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Indigenous and exogenous organics and
surface–atmosphere cycling inferred from
carbon and oxygen isotopes at Gale crater
H. B. Franz1*, P. R. Mahaffy1, C. R. Webster2, G. J. Flesch2, E. Raaen1, C. Freissinet3, S. K. Atreya4,
C. H. House 5, A. C. McAdam1, C. A. Knudson 1,6, P. D. Archer Jr.7,8, J. C. Stern1, A. Steele9,
B. Sutter7,8, J. L. Eigenbrode 1, D. P. Glavin 1, J. M. T. Lewis1,10, C. A. Malespin1, M. Millan1,11,
D. W. Ming7, R. Navarro-González 12 and R. E. Summons13
Since landing at Gale crater, Mars, in August 2012, the Curiosity rover has searched for evidence of past habitability, such as
organic compounds, which have proved elusive to previous missions. We report results from pyrolysis experiments by Curiosity’s
Sample Analysis at Mars (SAM) instrument, focusing on the isotopic compositions of evolved CO2 and O2, which provide clues
to the identities and origins of carbon- and oxygen-bearing phases in surface materials. We find that O2 is enriched in 18O
(δ18O about 40‰). Its behaviour reflects the presence of oxychlorine compounds at the Martian surface, common to aeolian
and sedimentary deposits. Peak temperatures and isotope ratios (δ18O from −61 ± 4‰ to 64 ± 7‰; δ13C from –25 ± 20‰ to
56 ± 11‰) of evolved CO2 indicate the presence of carbon in multiple phases. We suggest that some organic compounds reflect
exogenous input from meteorites and interplanetary dust, while others could derive from in situ formation processes on Mars,
such as abiotic photosynthesis or electrochemical reduction of CO2. The observed carbonate abundances could reflect a sink
for about 425–640 millibar of atmospheric CO2, while an additional 100–170 millibar could be stored in oxalates formed at the
surface. In addition, oxygen isotope ratios of putative carbonates suggest the possibility of widespread cryogenic carbonate
formation during a previous era.

B

ecause the climate of Mars may have been more compatible with life in the ancient past, a key focus of Mars exploration has involved the search for organic compounds that
could have supported an ancient Martian biosphere. Curiosity’s
SAM instrument, which studies volatile compounds in scooped
and drilled samples from the Martian surface, has detected several
lines of evidence for organic carbon in Gale crater, including ion
fragments typical of aliphatic and aromatic hydrocarbons as well as
chlorobenzene, dichloroalkanes and thiophenes1,2. Over geologic
time, organic compounds may be transformed to metastable intermediates such as oxalate and acetate that accumulate at the surface
and are detectable by SAM3,4. The abundance of carbon associated
with these compounds in SAM data is substantially greater than
that estimated for exogenous organic matter, implying in situ formation mechanisms (see Supplementary Information). In addition
to organic compounds, SAM has detected potential evidence for
carbonate in some samples5, which could reflect a surface sink for
CO2 from a thicker ancient atmosphere6.
SAM carries two instruments—a quadrupole mass spectrometer (QMS) and a tunable laser spectrometer (TLS)—that measure isotope ratios in Martian volatile compounds. Measurements
of Martian atmospheric CO2 by both instruments have revealed

isotopic enrichment in carbon and oxygen, with 13C/12C of atmospheric carbon elevated by about 60‰ or more compared to carbon from the Martian mantle7,8. The isotopic composition of CO2
evolved from samples as they are heated can offer insights into carbon and oxygen sources and communication between atmospheric
and surface volatile reservoirs.

