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Carbonates identified by the Curiosity rover indicate
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Ancient Mars had surface liquid water and a dense carbon dioxide (CO2)–rich atmosphere. Such an
atmosphere would interact with crustal rocks, potentially leaving a mineralogical record of its presence.
We analyzed the composition of an 89-meter stratigraphic section of Gale crater, Mars, using data
collected by the Curiosity rover. An iron carbonate mineral, siderite, occurs in abundances of 4.8 to
10.5 weight %, colocated with highly water-soluble salts. We infer that the siderite formed in water-
limited conditions, driven by water-rock reactions and evaporation. Comparison with orbital data
indicates that similar strata (deposited globally) sequestered the equivalent of 2.6 to 36 millibar of
atmospheric CO2. The presence of iron oxyhydroxides in these deposits indicates that a partially closed
carbon cycle on ancient Mars returned some previously sequestered CO2 to the atmosphere.

T
he geomorphology of Mars demonstrates
that the planet formerly hosted large
quantities of liquid water on its surface,
at least intermittently, which requires a
higher temperature than at present (1, 2).

Climate models of ancient Mars indicate that
to produce sufficiently warm conditions for
stable liquid water, the atmosphere must have
contained at least tens of millibars of atmo-
spheric carbon dioxide (CO2) (1, 2) and po-

tentially much more (several bars) (3–5). The
current martian atmosphere contains only
~6 mbar CO2 (6).
It has been estimated that volcanic outgass-

ing would have provided the equivalent of 0.1
to 10 bar of CO2 to Mars’ early atmosphere
(7, 8). Much of this CO2 (up to 3 bar) was sub-
sequently lost to space (6), but enough CO2

must have been present in the atmosphere at
some point for liquid water to be stable. Under
those conditions, reactions between liquidwater
and rock (aqueous alteration) are predicted to
have produced sedimentary carbonates (9, 10).
There have been several detections of carbo-

nate minerals on Mars (6, 11, 12), but in lower
quantities than were predicted (10, 11, 13). Car-
bonates have been identified in situ by using
rovers, remotely by orbiters, and in martian
meteorites (supplementary text). Those carbo-
nates have a wide range of compositions and
mineralogical contexts (12) but aremostly iron
(Fe)–bearing carbonates with differing (but
substantial) magnesium (Mg)–, calcium (Ca)–,
andmanganese (Mn)–carbonate components
(12). The chemistry of carbonates can record
their formation pathways (14, 15). The mea-
sured compositions of martian carbonates are
generally consistent with formation through
aqueous alteration of basalt, which is sup-
ported by their colocation with primary basal-
tic minerals such as olivine and pyroxene (12).
These properties have been interpreted as in-
dicating that the dominant mode of carbonate
mineral formation on Mars is direct, possibly
hydrothermal, replacement of basaltic miner-
als rather than sedimentary processes (12).
Spectroscopic mapping of surface geology

from orbit can be used to estimate global mi-

neralogical inventories (11). Global deposits of
carbonates on Mars are estimated to have se-
questered the equivalent of 10 mbar to 1 bar of
atmospheric CO2 (6). These estimates span a
wide range because few carbonate exposures
have been identified from orbit (16). Either
carbonate minerals are rare on the surface of
Mars, or they are present in a form that eludes det-
ectionby reflectance and thermal emission spectros-
copy. In either case, there is little evidence of
the carbonates in sedimentary rocks that are
predicted by climate and geochemical models.

Rover drill samples contain siderite

We searched for carbonates using data from
the Curiosity rover, part of the Mars Science
Laboratory mission, which is exploring Aeolis
Mons (informally known as Mount Sharp) in
Gale crater, Mars. In late 2022, the rover
reached sedimentary strata containing mag-
nesium sulfates (17), part of a sulfate-rich unit
that had previously been mapped from orbit
(18). The rover drilled four samples of these
rocks (Fig. 1) in locations imaged with the
Mast Camera (Mastcam) (19). Those samples
were analyzed by using the rover’s Chemistry
and Mineralogy (CheMin) instrument, which
uses x-ray diffraction to determine sample
mineralogy.
Crystalline starkeyite (MgSO4·4H2O) was

