these cycles are less constrained on Mars than they are on Earth, the identifi-
cation of carbonates has been a point of emphasis for rover missions. Here, we present
carbon (8'°C) and oxygen (5'®0) isotope data from four carbonates encountered by the
Curiosity rover within the Gale crater. The carbon isotope values range from 72 + 2%
to 110 + 3%o Vienna Pee Dee Belemnite while the oxygen isotope values span from
59 + 4%o to 91 + 4%o Vienna Standard Mean Ocean Water (1 SE uncertainties). Notably,
these values are isotopically heavy (**C- and '*O-enriched) relative to nearly every other
Martian material. The extreme isotopic difference between the carbonates and other car-
bon- and oxygen-rich reservoirs on Mars cannot be reconciled by standard equilibrium
carbonate—CO, fractionation, thus requiring an alternative process during or prior to
carbonate formation. This paper explores two processes capable of contributing to the
isotopic enrichments: 1) evaporative-driven Rayleigh distillation and 2) kinetic isotope
effects related to cryogenic precipitation. In isolation, each process cannot reproduce the
observed carbonate isotope values; however, a combination of these processes represents
the most likely source for the extreme isotopic enrichments.

Mars | carbon isotopes | oxygen isotopes | Gale crater | carbonate

Carbon is essential for life and for planetary climate regulation, so understanding its
potential reservoirs and fluxes is critical to evaluating the habitability of Mars (1-3).
Carbonates are one known reservoir for carbon on Mars, having been detected both at
the surface (4—11) and in Mars meteorites (12—16). While carbonates exist on Mars, the
detected concentrations are unexpectedly low given that carbonates are an expected weath-
ering product of abundant basaltic lithologies in the presence of a CO,-rich atmosphere
and liquid water (16). This disparity raises questions about how these carbonates formed
and how much of a role these minerals played in sequestering CO, on Mars. Hypotheses
for the origin(s) of these carbonates range from evaporative precipitation (6, 10, 17),
supersaturation within lakes or playas (5, 10, 17, 18), groundwater mixing (11), carbon-
ation of peridotite (5, 10, 19), hydrothermal mineralization (5-7, 17, 19), to ultramafic
vein-hosted precipitation (5, 17). As these mechanisms demonstrate, carbonates form in
direct contact with the carbon and water cycles, which are both necessary for habitability.
Furthermore, carbonates can preserve signatures of their source materials and formation
conditions, including temperature (20, 21), pH (22), and pCO, (23). Such data are crucial
for understanding the ancient climates and habitability of Mars (24).

Stable isotope geochemistry can clarify the paleoenvironmental information recorded
within carbonates. Carbon and oxygen isotope ratios, expressed as §'*C and §'%0, respec-
tively, are dependent on the isotopic composition of source materials and any processes
that result in fractionation (i.e., the partitioning of isotopes between two or more phases
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in a system). In the case of carbonates, the primary source materials are H,O and dissolved ~ The authors declare no competing interest.
CO,, whose isotopic compositions in turn carry fingerprints of their provenance and
processes operating on volatile reservoirs on Mars. Therefore, as carbonates are connected
to both the carbon and water cycles, the isotopic composition of these carbonates can be
used to identify the source materials, fractionating processes, and environmental conditions
(e.g., temperature, pH, and salinity) relevant to these cycles on Mars.

Gale crater was selected as the landing site for the Mars Science Laboratory (MSL)
Curiosity rover based in part on orbital observations of mineral assemblages that may
reflect global-scale changes in climate (25). The lower units within the stratigraphy follow
an upward transition from fluvial-lacustrine to acolian-dominated deposits, indicating
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Fig. 1. Aselect subset of the stratigraphy within Gale crater that includes the four drill sites of interest for this study: MA, BD, TC, and UB. MA and BD were both
drilled from fine-grained mudstones and siltstones that have been linked with fluvial-lacustrine activity while TC and UB sit above the Amapari Marker Band
in cross-bedded sandstones associated with aeolian environments. The scale bar to the Left is measured in meters. Abbreviations in the lithology key include

mudst (mudstone), sltst (siltstone), and sandst (sandstone).

that there was a shift from wetter to more arid conditions (25-28).
To this point, there have been only scarce orbital (29) and in situ
(11, 30-32) measurements to suggest that carbonates are present
within the clay- and sulfate-rich units in Gale crater, even though
measurements on Earth demonstrate that carbonates can form
alongside clay minerals and sulfates on Earth (19, 33). However,
the Chemistry & Mineralogy (CheMin) instrument aboard
Curiosity recently detected carbonates at multiple drill locations
within these stratigraphic units (11, 34). Of these locations, four
have corresponding isotopic data: Mary Anning (MA), Bardou
(BD), Tapo Caparo (TC), and Ubajara (UB) (32) (Fig. 1). These
drill sites span the transition from mixed clay minerals and sulfates
(MA and BD), which represent wetter conditions, to sulfates with-
out clay minerals (TC and UB), which reflect a more arid envi-
ronment. These four drill sites record the highest carbonate
abundances detected to this point in Gale crater, suggesting that
these carbonates are a significant component of the stratigraphic

https://doi.org/10.1073/pnas.2321342121

section and climate. Given this geochemical significance, the
Sample Analysis at Mars (SAM) instrument suite analyzed the
carbon and oxygen isotopic compositions of the CO, evolved
during pyrolysis of these rock powders. Here, we present these
results and discuss potential mechanisms to explain the isotopic
enrichments in the carbonates with respect to known carbon and
oxygen reservoirs on Mars.