Samples and analytical results

The samples discussed here represent both aeolian deposits and sedimentary rocks within Gale crater, investigated during an approximately 19.5-km-long traverse from November 2012 to November
2017 that climbed approximately 375 m in elevation. Ten samples
acquired by Curiosity’s drill and three obtained by scooping of aeolian deposits yielded robust measurements of CO2 isotopic composition. One drilled sample and one aeolian sample also yielded
isotopic analyses of O2. The geological context for these samples,
identified in Fig. 1, is described in the Supplementary Information.
Carbon and oxygen isotope ratios (δ13C and δ18O) for evolved
CO2 and O2 as measured by the QMS are reported in Supplementary
Tables 1 and 2, while CO2 and O2 release profiles are shown in
Extended Data Fig. 1. Uncertainties (±1σ) represent the standard error of the mean for isotope ratios near peak maximum.
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Fig. 1 | CO2 isotopic composition displayed in stratigraphic context. The y-axis gives the elevation from the reference areoid, shown here as a proxy for the
thickness of rock observed. Samples were acquired from various geologic members, which are subunits of formations, the fundamental lithostratigraphic
units. Formations related by lithology, lateral continuity or other similarities may be organized into groups as shown. The stratigraphic column was prepared
by the MSL Sedimentology and Stratigraphy Working Group. Vienna Standard Mean Ocean Water (V-SMOW) and Vienna Pee Dee Belemnite (V-PDB) are
the reference standards for the oxygen and carbon isotopes, respectively51. The error bars are 1σ.

Supplementary Table 1 also includes isotope data obtained with the
TLS for a subset of samples, with the TLS temperature cut in column 4.
‘Temperature cut’ refers to a range of temperatures as the oven is
ramping during which a portion of the gas stream is collected by the
TLS for analysis. The CO2 isotopic composition of each sample is
plotted in stratigraphic context in Fig. 1. CO2 shows carbon isotope
ratios spanning the range between compositions similar to those
of Martian mantle carbon and atmospheric CO2. Oxygen isotope
ratios of evolved CO2 show a similar range of fractionation with
respect to the terrestrial oxygen isotope standard, and O2 released
from oxychlorine compounds has 18O enrichment approaching that
of atmospheric CO2. Weighted averages for δ18O of O2 evolved from
oxychlorine compounds in aeolian deposits at Rocknest (40 ± 3‰)
and the Cumberland mudstone (41 ± 4‰) were in close agreement.
These results indicate activity of geochemical cycling on Mars that
has facilitated transfer between surface and atmospheric reservoirs
of carbon and oxygen.

Potential sources of evolved CO2

Potential known sources of CO2 released during SAM experiments include instrument background from N-methyl-N-(tertbutyldimethylsilyl)-trifluoroacetamide (MTBSTFA) products (δ13C
of −35‰), adsorbed atmospheric CO2 (δ18O about 50‰ and δ13C
about 45‰7), magmatic carbon (δ13C of −19 ± 4.5‰8), carbonates,
and exogenous carbon from meteorites and interplanetary dust. As
discussed in the Methods, combustion of instrument background
components should primarily contribute to CO2 evolved below
around 150 °C, well below the major CO2 releases, and corrections for
isobaric interferences from known MTBSTFA products minimize

effects on computed isotope ratios. Adsorbed atmospheric CO2
evolves for a similar temperature range and should also have minimal effects on isotopic compositions obtained for most samples.
However, results for CO2 peaks below 200 °C are reported in the
Supplementary Information but are not included in the main discussion because they are likely to include indeterminate contributions from these sources.
A graph of δ18O and δ13C measured by SAM versus CO2 peak
temperature (Fig. 2) suggests that the data fall into three general
groups: (I) a low-temperature group (Yellowknife Bay) with depletions in both 18O and 13C; (II) a mid-temperature group (Rocknest,
Murray formation, and Stimson formation) with depletions in 18O
(except at Big Sky) but some enrichment in 13C; and (III) a hightemperature group (Bagnold dunes) enriched in both 18O and 13C.
These relationships suggest differences in sources of carbon and
oxygen among the groups. Referring to Extended Data Fig. 2, CO2
peaks at low and medium temperatures suggest evolution from salts
of organic acids or oxalates, while high-temperature peaks are consistent with evolution from Fe or Mg carbonates. The Rock Hall
sample was unique in evolving isotopically enriched CO2 at low
temperature, with possible reasons offered below. Results for individual samples are discussed in the Supplementary Information.