present in the drill hole informally called
Canaima, which was sampled at –3879 m ele-
vation (relative toMars mean radius) from the
strata informally designated the Contigo mem-
ber (lithologically distinct subdivision) of a
larger sedimentary unit, informally designated
the Mirador Formation (17). Curiosity then as-
cended onto a nearby prominent bench infor-
mally known as the Marker Band (20), which
extends almost continuously aroundMt. Sharp.
Geologically, this is informally designated as
the Amapari member of the Mirador Forma-
tion. The hard rocks of the wave-rippled strata
of the Amapari member could not be drilled,
but a drill sample informally named Tapo
Caparo was obtained from the overlying thick-
ly laminated strata, at –3853 m elevation (fig.
S1) on sol 3752 (where mission sols are mar-
tian days elapsed since the rover landed). The
Canaima and Tapo Caparo samples were ob-
tained from sedimentary deposits that were
laid down in a lacustrine (lakebed) environ-
ment. A further drill sample, informally named
Ubajara, was acquired at –3826 m elevation on
sol 3823, above a transition to sediments froma
predominantly eolian (wind-blown) environ-
ment (Fig. 1). This unit, informally designated
the Chenapau member of the Mirador Forma-
tion, has sedimentary features, such as sand
sheets (fig. S2), that indicate there was a shal-
low water table that limited sand accumula-
tion (21). Another drill sample, informally named
Sequoia, was obtained from Chenapau sand-
stones at –3764melevation on sol 3980 (fig. S3).
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We analyzed CheMinmeasurements of each
of these four drill samples (figs. S4 to S7) (19),
finding that the Tapo Caparo, Ubajara, and
Sequoia samples contain crystalline siderite
(FeCO3) at respective abundances of 10.5 ±
0.5, 4.8 ± 0.3, and 7.6 ± 0.4 wt % (1s uncer-
tainties). The samples also contain basaltic
minerals [the sodium (Na)–, Ca-, and alumi-
num (Al)–bearing silicate mineral plagioclase
and the Ca- and Mg-bearing silicate mineral
pyroxene], calcium sulfates, magnesium sul-
fates, different amounts of iron oxyhydroxides,
and an unidentified x-ray amorphousmaterial
(Table 1, Fig. 2, and supplementary text). The
abundance of siderite in these samples was
sufficiently high for our analysis procedure
(19) to determine the cation compositions of
the carbonates (fig. S8). We found that the
siderite is highly pure, with estimated formu-
las of Fe0.97Mg0.03CO3, Fe0.95Mg0.05CO3, and
FeCO3 for the Tapo Caparo, Ubajara, and Se-
quoia siderites, respectively (Fig. 2C).
We confirmed the siderite purity and accom-

panying mineralogy using the Sample Analysis
at Mars (SAM) instrument suite, which com-
busts samples to produce gases and performs
evolved gas analysis (EGA) to determine their
chemistry (19). EGA of these samples by use of
SAM shows that all three exhibit a similar
CO2 release, caused by carbonatemineral ther-
mal decomposition, at temperatures >100°C
lower than would be expected from Mg- or
Ca-carbonates (fig. S9). The SAM results are
consistent with the formulas calculated from
the CheMin data for all three samples.

Siderite deposition requires fluid
supersaturation

The abundance and composition of the carbo-
nates in thedrill samples indicates a sedimentary
pathway for carbonate formation and preserva-
tion on Mars. Siderite has been theoretically
predicted to be a primary, early-forming sedi-
mentary mineral on Mars (12, 22). The nearly
pure FeCO3 compositions we found are unlike
the Ca- and Mg-rich carbonates that were pre-
viously identified inmartian samples (Fig. 2C).
The siderite and sulfates in the analyzed

sediments were deposited by fluids. We con-
strained properties of the fluid by considering
the mineralogy and geological context of the
samples in a geochemical framework (19). Like
other carbonates (23), siderite is much more
soluble in an aqueous solution if carbonic acid
(H2CO3) is more abundant than its dissocia-
tion product, bicarbonate (HCO3

–) (Fig. 3). To
allowprecipitation, any siderite-forming solution
must therefore have substantial alkalinity (ef-
fectively, the sum of HCO3