Results

Drilled samples were pyrolyzed in the SAM oven and the resulting
gases were analyzed with the tunable laser spectrometer (TLS),
which is described below in the Materials and Methods section.
No evolved O, was detected from these samples as all m/z 32
signals were generated by the fragmentation of other compounds.
It is therefore unlikely that the measured CO, is the product of
oxidation of reduced carbon species within samples or the SAM

pnas.org
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Table 1. Carbon and oxygen isotope results from carbonate-derived CO, taken from four drill samples in Gale

crater on Mars

§13C 3'80 3'80 Temperature cut
Sample ID n (%o, VPDB) §'3C (1 SE) (%0, VSMOW) (1 SE) (°Q) Sample depth (m)
Ubajara (UB) 3 96 3 77 3 353 to 553 -3,826
Tapo Caparo (TC) 4 110 3 65 5 353to 555 -3,854
Bardou (BD) 4 83 3 91 4 301 to 546 -4,066
Mary Anning (MA) 4 72 2 59 4 265 to 552 -4,128

background. The 8"°C and 8'%O values of CO,, measured by the
TLS, are listed in Table 1 with associated precisions of +1 SE.
Carbon isotope values measured by the TLS are reported relative
to the Vienna Pee Dee Belemnite (VPDB) standard while oxygen
isotope values are reported relative to Vienna Standard Mean
Ocean Water (VSMOW). TLS CO, isotope data reduction is
described in Webster et al. (35). For all data presented here, a
minor correction is made: Gas temperatures used have been
reduced by ~1 °C by using the cell heater temperature values and
the ramp shape that better matches the spectra and thereby
reduces errors on the isotope ratio precisions. The source of the
CO, was determined to be siderite (FeCOj;) and ankerite (Ca{Fe,
Mg, MnH{COj4},) based upon mineral identification from CheMin
as well as the temperature ranges at which the CO, evolved
(Tables 1 and 2 and S7 Appendix, Fig. S1 A-D). Previous work
(31, 36) shows that crystalline Fe-carbonates will evolve CO,
between ~500 and 650 °C under SAM oven-like conditions. The
CO, peaks from this study occur at ~400 °C (S/ Appendix, Fig. S1
A-D), consistent with experimental results examining carbonates
with lower degrees of crystallinity (11, 37). Pyrolysis of other
phases can produce CO, at these temperatures (31, 38) so the
combination of CO, evolution temperatures and CheMin analysis
is necessary to determine that the CO, and the resulting §'°C
and 8'80 values come from carbonates. Based on the CheMin
analysis, which is described further below in the Marterials and
Methods section, the four drill samples have distinct mineralogical
profiles (Table 2). All four sites have abundant plagioclase (14.8 +
4.1% to 31.2 + 4.1%) and amorphous components (27.0 =
20.0% to 60.1 + 11.5%) with varying amounts of carbonate
(0.7 £ 0.9% to 10.8 + 1.3%). Notably, only MA (28.7 + 10.0%)
and BD (12.0 + 6.0%) have phyllosilicates. The remaining com-
ponents consist of pyroxene, hematite, sulfates, and K-feldspar.

The 8"C and 8"0O values of the CO, generated and subse-
quently analyzed at each of the four sites are listed in Table 1 and
shown visually in Fig. 2. MA has the lowest §'*C and 880 values
of 72 + 2%o and 59 + 4%eo, respectively. Moving upward in the
stratigraphy, BD has 8'°C = 83 + 3%o and 8'0 = 91 + 4%o. TC
has the highest 8'°C value (110 + 3%o) with a relatively low 8'%0
(65 £ 5%0) compared to the other three samples. Last, UB has
8'3C = 96 + 3%0 and 8'%0 = 77 + 3%o. These four samples span
a ~40%o range in 8'3C and a ~30%o range in 880, which is even
more striking given the limited distance between the samples
(~400 m in elevation).

Discussion

Two primary aspects of the carbonate isotope data require expla-
nation: 1) the high 8'°C and 80O values relative to all previous
8"3C and 8'0 measurements of Martian materials and 2) the
range in 8'°C and 8'%0 values across the four samples. To set the
stage, we first discuss the existing carbon and oxygen isotope data
measured in other reservoirs on Mars.

PNAS 2024 Vol. 121 No.42 2321342121

The dominant carbon species in the modern Martian atmos-
phere is CO, with minor contributions from CO [there are also
reports of trace amounts of ephemeral CH (35, 39, 40)]. Modern
atmospheric CO, [8'°C = 46 + 4%o and 8"0 = 48 + 5%o [1 SE]
(35)] is enriched in '*C compared to terrestrial tropospheric CO,
[813C ~ -6%o preindustrial revolution (41)] but is comparable to
the same reservoir in terms of its oxygen isotopic composition
(8'80 ~ 41%o) (42). Two of the leading hypotheses to explain
isotopic enrichment in the modern martian atmosphere include
atmospheric loss and photolytic dissociation of CO,. Following
the loss of Mars’ magnetic dynamo, isotopically light gases were
preferentially removed from the atmosphere, leaving the residual
gases with lower overall abundance but relative enrichment in
heavy isotopes (43). This atmospheric loss is well documented
(43, 44), but it is unclear whether this process began early enough
to have had a measurable effect on the carbonates in Gale crater.
'This is contrasted by photolytic dissociation of CO, in the atmos-
phere, which could have occurred at any stage of Martian history
and would have enriched the residual CO, pool in 80 (45). Loss
and associated isotopic fractionation via these processes would be
buffered by injections of volcanic material (46) and exchange with
the lithosphere (47), although the relative impact of these buffers
is not known.