Potential isotopic fractionation mechanisms

Fractionation by atmospheric escape. Collective isotopic data for
Martian atmospheric gases suggest that Mars lost most of its primordial atmosphere owing to hydrodynamic escape prior to about
4.3 billion years ago9 and that evolution of the atmosphere since that
time has been driven by a combination of replenishment by volcanic
Nature Astronomy | www.nature.com/natureastronomy
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Fig. 2 | CO2 isotopic composition (δ18O and δ13C) versus associated
evolved gas analysis (EGA) sample peak temperature. Brackets denote
general sample groupings (I–III) as discussed in the main text. Sample
abbreviations are given in Fig. 1. The Rock Hall (RH) sample was unique in
evolving isotopically enriched CO2 at low temperature and thus does not fit
with the Yellowknife Bay samples in group I. The error bars are 1σ.

outgassing and loss by ongoing escape to space7,10–12, formation
of carbonates and possibly other minerals at the surface6,13–17, and
sequestration in various regolith ice deposits9,18–22. The continuous
loss of gases from the exosphere of Mars to space, facilitated by the
absence of a planetary magnetic field23, favours the loss of isotopically light species and leaves the remaining atmosphere enriched
in heavy isotopes18. In the absence of exchange with surface reservoirs, operation of this process over billions of years would generate gradually increasing values of δ13C and δ18O in atmospheric
gases. Although the exact trajectory of δ13C and δ18O through history is uncertain, outgassing, mineral and ice formation, and isotopic exchange with surface reservoirs have also clearly influenced
the isotopic composition of the modern atmosphere. We broadly
assume that the net δ13C and δ18O of Martian atmospheric CO2, O2
and water have risen over geologic time, such that the modern composition is more isotopically enriched than the ancient composition.
The net fractionation due to atmospheric loss throughout the history of Mars is greater than fractionations caused by other processes
that we discuss.
Formation of secondary carbonates. Carbonates have been proposed as a sink for atmospheric CO2, and limited evidence for
carbonate minerals has been detected at Gale crater by Curiosity’s
Chemistry and Mineralogy (CheMin) instrument24 and globally in
thermal emission spectra by orbiting spacecraft25. The 13C enrichment observed by SAM in aeolian samples (around 7–56‰), which
evolved CO2 at temperatures consistent with siderite, is within the
range of that observed in most carbonates in Martian meteorites
(about 7–65‰)26,27. Most studies reporting 13C-enriched carbonates have concluded that they formed at low temperatures from fluids influenced by an atmosphere enriched in 13C and 18O through
escape processes. For reference, magnesite or siderite forming in
isotopic equilibrium with the current atmosphere at 25 °C would
have δ13C of 50–60‰ and would be about 3‰ higher at 0 °C
(ref. 28). The observed values of δ13C could be achieved by carbonate
precipitation from a reservoir depleted in 13C relative to the modern
atmosphere—for example, fluid from which carbonates had already
precipitated—or by carbonate formation earlier in Mars’ history,
when atmospheric CO2 was less isotopically depleted. Earlier