– and CO3
2– con-

centration in equivalents units) at neutral or
basic pH, depending on the partial pressure of
CO2 (PCO2) in the solution (Fig. 3). This PCO2

might or might not have been representative
of atmospheric PCO2 at the time the siderite
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Fig. 1. Geological context of the drill samples. (A) Stratigraphic column indicating elevations and
sedimentological interpretations of the 89-m vertical section traversed by the rover. Group, formation,
and member designate the sedimentary units. Hatching styles indicate the lithology, as indicated in the
legend. Black circles indicate drill sample locations: CA, Canaima; TC, Tapo Caparo; UB, Ubajara; and
SQ, Sequoia. Vertical thick lines extend between sample elevations where Mg-sulfate minerals (solid line) and
siderite (dashed line) have been detected. (B) Orbital optical image mosaic of Gale crater, overlain with
Curiosity’s traverse (white line) up Mt. Sharp. Member (mbr) boundaries correspond to the section in (A).
The difference between ChemCam observation points and the median Chenapau bedrock composition (19)
is plotted as colored circles (as indicated in the color bar) at locations where ChemCam analyses were
performed. Chenapau member chemistry is homogeneous and closely resembles the chemistry of the upper
section of the Amapari member, near the Canaima drill site.

Table 1. Mineralogical composition of the examined samples. Values of mineral and amorphous
component abundance (in weight %) derived from the CheMin data and their 1s uncertainties. Dashes
indicate that the phase was below CheMin detection limit (<1 wt %).

Phase Tapo Caparo Ubajara Sequoia
Plagioclase 15.3 ± 0.7 14.8 ± 1.2 21.1 ± 0.7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Pyroxene 8.7 ± 0.8 6.0 ± 0.8 13.9 ± 0.9
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Quartz — 0.9 ± 0.2 0.9 ± 0.2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hematite — 2.3 ± 0.7 2.4 ± 0.7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Goethite — 1.2 ± 0.2 —
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Akageneite — — 2.7 ± 0.6
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Siderite 10.5 ± 0.5 4.8 ± 0.3 7.6 ± 0.4
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Anhydrite 0.8 ± 0.2 0.5 ± 0.2 2.6 ± 0.3
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Bassanite 1.5 ± 0.4 0.8 ± 0.1 —
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Gypsum — 2.3 ± 0.2 —
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Starkeyite — 6.4 ± 0.8 —
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Kieserite 3.2 ± 0.4 — 5.8 ± 0.8
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Amorphous 60 ± 12 60 ± 12 43 ± 13
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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was deposited; less alkalinity is required to pre-
cipitate siderite at lower PCO2 typical of basal-
tic groundwaters (24) than at the theoretically
predicted PCO2 of the ancient martian atmo-
sphere (Fig. 3). Because siderite contains Fe
in its chemically reduced state, the siderite-
forming solutions must also have been less oxi-
dized than the modern martian surface and
atmosphere, in which the stability of oxidized
Fe is demonstrated by the prevalence of oxi-
dized (red) Fe. Isotopic analysis of the siderite
shows that it is enriched in heavy isotopes of C
and O, relative to both the modern and pre-
dicted ancient Mars atmospheres (25). Because
siderite is preferentially produced in reduc-
ing, lower-than-atmospheric PCO2 solutions,
we propose that it formed in subsurface pore
spaces that were not in direct contact with
the atmosphere.
The composition of the siderite provides fur-

ther constraints on its formation conditions.
Because dissolved Mn2+ is easily incorporated
into siderite (15), the lack of measurable Mn2+

in the analyzed siderites indicates that the
precipitating solution contained little or no
Mn2+. Olivines and pyroxenes in martian me-
teorites usually contain substantial Mn2+ (26),
which would be released alongside Fe2+ dur-
ing basalt dissolution. We therefore infer that
the siderite did not form through direct re-
placement of basaltic minerals. Similarly, the
negligible Mg2+ contents of the siderite are
consistent with formation at low temperature
(14, 15). The absence of Ca2+ in the siderite in-
dicates a high Fe2+/Ca2+ ratio in the precipita-
ting solution at the time of siderite formation
(14, 15). The drill samples also contain Ca-
sulfate minerals, which require substantial
Ca2+ and SO4