Modern atmospheric CO, is significantly '*C-enriched in com-
parison to igneous macromolecular carbon in a Martian meteorite,
which shows a lower 8'*C value of ~19.8 + 4.3%o (48, 49), perhaps
corresponding to magmatic carbon. Spanning the gap between
these two endmembers are carbonates hosted within the shergot-
tite, nakhlite, and chassignite (SNC) meteorites, which range in
8"3C from -20.0 + 0.1 to 49 + 0.5%o and in 8'*0 from 3.2 + 0.1
t0 25.1 + 0.7%o (1, 12, 50). The SNC carbonates have been inter-
preted to represent magmatic carbon on Mars, with carbonate
formation via aqueous alteration due to near-surface hydrothermal
activity <1 Ga (51, 52). However, the sedimentary sequences at
Gale crater are much older with depositional ages between 3.6 and
3.2 Ga (53), making direct comparisons to the much younger
SNC meteorites less robust. K—Ar dating of jarosite samples from
the Mojave mudstone point to groundwater infiltration at Gale
during the Amazonian, possibly as early as ~2.5 Ga (54). Two
martian meteorites, NWA 7034 [2.089 + 0.081 Ga (55)] and
ALH84001 [4.091 + 0.030 Ga (56)], have radiometric ages that
bracket the Gale depositional and infiltration ages, and thus, the
isotopic compositions of volatile species in these meteorites may
be more relevant comparisons to the volatiles sampled at Gale
crater. ALH84001 carbonates have §'°C = -10.6 + 0.1 to 64.7 +
4.2%0 and 80 = -5.1 £ 0.1 t0 37.2 + 0.1%o (12, 50, 57, 58)
while bulk C in NWA 7034 has §3C = -23.4 + 0.73%o (55).
NWA 7034 is the most water-rich Martian meteorite identified
to date with 880, ., = -21.78 + 0.05 to 11.02 + 0.04%o from
stepped heating experiments (55). As a result, NWA 7034 is com-
monly used to infer the composition of an ancient water reservoir
on Mars (59, 60); however, terrestrial contamination may have
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30of10


http://www.pnas.org/lookup/doi/10.1073/pnas.2321342121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321342121#supplementary-materials

Downloaded from https://www.pnas.org by 71.228.158.19 on April 25, 2025 from | P address 71.228.158.19.

4 of 10

Table 2. Mineral abundances determined by CheMin (amorphous-normalized)

Mineral* MAT tlo BD tlo TC tlo uB tlo
Plagioclase 31.2 4.1 21.2 0.9 15.2 1.7 14.8 2.3
K-feldspar 3.0 1.8 1.7 0.9 0.0 - 0.0 -
Pyroxene 5.2 3.5 3.5 2.0 8.7 1.9 6.0 1.6
Quartz 1.0 0.6 0.7 0.6 0.0 - 0.9 0.3
Magnetite 0.0 0 0.0 - 0.0 - 0.0 -
Hematite 0.9 1.6 8.4 1.1 0.0 - 2.3 1.4
Siderite 0.7 0.9 0.0 - 10.8 1.3 4.8 0.8
Ankerite 0.0 - 1.0 0.9 0.0 - 0.0 -
Anhydrite 1.9 1.3 0.8 0.7 0.8 0.6 0.5 0.4
Bassanite 0.2 0.2 2.5 0.7 1.5 0.9 0.8 0.2
Gypsum 0.0 - 0.2 0.4 0.0 - 2.3 0.3
Starkeyite 0.0 - 0.0 - 0.0 - 6.4 1.5
Kieserite 0.0 - 0.0 - 3.2 1.1 0.0 -
Phyllosilicate 28.7 10 12.0 6.0 0.0 - 0.0 -
Amorphous? 27.0 20 45.0 12.5 60.1 11.5 60.0

Opal-CT 0.0 - 3.0 - 0.0 - 0.0 -
TOTAL 99.8 100.0 100.0 98.8

*Mineral abundances for each site are publicly available via the PDS (https://pds-geosciences.wustl.edu/missions/msl/chemin.html).
1This sample corresponds with the first sample at MA1. It will be referred to as MA for the remainder of the paper.

fAmorphous mineral abundances are estimated via FullPAT analysis.

affected the lower 8'%0 ., values (55). With this in mind, we will
use the water isotopic composition of NWA 7034 as a comparison
point for the oxygen isotope composition of the water(s) in equi-
librium with the Gale crater carbonates.

Carbon isotope measurements at or below modern atmospheric
CO, values were also obtained by pyrolysis of other Gale crater
sediments by MSL. The evolved CO, isotopic compositions range
from 83C = -24 + 44 t0 56 + 11%o and 880 = -36 + 59 to 45
+ 10%o (31). The CO, released during these experiments ther-
mally evolved from a mixture of multiple endogenous and exog-
enous sources, adding to the complexity of the isotope data
interpretation. Although some pyrolysis experiments released CO,
at temperatures consistent with carbonates, these results corre-
spond to scooped acolian dune samples for which mineral prov-
enance is essentially unknown. Given this geologic uncertainty,
the large range in values, and the variety of mixed sources con-
tributing to the CO, analyzed in the pyrolysis experiments of
Franz et al. (31), we reserve further discussion of these putative
carbonates in the Gale crater sediments for the cryogenic precip-
itation section below.