episodes of carbonate formation probably would have occurred
during the Noachian period, before extensive volcanism produced
aerosols that acidified surface waters29. Minor contributions to hightemperature CO2 peaks from combustion of 13C-depleted organic
compounds would also lower δ13C.
The 18O enrichment observed in CO2 evolved from samples of
the Bagnold dunes (δ18O about −5‰ to 43‰) is also similar to that
in meteorite carbonates (δ18O ~1‰ to 32‰)30. The fractionation
factor for siderite precipitation at 25 °C predicts an 18O enrichment
of around 10‰ with respect to CO2 (ref. 31). Carbonates formed
in equilibrium with the modern Martian atmosphere thus would
have δ18O above that observed in meteorites and some Gobabeb
peaks, suggesting that the fluids from which at least a portion of the
carbonates at Gobabeb formed either had been buffered by silicates
or had been isotopically fractionated by freezing or mineral precipitation. On Earth, an effective fractionation constant of 2‰ to
3‰ between sea water and ice preferentially partitions 18O into the
solid phase, leaving the remaining sea water depleted in 18O (ref. 32).
Carbonates and sulfates substantially depleted in 18O compared
to sea water are common in isolated Antarctic basins, producing
progressively depleted brines through Rayleigh distillation during
gradual freezing33. Morphological observations suggest that some
areas of Gale crater may have hosted lakes partially or totally covered by ice during the Hesperian period or later34. Alternatively,
18
O-depleted carbonates could precipitate from a body of water
already fractionated owing to prior mineral formation. At 25 °C,
minerals typically carry 18O enrichments of up to about 40‰
compared to the water from which they precipitate35, leaving the
remaining water depleted in 18O.
Oxidation of carbon-bearing phases. The Martian surface is
exposed to reduced carbon delivered both from the Martian mantle through volcanism and from impacting meteorites. Studies
of Martian meteorites have revealed organic matter with δ13C of
−13‰ to 33‰, while impacting meteorites of chondritic composition could deliver organics with δ13C from about −35‰ to 50‰
(see Supplementary Information)8,36. Overlap of O2 and CO2 evolution during SAM analyses of Gale crater samples has prompted
suggestions that the CO2 may reflect combustion of organic carbon during pyrolysis. Similar isotopic compositions in O2 released
from the Rocknest and Cumberland samples support a potentially
widespread occurrence of an oxychlorine component, as proposed
on the basis of the common relationship between nitrate and perchlorate abundances observed by SAM in samples of all types37. The
average δ18O (about 40‰, Supplementary Table 2) of the O2 shows
substantial enrichment in 18O compared to Martian silicates, suggesting the influence of escape processes that are evident in atmospheric CO2, and even greater 18O enrichment compared to the CO2
released from the Rocknest, Yellowknife Bay and Murray formation
samples. Combustion would not be expected to introduce large
fractionation in oxygen isotopes between O2 and product CO2, suggesting that while combustion of reduced organic matter by O2 from
oxychlorine may have occurred, it was not the dominant source of
CO2 evolved from most samples.
Another possibility is that CO2 evolved from mudstones represents carbon from various source materials oxidized at the Martian
surface rather than in the pyrolysis oven. Several species of oxidants potentially threaten the stability of organic matter on Mars,
including perchlorate and other oxychlorine compounds, hydrogen
peroxide and superoxide and hydroxyl (·OH) radicals38. The longprevailing perspective is that the presence of strong oxidants, as well
as ultraviolet radiation, would restrict the residence time of organic
matter at the Martian surface and completely prevent its detection by in situ explorers. However, SAM observations interpreted
as evidence for organic compounds preserved in minerals suggest
that this may not be the case1,2. In addition, Benner et al.3 identified
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reaction mechanisms by which ·OH attack on organic compounds
typical of carbonaceous chondrites would form metastable intermediates, such as mellitic acid, oxalates, and acetates, that could
have accumulated over geologic time to levels detectable by SAM.
Applin et al.4 reported that oxalate minerals, which their experimental results imply would be as stable to ultraviolet radiation at the
surface as sulfates and carbonates, would be particularly amenable
to accumulation at the surface.
Most studies of organic compound degradation by ·OH radicals have found associated fractionations of carbon isotopes to be
≤10‰ (ref. 39), although larger fractionations of up to about 25‰
have been observed in reactions of alkene double bonds with ·OH
(ref. 40). Even with the potential for some fractionation during oxidation, the values of δ13C measured by SAM fall within the range
observed in meteorites of both Martian and non-Martian origin.
Although some precursor compounds in meteoritic organics
contain oxygen, the δ18O of CO2 released through decarboxylation
of oxidative products would probably be dominated by the composition of the oxidant as well as fractionation during oxidation. We
assume that kinetic isotope effects during oxidation might introduce some degree of 18O depletion in products compared to the
oxidant, which could explain the 18O depletions in CO2 evolved
from samples in groups I and II of Fig. 2. Depending on the waterto-CO2 and water-to-rock ratios, water within a lake at Gale crater
could be expected to have δ18O of about 5–10‰ (ref. 31), requiring
18
O depletion of 10–45‰ during aqueous oxidation reactions to
reach the compositions observed in mudstones. A more depleted
starting composition for water could be obtained through fractionation due to partial freezing or previous mineral precipitation, as
discussed above.
Another scenario would involve oxidation of organic matter
through surface reactions with adsorbed ·OH. Owing to low atmospheric pressure, ultraviolet radiation penetrates the entire Martian
atmospheric column, allowing the operation of photochemical processes near the surface that on Earth occur only in the stratosphere.
The dominant pathways for formation of ·OH in the Martian
atmosphere are the reaction of HO2 with O atoms and H2O2 photolysis, both of which are ultimately governed by H2O photolysis41.
Photolysis of ozone and CO2 can generate 18O-depleted O atoms,
and photocatalysed or electrochemical reduction of water could
favour production of ·OH radicals with light oxygen, which could
in turn generate 18O-depleted products upon oxidation of organic
matter and augment 18O depletion due to kinetic isotope effects during oxidation (see Supplementary Information).
In situ formation of organic compounds. From the evolved CO2
abundances compared to exogenous input, it seems likely that some
organic material or oxalates at Gale crater formed in situ on Mars.
Fischer–Tropsch-type synthesis may form a variety of hydrocarbons abiotically in terrestrial and extraterrestrial environments.
Laboratory studies have shown the products of Fischer–Tropschtype synthesis to include aliphatic hydrocarbons and amino acids,
which may be oxidized to more stable compounds at the surface,
as just discussed (see Supplementary Information). Organics may
also be formed by other mechanisms, potentially even in the modern Martian environment. Numerous organic compounds may be
produced through photolytic or catalytic reactions driven by light
at ultraviolet and visible wavelengths, including photolysis of waterand-gas mixtures and abiotic photosynthesis, in which reduction
of CO2 is photocatalysed at semiconductor mineral surfaces (see
Supplementary Information). Similar reactions may occur during electrochemical CO2 reduction, powered by non-solar energy
sources42. In laboratory studies, products of these processes have
included carboxylated compounds such as formic acid, formaldehyde and oxalate as well as methane and alcohols. Ultraviolet irradiation of siderite in the presence of water has also been shown to yield