2– in the solution. We therefore
infer that the siderites and sulfates formed
from solutions with substantially different
Fe2+/Ca2+ ratios, or at different times from an
evolving solution. This ratio could fall over
time if a substantial fraction of Fe was re-
moved through siderite precipitation, leaving
Ca still in solution (fig. S10). Sulfates have been
prevalent alongCuriosity’s traverse ofMt. Sharp,
and at least some of the sulfates in these drill
samples might have formed after the siderite,
either through evaporation during early diage-
nesis (postdepositional changes to the sedi-
ment) (27) or as veins filling fractures during
later diagenesis (28, 29).

Evaporation drove siderite precipitation

Dissolution of basalt could have provided the
divalent cations (Fe2+, Ca2+, andMg2+) required
to form the sulfate and carbonate minerals,
whereas atmospheric CO2 and sulfur dioxide
(SO2) could have provided the major anions
HCO3

– and SO4
2–. Even after these solutes were

dissolved in the fluid, another mechanism is
required to reach sufficient supersaturation
for nucleation and growth of the carbonate
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Fig. 2. Mineralogy of the samples and composition of the siderite. (A) X-ray diffraction patterns
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(B) Pie charts showing the calculated mineralogical and amorphous phase abundances in the Tapo Caparo,
Ubajara, and Sequoia samples. Colors indicate minerals. The siderite wedges are offset and labeled with
their abundance. (C) The carbonate compositions of the investigated samples (stars, labeled as in Fig. 1A)
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martian meteorites (ALH84001, Lafayette, Nakhla, and Governador Valadares) and at the Comanche outcrop
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Fig. 3. Thermodynamic
requirements for siderite
formation. The dashed white
line indicates the minimum
pH required for siderite precipi-
tation as a function of PCO2,
determined from our thermody-
namic solubility calculations
(19). The thick white line is the
same threshold but for the
experimentally measured critical
supersaturation, which incorpo-
rates kinetic inhibition of siderite
precipitation (35). Color indicates
the corresponding alkalinity in
milliequivalents per liter (meq
L−1); thin black lines are contours
labeled with the corresponding
values. Black arrowheads indi-
cate the minimum atmospheric
PCO2 theoretically predicted to
stabilize liquid water in collision-induced absorption (CIA) (3) and high-altitude water ice cloud (HAWIC)
(2) scenarios, and the modern martian atmosphere (6). Also indicated is the maximum PCO2 measured in
Icelandic basaltic groundwaters (24), which is much lower than Earth’s atmospheric PCO2 (19).

−4 −3 −2 −1 0 1 2 3 4
log (alkalinity (meq L-1))

minimum 
for HAWIC
warming

minimum 
for CIA
warming

5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
pH

−5

−4

−3

−2

−1

0

lo
g(

pC
O

2 
(b

ar
))

−4.5

−3.0

−1.5

0.0

1.5
3.0

modern 
atmosphere

basaltic
ground
waters

siderite (critical supersaturation)

siderite 

RESEARCH | RESEARCH ARTICLE

Tutolo et al., Science 388, 292–297 (2025) 18 April 2025 3 of 6

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 25, 2025



and sulfate minerals (or their precursors) to
occur. Themost straightforwardmechanism is
evaporation of the water in Gale crater, which
is consistent with the stratigraphic transi-
tion from shallow lacustrine to shallow water-
table eolian deposition (Fig. 1). Gale crater is
a closed-basin lake system (30, 31), and other
samples collected within the crater contain
abundant highly soluble salts that require ex-
tensive evaporation for deposition (9, 22, 27, 32).
Alternative mechanisms to concentrate sol-
utes, such as brine freezeout, could have had
a similar overall effect (22). Although we can-
not eliminate brine freezeout as a potential
mechanism, sedimentological criteria (30)
imply that it is unlikely to have occurred in
Gale crater.
We used the concept of chemical divides,