The remainder of the discussion will be dedicated to exploring
mechanisms to explain the offset in 8'3C and §'80 between the
carbonates analyzed in this study and known martian volatile
reservoirs (e.g., modern atmospheric CO,, water in NWA 7034).
While these reservoirs are not the actual sources of the carbonates,
using modern atmospheric CO, and water in NWA 7034 as
end-members requires the least amount of fractionation (among
measured reservoirs) to achieve the isotopic enrichments measured
in these carbonates. Therefore, the degree of heavy isotope enrich-
ment in the carbonates relative to these end-members is likely a
minimum estimate compared to the offset between the actual
sources and the carbonates. We also investigate the range in §'°C
and 8'80 values between the samples as well as the notable span
between §'°C and §'%0 at MA, TC, and UB. The mechanisms

discussed below are not mutually exclusive and in fact, achieving

https://doi.org/10.1073/pnas.2321342121

the observed heavy isotopic enrichments likely requires multiple
mechanisms. While the main manuscript focuses on two preferred
mechanisms, three more exotic mechanisms (cosmic ray ionizing
radiation and spallation reactions, equilibration of CH, and CO
with coexisting CO,, and photochemistry involving ultraviolet
radiation) are explored further within S7 Appendix, Supplemental
Section. These additional mechanisms are unusual on Earth but
may be more relevant over long timescales on planets like Mars
with thin atmospheres and an absence of biological activity.

Carbonate Precipitation. Carbonate minerals form through the
precipitation of divalent metal cations and dissolved inorganic
carbon (DIC) ions (e.g., H,CO;, HCOj", and CO;*), which
result from the dissociation of carbonic acid derived from
dissolution of CO, as shown in the following simplified reaction:

CO,(aq) + H,O() + M**(aq) < MCO5(s) +2H" (aq). [1]

In this reaction, M is a divalent cation (e.g., Ca?*, Mg?**, and Fe?*)
that can be sourced from the weathering of silicate minerals or the
dissolution of evaporite minerals. As rivers and lakes existed on early
Mars (24), this is a viable mechanism to form the carbonates studied
here. Aqueous carbonate precipitation is also consistent with the
presence of bassanite (CaSO4¥2H,0), gypsum (CaSO,-2H,0),
starkeyite (MgSO,-4H,0), and kieserite (MgSO4-H,O) in varying
proportions at the four drill sites (Table 2). While not necessarily
contemporaneous with the carbonates, these hydrated sulfates indi-
cate the past presence of liquid water at the same stratigraphic hori-
zons, which is in turn consistent with sedimentological evidence for
standing water in Gale crater (61).

The carbon and oxygen isotopic compositions of carbonate
minerals precipitated from solution depend upon the carbon
and oxygen isotopic composition of the DIC pool, the oxygen
isotopic composition of the water, the temperature and pH of
the system, and the rate and extent of reaction (62). Assuming

pnas.org
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Fig. 2. Isotope and mineral data from four Gale crater carbonates. The large plot shows the carbon and oxygen isotope values of the carbonates (filled black

circles) compared with modern atmospheric CO, (empty white circle) (35). The

subplots illustrate the mineral abundances of carbonates, iron oxides, and

phyllosilicates at each of the sites. Exact isotope and mineral abundance data can be found in Tables 1 and 2, respectively. Error bars correspond to 1 SE.

the carbonates formed in isotopic equilibrium with the aqueous
system and were not subject to later isotopic exchange (e.g.,
diagenetic alteration and recrystallization), the 8'3C and §'*0O
of the carbonates should preserve information regarding their
formation conditions. In the case of the four samples presented
here, such information aids in our understanding of the envi-
ronmental conditions and processes present in Gale crater at
the time of carbonate formation.

If the Gale crater carbonates formed in isotopic equilibrium in
their respective settings, we would expect the 8'°C of the carbonates
to reflect fractionation from the DIC pool (i.e., the CO, in reaction
1). Atmospheric loss has preferentially stripped '>C from the atmos-
phere, progressively enriching the residual CO, in '*C over time (43).
‘Therefore, we expect that atmospheric CO, at the time of carbonate
formation would have been depleted in '*C relative to modern atmos-
pheric CO, [6"°C = 46 + 4%o (35)]. Modeling by Hu et al. (63) and
Thomas et al. (64) supports this, suggesting that atmospheric CO,
8"3C values were <20%o at the Hesperian-Amazonian boundary and
<0%o at the Noachian-Hesperian boundary. At 25 °C, FeCOj; equi-
librium with CO, produces a carbon isotope fractionation of
10001020ty eriee.con = 8-5 + 0.2%o (65). Siderite precipitated at 25
°C in isotopic equilibrium with a DIC pool with §"*C values of 0%o,
20%o, and 46%o would have 8"C values of 8.5%o, 28.5%o, and
54.5%o, respectively. Although this process produces '*C-enriched
carbonate, the 8'>C values of the Gale crater carbonates (272 + 2%,
Fig. 3A) necessitate a DIC pool that is even more '*C-enriched than
the modern martian atmosphere. At temperatures approaching 0 °C,

PNAS 2024 Vol. 121 No.42 2321342121

the magnitude of the siderite-CO, carbon isotope fractionation
increases to >15%o (65), which is still insufficient to account for the
lowest carbonate 8'*C value (72 + 2%o) reported here.