formate, formaldehyde and their derivatives (see Supplementary
Information). Many of the compounds produced by the above processes may be oxidized to accumulate as oxalate minerals that would
decarboxylate during pyrolysis3,4.
During vapour-phase reactions at mineral surfaces, initial
adsorption would probably introduce only small isotopic fractionations (<2‰)43. Although biological photosynthesis is complicated
by the involvement of enzymes through multiple steps, at present
it offers our best analogue for understanding potential fractionations during photocatalysed reduction of CO2 at mineral surfaces.
Assuming similar kinetic isotope effects during the abiotic process
predicts products with 13C depletions of up to 20–30‰ compared
to atmospheric CO2.
The oxygen isotopic compositions of plants are not ideal analogues for abiotic reduction products, but laboratory experiments
investigating ultraviolet photocatalytic reduction of CO2 to formic
acid showed that water functioned as the electron donor to produce
oxygen and organic molecules, similar to plant photosynthesis. If the
fractionation associated with this process is similar to that observed
in oxidation of water by transition metal ions, which evolved oxygen depleted in 18O by about 29‰ compared to water, then with
an average atmospheric δ18O of around 50‰, the oxygen isotopic
composition of CO2 reduction products could be expected to have
δ18O of about 10–20‰ (see Supplementary Information). Both δ13C
and δ18O values predicted by analogy to terrestrial photosynthetic
processes fall within the range of values measured by SAM, supporting abiotic photosynthesis as a potential source of compounds
evolving CO2 at low and medium temperatures.
Implications for the Martian carbon cycle. Carbon-bearing phases
detected in Gale crater sediments probably reflect multiple sources
and various geochemical processes (Fig. 3), which are relevant to
understanding the history of Mars’ climate and habitability. SAM
observations of CO2 evolved from aeolian deposits at the Bagnold
dunes with temperatures and isotope ratios consistent with possible
siderite support the formation of carbonates as a surface sink for
CO2. The Rock Hall mudstone sample, with CO2 of similar isotopic composition to that from Ogunquit Beach and Gobabeb, was
unique in evolving CO2 at a peak temperature of about 260 °C but
enriched in both 13C and 18O and also containing akaganeite at several weight per cent (see Supplementary Information). Laboratory
studies have shown that carbonates may evolve CO2 at lower-thannormal temperatures through reaction with HCl released from
akaganeite or oxychlorine compounds, also evident at Rock Hall.
It is possible that CO2 evolved from siderite at Rock Hall by this
mechanism (see Supplementary Information). If so, carbonate at
Rock Hall may reflect a local source for some of that observed at
nearby dunes. Overlap in isotopic composition between the two
peaks evolved from each Bagnold dune sample would be consistent with two size fractions of Fe-carbonate, a dust component represented by the peak temperature range of about 400–425 °C and
larger grains represented by the peak temperature range of about
475–525°C. It is notable, however, that the peak temperatures and
isotopic composition were similar between the coarse and fine size
fractions of the Gobabeb sample, suggesting a common origin for
carbonate in these fractions. Given that the larger grains probably
represent local rather than global sediments, assignment of the dust
fraction to a global component would imply that formation of carbonate occurred by a similar mechanism and under similar conditions at a large scale.
Abundances of CO2 released from the Gobabeb 1 and Ogunquit
Beach 3 samples were equivalent to approximately 2.1 wt% and
1.4 wt% siderite, respectively. Following the calculations of Bridges
et al. 44, these values would indicate a sink for around 425–640 mb of
atmospheric CO2, if the siderite inferred to reside in these samples
represents a global component44. The isotopic compositions of CO2
Nature Astronomy | www.nature.com/natureastronomy
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Fig. 3 | Sketch displaying major processes and environments that affected the isotopic composition of carbon and oxygen in Gale crater samples.
The details and relevance of each process are discussed in the text. Escape of CO2 to space is an ongoing process that has gradually enriched the
atmosphere in heavy isotopes over time. Fractionation due to other processes depicted in the figure is generally overprinted on the signature introduced
by atmospheric escape. The blue arrows indicate circulation of ground water, whereas the brown arrows indicate reactions or transport of carbon- and
oxygen-bearing phases.