which relates sequences of mineral precipita-
tion during evaporation to the chemistry of the
evaporating waters (22, 33), to interpret the
origin of the sampled mineralogy. Because it
is the least soluble, siderite is expected to be
the first evaporite mineral to precipitate during
evaporation of martian aqueous solutions, ex-
cept those with highly acidic or sulfate-rich
compositions (9, 22). Early siderite formation
exhausts the alkalinity, which prevents precipi-
tationof other carbonates such as calcite (CaCO3)
ormagnesite (MgCO3). Continued evaporation
leads to the formation of Ca-sulfate phases, such
as anhydrite (CaSO4) or gypsum (CaSO4·2H2O).
Further evaporation yields hydrousMg-sulfates
suchas kieserite (MgSO4·H2O), epsomite (MgSO4·
7H2O), or meridianiite (MgSO4·11 H2O), de-
pending on temperature (17, 22). Because sid-
erite formation occurs at an earlier stage of
evaporative concentration than the precipita-
tion of hydrous Mg-sulfates, the formation of
the latter through evaporation of Fe2+-bearing
solutions implies an earlier siderite-forming
step (22). If Fe2+ had remained in solution
when the Mg-sulfates formed, we expect the
simultaneous precipitation of Fe-sulfates such
as melanterite (FeSO4·7H2O), which have not
been detected (our CheMin data set an upper
limit of ≲1 wt % in the samples) (22). The evap-
oration sequence we expect (fig. S10) is con-
sistent with the measured compositions of the
drill samples.
We confirmed the consistent chemical com-

position of the 89 m of analyzed strata using
the Chemistry and Camera (ChemCam) instru-
ment, which uses laser pulses to remotely esti-
mate the chemistry of rocks encountered along
the rover’s traversemore frequently than is pos-
sible by using drill samples (19). These analyses
demonstrate that the analyzed section of the
Mirador Formation is chemically homogeneous
and differs from the underlying Mt. Sharp
stratigraphy (Fig. 1). This implies that the fluids
that deposited carbonate and sulfates were
long-lived and affected a substantially thick
portion of the Mt. Sharp stratigraphy.

Theoretical models indicate that PCO2 must
have been higher on ancient Mars, to stab-
ilize liquid water on the surface long enough
to deposit the stratigraphically lower sedi-
ments that were previously investigated by
Curiosity (30). The onset of siderite deposi-
tion therefore does not record the beginning
of elevated atmospheric PCO2. Carbonate de-
position in Gale crater was likely triggered by
a change in the fluid within the crater. We
hypothesize that changing global environ-
mental conditions might have decreased water
availability and diminished the role of sulfu-
ric acid in mediating geochemical reactions.
For identical mineral dissolution rates (for
example, under identical pH and tempera-
ture), water-rock reactions become more ef-
fective at buffering water chemistry under
more water-limited conditions because solu-
tion chemistry evolves more rapidly as miner-
als dissolve into smaller solution volumes.
Sulfuric acid is thought to be the dominant
mediator of water-rock interactions on Mars
(10). Water-limited reactions would have been
more effective at neutralizing acid, particular-
ly if the aqueous solutions were not in direct
contact with atmospheric SO2. Even a low con-
centration of sulfuric acid in solution lowers the
pH sufficiently to inhibit carbonate precipita-
tion (34). We calculate (19) that siderite pre-
cipitation halts (Fig. 3) if solution pH is lower
than occurred during sediment deposition in
underlying Gale crater sediments [pH 5.2 to
5.6 (35)]. We therefore suggest that the ap-
pearance of siderite in sediments could mark
when sulfuric acid was neutralized by basalt-
driven alkalinity generation. Any process that
neutralizes sulfuric acid could have led to sid-
erite precipitation (Fig. 3) while also leaching
the Mg2+ and Ca2+ required to trigger sulfate
deposition during subsequent evaporation.