At equilibrium, the 8'%0 of the carbonates is governed by that
of the DIC pool, which itself is controlled by oxygen isotopic
exchange with water. Water in isotopic equilibrium with atmos-
pheric CO, has a 8'80 value approximately 40%o lower than that
of the corresponding CO, (69). A standing body of water that was
in oxygen isotopic equilibrium with modern martian atmospheric
CQO, in the Gale crater should have a §'%0 value of 8%o. Theoretical
modeling by Chacko & Deines (66) predicts that the oxygen isotope
fractionation between siderite (FeCO,) and water should be
10001080t 1120 = 30.03%o0 at 25 °C, enriching the FeCOj; in
180 relative to H,O. The corresponding fractionation factor between
ankerite (Ca[Fe,Mg,Mn][COj;],) and water is slightly lower at
1000In"80 ;. 10 = 28.52%0. More 8O is partitioned into the
carbonate as temperature decreases; at 0 °C, the corresponding frac-
tionation factors between carbonate are 1000In"0y ;. 1100 =
35.61%0 and 1000In"80t, 1120 = 33.93%o. The magnitude of
the equilibrium isotope fractionation between water with a §'%0
value of ~8%o and either of the carbonates is insufficient to explain
the 8'80 values of the Gale crater carbonates.

Based on these preceding 1000lna values, waters in isotopic
equilibrium with the Gale crater carbonates would need to have
880 values between 23 to 57%o at 0 °C and 29 to 63%o at 25 °C
(Fig. 3B). As of this writing, there are no known measurements of
ancient Martian water this enriched in "*O. Stepwise heating of

https://doi.org/10.1073/pnas.2321342121 5 of 10
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Fig. 3. (A) Carbon and (B) oxygen isotope data from carbonates identified by the Curiosity rover within Gale crater. The dotted and dashed lines illustrate the
equilibrium isotope fractionations at 25 °C and 0 °C, respectively, between the carbonate and the relevant source material (CO, for carbon isotopes and H,O for
oxygen isotopes) (65-68). The orange box in A represents modern atmospheric CO, (35) while the light and dark blue boxes in B represent modern atmospheric
water vapor and water from stepped heating of Martian meteorite NWA 7034 (55). None of these reservoirs were present when the Gale crater carbonates
formed; however, they provide valuable context for the relative enrichment in '3C and '80 of the carbonates. Error bars correspond to 1 SE in both panels.

Martian meteorite NWA 7034 from 50-1,000 °C produced
880, ., values from -21.78 + 0.05%o to 11.02 + 0.04%o0 (55).
The corresponding bulk 8'%0 values of NWA 7034 are also the
highest among the SNC meteorites (55). However, if the water in
Gale was as isotopically enriched as the most "*O-enriched water
from NWA 7034, any carbonates precipitating in isotopic
equilibrium with those fluids would only have a 8'%0 value of

~46%o, far below those measured in the Gale crater carbonates
(Fig. 4).

Two recent papers presented measurements of modern atmos-
pheric water vapor on Mars: 1) SAM analyses in Gale crater pro-
vided atmospheric 80O, ., values of 84 + 10%o (35), and 2)
infrared measurements from the ExoMars Trace Gas Orbiter placed
the 880, ., value of atmospheric water vapor at 200 + 80%o (71).
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Fig. 4. Measured (A) carbon and (B) oxygen isotope values from the four Gale crater carbonates compared with different carbon and oxygen reservoirs in
Martian materials. These materials include magmatic carbon (48), SNC refractory carbon (70), SNC carbonates (1, 50), ALH84001 carbonates (12, 50, 57), bulk
carbon and oxygen (2, 31), and CH, from pyrolysis of mixed carbon components in sediments (3). The orange boxes in each subplot represent the range of
values for modern atmospheric CO, (35), which places an upper limit on inferred ancient atmospheric CO,. The blue box in B represents the range of §'80 values
measured in water evolved from SNC meteorite NWA 7034 during stepped heating experiments (55). Dashed boxes illustrate the maximum potential isotopic
fractionation generated by each respective process assuming that the volatile phase in each has an isotopic composition corresponding to that of the CO, or
H,O reservoir. Error bars in panel (B) correspond to 1 SE; the error bars in panel (A) are smaller than the data points.
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The 8'80 value determined by Webster et al. (35) represents water
evolved from scooped aceolian fines at Rocknest (RN3). Although
initially interpreted as adsorbed atmospheric water vapor, a reas-
sessment of the RN3 cut analyzed by the TLS indicates that the
evolved water is a mixture of adsorbed water and water evolved
from hydrated salts including chlorides, sulfates, and oxyhydrox-
ides. Therefore, this value cannot be considered entirely represent-
ative of modern atmospheric water vapor. The ExoMars data must
also be placed into context as they were integrated across multiple
altitudes and times to give a weighted 8'%0O value for the Martian
atmosphere. Notably, the lowest altitude accessible by these meas-
urements is 15 km above the surface, meaning that the 200 + 80%o
value does not necessarily represent the same portion of the atmos-
phere measured by SAM. Given the higher altitudes, the sections
of the atmosphere measured by ExoMars may be subject to greater
degrees of photochemical alteration and loss than the surface
atmosphere, which would accentuate any isotopic fractionation in
the upper atmosphere (72). In addition, both the SAM and
ExoMars results are measurements of water vapor rather than
liquid water. At 0 °C, the 1000In"*0t,0) 120¢ = 11.77%0 (73),
meaning that any liquid water in equilibrium with those water
vapor reservoirs would be even further from the carbonate 80
values. While none of these 'O, ., measurements overlap with
the range of theoretical 8'%0,,,,, values needed to generate the
carbonates, this does not rule out the possibility that such waters
existed either as an unmixed reservoir or as the mixing product of
an '80O-depleted reservoir (e.g., the water in NWA 7034) and an
80-enriched reservoir (e.g., modern measurements from SAM
and ExoMars). Given that such reservoirs are inherently heteroge-
neous, we will consider alternative pathways capable of producing
the '>C and 'O enrichments measured in these carbonates.

Evaporation and Rayleigh Fractionation. In the preceding section,
we determined that the Gale crater carbonates could not have formed
in isotopic equilibrium with a DIC pool and water that had carbon
and oxygen isotopic compositions equal to those in known Martian
materials. It is, however, possible that the Gale crater carbonates
formed in isotopic equilibrium with water and DIC enriched in *C
and '®O. Rayleigh-type processes, such as evaporation, can amplify
isotopic fractionation during progressive loss of the lighter isotopes
from the liquid in an open or partially open system, leaving the
residual water enriched in heavy isotopes relative to the original fluid
(74-76). Multiple lines of geologic and geochemical evidence indicate
that water levels in the Gale crater have fluctuated over time (9, 77,
78). Progressive water loss through evaporation, with associated
carbonate precipitation and CO, exsolution, would drive both the
8"0, ., and the 8"°C of the DIC to higher values relative to the
initial fluid, as has been demonstrated in evaporative models for Earth
(79) and Martian meteorites (80). At equilibrium, the oxygen isotopic
fractionation between liquid water and water vapor is governed by
the following equation:

1000In "oty 1500)-p20(g) = —7-685 + 6.7123(10°/T)
- 1.6664(10°/T?) 2]
+0.35041(10°/T7),

where temperature is measured in kelvin (73). At 0 °C, this empirical
relationship predicts that liquid water will be enriched in 'O by
11.8%o relative to the water vapor. A similar relationship exists for
the carbon isotopic composition of the DIC pool. Previous work
by Zhang et al. (81) established the following fractionations between
DIC species and gaseous CO, produced by exsolution:

PNAS 2024 Vol. 121 No.42 2321342121

— 0.141(T) + 10.78, (3]

1000In " a1¢03-coz
1000In%ac05_cor = — 0.052(T) +7.22, (4]
1000In?acn(aq)-coa(g) = — 0-0049(T) = 1.31,  [5]

where the temperatures are measured in kelvin. These equations
predict ’C enrichment in the dissolved carbonate and bicarbonate
ions relative to the gaseous CO, at temperatures that support
liquid water. Importantly, these carbon and oxygen isotope frac-
tionations will establish the isotopic compositions of the water
and DIC pool from which the carbonates are precipitating. By
themselves, the fractionations in Eqs. 2-5 and the associated sid-
erite—water fractionation [1000In"80 ;.. a0 = 30.03%0 at 25 °C
(66)] and siderite—CO, fractionation [1000In"%0ty. .. con = 8.5 +
0.2%o at 25 °C (65)] are not sufficient to reproduce the §'°C and
8180 values of the Gale crater carbonates. However, as mentioned
above, the 8'3C and 8'80 of the water and DIC pool can be
increased by evaporative processes.

The conditions required for such fractionation might occur
within a shallow subsurface setting that is no longer in contact
with the atmosphere. In their water—rock model for meteorite
ALHB84001, Halevy etal. (80) hypothesized that a sufficient
degree of evaporation (290%) could generate changes in 8'°C and
880 as large as 40%o and 25%o, respectively. This degree of evap-
oration, when combined with the equilibrium fractionation fac-
tors for carbon [1000Ino ;.. cop = 8.5 + 0.2%o0 at 25 °C (65)
and oxygen [1000In"80t; . e 1120 = 35-61%o at 0 °C (66) isotopes,
would require starting compositions of '*C, = 23 to 61%o and
8804450 = -2 to 30%o in order to produce the 8"°C and §'*0
values of the Gale crater carbonates. While this combination of
equilibrium fractionation and evaporation can entirely explain
only two of the isotope enrichments (MA 880 = 59 + 4%o; TC
880 = 65 + 5%o), it is possible that the larger enrichments in 13C
and 'O measured in the Gale carbonates are simply a function
of carbonate precipitation from an aqueous system that has expe-
rienced greater degrees of evaporation than that hypothesized for
the much older carbonates entrained in ALH84001.