Implications for global sulfate-bearing strata

Orbital data have been used to map sulfate-
bearing sedimentary strata, similar to those
observed in Mt. Sharp, across the planet (36).
Spectral absorption features associated with
carbonate minerals have not been reported
in orbital observations of Mt. Sharp’s sulfate-
bearing strata (37). These sulfate-bearing sedi-
ments were not expected to be carbonate-
bearing. We suggest that the carbonates we
identified were invisible to orbital investiga-
tion, perhaps owing to dust cover or mixing
with other phases, such as Mg-sulfates. What-
ever the reason for this discrepancy, if other
sulfate deposits on Mars also contain carbon-
ate at similar abundances to those we mea-
sured at Gale crater, they might also have
eluded detection from orbit.
If the mineralogy of the Mt. Sharp sulfate

sediments we investigated is representative of
global deposits, they could contain a substan-
tial reservoir of carbon. We considered two

scenarios to estimate the amount of CO2 that
these rocks might have sequestered (fig. S11)
(19). In the first scenario, we assumed that the
89 m of strata investigated by Curiosity repre-
sent a brief, carbonate-precipitating interlude
and multiplied this thickness by the area of
global sulfate strata (19). In this case, global
sulfate strata contain the equivalent of 2.6 to
5.7 mbar of sequestered CO2—a similar amount
to that contained in the modern martian at-
mosphere. In the second scenario, we assumed
that siderite persists throughout the full vol-
ume of global sulfate sediments (19). In this
case, global sulfate strata could contain the
equivalent of 16 to 36 mbar of atmospheric
CO2; the latter value is six times Mars’ current
atmospheric CO2 pressure. If that amount of
CO2 was present in the ancient atmosphere,
it would have provided sufficient pressure for
stable surface liquid water on early Mars be-
cause the increased atmospheric pressure sup-
presses evaporative cooling (38, 39). However,
a few tens of millibar of atmospheric CO2 is
inadequate by itself to stabilize liquidwater on
the early martian surface because it would not
provide sufficient warming to raise surface
temperatures (40–43). Because erosion has
reduced the size of global sulfate deposits, the
values of area and volume used in these cal-
culations are likely to be underestimates (19).

Diagenesis returned carbon to the atmosphere

Once formed, siderite can decompose to Fe-
oxyhydroxides, releasing CO2, through changes
in environmental parameters, such as pH, PCO2,
redox state, or the flux of ionizing radiation
(supplementary text). The differences in Fe-
bearingminerals in the otherwise composition-
ally and geologically (Fig. 1) similarMg-sulfate–
richCanaima,TapoCaparo,Ubajara, andSequoia
samples indicates differing degrees of post-
depositional siderite destruction and provides
a record of an ancient martian carbon cycle,
which has not been evident in previously in-
vestigated strata (13, 27). The Canaima sample
contained no detectable siderite but abun-
dant Fe-oxydydroxides in the form of hematite
(a-Fe2O3) and goethite (a-FeOOH) (17). TheTapo
Caparo sample was taken from a location sepa-
rated fromCanaima by theMarker Band, which
was impenetrable by Curiosity’s drill and there-
fore perhaps impermeable towater. TapoCaparo
contained abundant siderite and no detectable
hematite or goethite. Higher up in the strati-
graphy, the Ubajara and Sequoia samples con-
tained less siderite than did the Tapo Caparo
sample but abundant hematite with either
goethite (in Ubajara) or akageneite (b-FeOOH,
in Sequoia) (Table 1). Because these ferric Fe-
bearing minerals cannot form from the anoxic
solutions that would have precipitated siderite
(44), their presence indicates that diagenetic
transformations caused (at least partial) sider-
ite destruction, Fe-oxyhydroxide formation, and
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therefore CO2 release from the Mg-sulfate–
bearing strata (Fig. 4). Sulfate-rich, siderite-
undersaturated fluids, such as those that formed
postdepositional jarosite [(H3O

+, K+, Na+)Fe3
(SO4)2(OH)6] in underlying strata (45), could
have driven this process of carbonate destruc-
tion. SAM EGA analyses indicate the presence
of Fe-sulfates at abundances below the CheMin
detection limit in the investigated samples (fig.
S12), which is consistent with this scenario.
Sulfate-bearing formations elsewhereonMars,