The evaporative interpretation also matches well with the sed-
imentary context and mineralogy of the four samples (Fig. 2 and
Table 2). The mudstones identified at MA point toward a lacus-
trine origin while the sandstones at BD indicate a marginal lake
environment (Fig. 1). TC and UB both ovetlie a relatively resistant
unit in the Catrimani Member known as the Marker Band (82)
(Fig. 1) and the mixture of scours and low-angle cross-bedding at
the two sites has been interpreted as acolian. TC and UB, the sites
with the highest carbonate abundances (10.8 wt.% and 4.8 wt.%
siderite, respectively) and highest 8'*C values, are located within
the sulfate unit, while MA and BD were sampled in the clay
mineral-rich Glen Torridon region and the clay-sulfate transition
zone, respectively. These latter two samples contain significantly
less carbonate: MA has the lowest amount of siderite (1.4 wt.%),
while BD contains carbonate as ankerite (1.0 wt.%).

The range of formation environments (lacustrine, marginal,
and aeolian) is consistent with the idea that these samples experi-
enced differing degrees of hydration and, by extension, evapora-
tion. Within this framework, the lower 8'3C and 8'8O values at
MA could be a function of equilibrium fractionation and evapo-
ration within a shallow lake while the elevated 8§'3C and 6§80
values at BD, TC, and UB might be the result of more extensive
evaporation in periodically or occasionally submerged settings
(i.e., lake margins, sabkhas). These types of alternating wet—dry
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settings have been previously proposed based on deposits identi-
fied in between BD and TC (77). Furthermore, this interpretation
is consistent with one of the leading hypotheses for the formation
of the Marker Band: precipitation of indurated sulfates in a lacus-
trine environment (83, 84).

Itis also possible that these wet—dry cycles resulted in secondary
diagenetic events that contributed to the range of §'*0 values and
carbonate abundances. The presence of hematite (8.4 wt.% and
0.9 wt.%) and phyllosilicates (12.0 wt.% and 28.7 wt.%) at BD
and MA suggests that there may have been fluid-induced diagen-
esis within the clay-sulfate unit, possibly during a later, more
extensive diagenetic event. Diagenesis might also explain the lower
concentrations of carbonate at BD and MA as this mechanism
was previously proposed by Thorpe et al. (11) to explain a spatial
transition from smectites to Fe-carbonates to hematite as the result
of proximity to a mixing zone. Another possibility is that the §'*0
value of TC (65 = 5%o) reflects recrystallization in a solution with
adifferent 8'%0 from the original carbonate source(s). Carbonate
recrystallization on Earth can affect both §°C and 880 (85);
however, changes in 8'°C require fluids with high DIC concen-
tration, which have not been observed on Mars. Recrystallization
in a DIC-poor fluid could therefore lower §'30 while not affecting
813C, offering an explanation for why TC does not seem to follow
the same evaporative trend in '°C and §'®0 that the other three
sites exhibit (Fig. 2). A more detailed analysis of the distribution
of soluble cations within different mineral phases could provide
further evidence for these hypotheses.

Cryogenic Brine Precipitation. Cryogenic precipitation (T =~ 0
°C) is a compelling explanation for the observed isotope values
as it has previously been demonstrated to produce '*C and '*O
enrichments in carbonates (86-88), and cold temperatures are
consistent with some models of early Mars climate (31). While
liquid water once existed on Mars (89), it is not known when
these bodies of water transitioned from long-lasting to more
ephemeral surface features (78). Given this uncertainty, we do
not know whether the carbonates precipitated under warm (90)
(225 °C) or cryogenic conditions (91). Cryogenic carbonates have
been identified on Earth, including in permafrost caves (86) and
aufeis deposits (92). In both settings, freezing concentrates solutes
within bicarbonate-rich waters, driving CO, degassing, pH rise,
and precipitation of carbonates and other salts. Freezing processes
such as these have been theorized to have occurred on Mars (93).
Such cryobrines can form not only carbonates but also hydrated
sulfate minerals (93) like those that have been detected at BD,
MA, TC, and UB (Table 2). Moreover, as in a purely evaporative
scenario, CO, exsolving from these fluids would remove '*C
and '°O, leaving the water and DIC from which the carbonates
precipitate relatively enriched in '*C and 0.

Precipitation under cryogenic conditions also introduces the
potential for kinetic isotope effects (KIE) as the lower temper-
atures would reduce the rates of isotopic exchange. Under isotopic
equilibrium at ~25 °C, experiments show that the fractionations
between siderite and CO, are 10001n"0t;y.1;e.con = 85 % 0.2%0
(65) and 1000In"80y ;.. cor = =8-09%0 (94). In other words,
80 will preferentially fractionate into the CO, rather than
siderite at 25 °C. Crucially, these fractionation factors assume
equilibrium between the siderite and CO,. This assumption is
not necessarily reasonable in a setting like the Martian surface
where low temperatures and high salinities may amplify kinetic
effects (57), yielding fractionations that diverge from those pre-
dicted by equilibrium fractionation factors. Clark and Lauriol
(86) examined these KIE in natural and synthetic cryogenic
carbonates. They found that at 0 °C, the §'*C value of carbonate