mapped by using orbital data, might have ex-
perienced a similar sequence of carbonate for-
mation and destruction. Siderite has not been
detected in those other deposits, but Fe oxyhy-
droxides associated with sulfate-bearing strata
have been identified in the Valles Marineris
and Terra Meridiani formations (46). Those
oxyhydroxideswere hypothesized to have formed
from siderite, possibly by acidic groundwaters
(46). If that interpretation is correct, decom-
position of siderite occurred in multiple loca-
tions and released CO2 into the atmosphere,
recycling CO2 that was originally sequestered
during siderite formation. Diagenetic carbon-
ate destruction observed elsewhere on Mars
(47), in martian meteorites (48), and in sand-
stones on Earth (44) yields nearly identical re-
action products to those we found in Gale
crater and are observed globally in orbital data
(supplementary text). We therefore conclude
that in situ, orbital, and terrestrial analog evi-
dence all indicate that postdepositional altera-
tion of siderite closed the loop inMars’ carbon
cycle, by returning CO2 to the atmosphere
(Fig. 4). Yet the persistence of siderite long
after deposition indicates that postdepositional
siderite destruction was incomplete, and more
carbon was sequestered than was subsequent-

ly released. The ancient martian carbon cycle
was thus imbalanced, in contrast with Earth’s,
which has remained balanced over geologic
time (49).
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elevated atmospheric CO2

subsurface chemical
sedimentation 

diagenetic siderite 
destruction

siderite + Ca-sulfate + Mg-sulfate − siderite + Fe-oxyhydroxides + CO2

Fig. 4. Schematic illustration of our proposed carbon cycle on early Mars. Evaporation of water (pink
shading) from subsurface pore spaces initially deposits siderite, which sequesters atmospheric CO2 (black
downward arrow). Increasing levels of evaporation deposit Ca-sulfate and Mg-sulfate minerals. Wind-blown
(eolian) sedimentation at the ground surface (gray dots) moves the location of evaporation and chemical
sedimentation upward with time. After some time (white arrow), infiltration of siderite-undersaturated fluids
(yellow shading) partially destroys the previously precipitated siderite, forming Fe-oxyhydroxides and
releasing previously sequestered CO2 back into the atmosphere (black upward arrow).
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The MastCam images used to produce the drill site mosaics are
available from PDS at https://planetarydata.jpl.nasa.gov/img/data/
msl/msl_mmm/data_MSLMST. Text lists (.lst) of the constituent
images that compose the mosaics are provided at the Astrobiology
Habitable Environment Database (AHED) repository (50). The
ChemCam spectra are available from PDS at https://pds-
geosciences.wustl.edu/msl/msl-m-chemcam-libs-4_5-rdr-v1/mslccm_
1xxx/data. Information for extracting the specific spectra used (target
name, sol, spacecraft clock identifications), details about analysis
locations, and the calculated Euclidian distances are included in the
AHED repository (51). The CheMin diffraction data were level 4
data products archived in PDS at https://pds-geosciences.wustl.edu/
msl/msl-m-chemin-4-rdr-v1/mslcmn_1xxx/data/rdr4. We used the
.lbl and .csv files containing (in their file names) the following
values of the spacecraft clock: Tapo Caparo 730910626, Ubajara

737119969, and Sequoia 751061408. The derived mineral abundances
are level 5 data products archived in PDS at https://pds-geosciences.
wustl.edu/msl/msl-m-chemin-4-rdr-v1/mslcmn_1xxx/data/rdr5,
with the corresponding spacecraft clock identifications. These data
are also archived in the Gale crater Mineralogy and Geochemistry
database at https://odr.io/CheMin#/search/display/84/
eyJkdF9pZCI6IjQzIn0/1. The SAM EGA data are available in PDS at
https://pds-geosciences.wustl.edu/msl/msl-m-sam-2-rdr-l0-v1/
mslsam_1xxx/data. We used the level 1b data for samples eid25719
(Tapo Caparo 1), eid25723 (Tapo Caparo 2), eid25729 (Ubajara),
eid25743 (Sequoia 1), and eid25746 (Sequoia 2). The modified
FULLPAT software used in our CheMin data analysis, the code we
used to calculate siderite chemical formulas, and the code we used to
calculate sulfate strata volume are archived in the AHED repository
(50). License information: Copyright © 2025 the authors, some

rights reserved; exclusive licensee American Association for the
Advancement of Science. No claim to original US government works.
https://www.science.org/about/science-licenses-journal-article-reuse
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