https://doi.org/10.1073/pnas.2321342121

was 31.2 £ 1.5%o higher than that of the dissolved CO,. This
is three times greater than the predicted CaCO;-CO, equilib-
rium fractionation (10.3%o). The corresponding kinetic
1000In"80_y;...co, for 8180 is lower (5.5 + 0.5%o) but favors
80-enrichment in the carbonate. As surface temperatures on
early Mars may have regularly dropped below 0 °C, similar KIE
fractionations may occur during cryogenic precipitation of sid-
erite and ankerite on Mars. These fractionations, where *C
partitioning is stronger than '*O by ~25%o, provide a mecha-
nism for the additional enrichment in 8'*C measured at TC
and UB. However, the magnitude of the variation between the
B3C and 80 fractionations is smaller than the difference between
the 8'3C and 8§'80 values, which exceeds 40%o at TC. A possible
scenario is that CO, exsolution and/or evaporation during cry-
ogenic brine precipitation yielded the fractionation necessary
to produce the carbonate 8'3C values from atmospheric CO,,
although neither evaporation nor cryogenic brine precipitation
can produce the enhanced '®O enrichment (relative to °C) at
BD. Therefore, while KIEs associated with rapid mineral pre-
cipitation remain a possible explanation, the simplest and most
probable mechanism for generating the observed 8'°C and §'%0
values is a combination of evaporation, CO, exsolution, and
the associated equilibrium isotope fractionations.

Conclusions

We discuss Fe-carbonates detected at four locations within the
Gale crater. The carbon (8'C =72 + 2 to 110 + 3%o VPDB) and
oxygen (8'%0 =59 £ 4 to 91 + 4%0 VSMOW) isotope values of
these carbonates are highly enriched in heavy isotopes relative to
all known samples from Mars, motivating an investigation of their
origin(s). This study explores two probable mechanisms for gen-
erating these enrichments: 1) equilibrium isotopic fractionation
between carbonates and a DIC-bearing aqueous solution that has
been isotopically enriched in '*C and O due to evaporative water
loss and associated CO, exsolution and 2) KIEs associated with
cryogenic brine precipitation. However, none of these mechanisms
alone completely explains the isotopic compositions of all four
carbonates. It is probable that a combination of these processes is
responsible for the isotopic enrichments. One potential scenario
is that the carbonates formed via Rayleigh-type evaporative pro-
cesses and CO, exsolution induced by intermittent wet—dry cycles
within Gale crater. The differences in isotopic values between the
sites can be attributed to the carbonates having precipitated from
fluids that experienced different degrees of evaporative water loss
with concomitant CO, exsolution. This explanation matches the
mineralogy for the four sites, where BD and MA have a suite of
clay minerals associated with lacustrine environments while TC
and UB match the features of aeolian deposits. Further mineral-
ogical analysis, modeling of isotopic evolution (80), and analog
experiments would provide additional means of testing this
hypothesis.

Materials and Methods

The 5-km tall sedimentary mound in the center of the Gale crater known
as Mt. Sharp preserves a complex sedimentary history and likely records a
transition in Mars' ancient climate (25). The mineralogical data from CheMin
play a key partin unraveling that history. The first drill hole in the Yellowknife
Bay formation revealed abundant clay minerals in most fluvial-lacustrine
sedimentary rocks (61, 95, 96). However, in the last three years, continued
exploration of the crater has uncovered a transition in the stratigraphy as
well as the mineralogy. The sedimentology of outcrops farther up in the
Carolyn Shoemaker formation documents a shift from fluvial and lacustrine
environments to terrains that were dominated by aeolian processes. This
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shift in the stratigraphy coincides with an overall loss of clay minerals and
an increase in sulfates and carbonates (32).

cheMin. The CheMin X-ray diffractometer measures the mineralogy of scooped
soils and drilled rock samples (97). Drill powders are delivered to the CheMin
instrument and funneled into sample cells with Mylar or Kapton windows. A
piezoelectric actuator vibrates the sample cell to promote randomization of the
particles as the X-ray beam passes through with a transmission geometry. As
X-rays diffract from the interaction with mineral phases, diffraction patterns are
collected as two-dimensional images on a charge-coupled device and then are
converted to one-dimensional patterns using a modified version of the GSE_ADA
software (98). The data are analyzed with whole pattern fitting FULLPAT (99, 100)
and Rietveld refinement methods to 1) estimate the proportions of crystalline,
clay mineral, and amorphous components, 2) identify crystalline phases present
at >1 wt%, and 3) measure unit-cell parameters for major crystalline phases.

sAM. The samples discussed in this study were acquired from fluvial-lacustrine and
aeolian deposits across a ~400 m change in elevation during the ascent of Aeolis
Mons. Data presented here were acquired using SAM's TLS instrument (36). Drilled
samples are prepared using feed-extended sample transfer, whereby sample fines
are stored within the drill stem and then vibrated and rotated prior to delivery into
SAM (37). The sample was delivered to SAM's solid sample inlet into a precondi-
tioned quartz glass cup (heated to ~870 °Cand cooled before sample delivery)and
sealed into one of two SAM ovens. Samples were heated at ~35 °C/min to ~870°C
under helium flow (~0.8 sccm). Additional details of evolved gas quantification,
including estimation of delivered sample mass and analysis by the quadrupole
mass spectrometer, have been described elsewhere (101, 102). In each experiment,
aportion of gas evolved over a previously determined temperature interval (typically
~100to 300 °Cwide) was sent to the SAMTLS forisotopic analysis of CO, and water
(S1 Appendix, Figs. S1-S4). The TLS is described in detail elsewhere (103).
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Data, Materials, and Software Availability. Flight mass spectrometry and
tunable laser spectrometry data have been deposited in the Geosciences Node
of NASA's Planetary Data System (https://pds-geosciences.wustl.edu/missions/
msl/sam.htm)(104).All study data are included in the article and/or S/ Appendix.
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