evolved from Gobabeb and Ogunquit Beach, showing enrichments in
both 18O and 13C, suggest the influence of atmospheric CO2 fractionated by escape of light isotopes to space. However, the values of δ18O
and δ13C for these samples are largely below those expected for formation of carbonate at equilibrium with the modern Martian atmosphere. This suggests either that the siderite formed predominantly
during the Noachian period, when atmospheric CO2 was less enriched
in heavy isotopes than it is at present, and reflects a source region
external to Gale crater, or that it precipitated from fluids isotopically
fractionated with respect to the modern atmosphere, such as through
partial freezing. If precipitation of carbonates from partially frozen
reservoirs were widespread during a previous phase of history, then
cryogenic carbonates could comprise a substantial fraction of carbonate inferred to reside in a global dust component. Isotopic analyses of
carbonates in aeolian deposits at other sites across Mars are needed to
determine whether the composition observed at Gale crater is likely to
reflect locally or globally sourced material.
The evolution of CO2 from all samples at temperatures consistent with various types of oxalate minerals could also reflect a sink
for atmospheric CO2 through abiotic photosynthesis. The variability
in isotopic composition among the peaks of groups I and II (Fig. 2)
suggests that probably only a subset of CO2 peaks potentially derived
from oxalate could reflect formation from atmospheric CO2. Because
the isotopic fractionation and product yields associated with abiotic
photosynthesis are at present unknown and may vary depending on
the specific catalysts involved, we cannot be certain which samples
may preserve evidence of this process or how much atmospheric CO2
may be stored in oxalates within the regolith, but abundances of CO2
from sandstones (Big Sky and Greenhorn) with isotope ratios closest
to those predicted by analogy to plant photosynthesis suggest that if
this component were globally distributed, it could store an additional
100–170 mb or so of atmospheric CO2. Given that this component was
not detected in every sample by SAM, some oxalate could reflect oxidized organic compounds and some could have already degraded, this
range represents an upper limit based on current inventory.
In addition to sequestering CO2, abiotic photosynthesis or electrochemical CO2 reduction could yield organic matter of value to

chemotrophic organisms, by analogy to terrestrial environments.
Electrochemical reduction of CO2 during late-stage igneous or
hydrothermal processes has been suggested as a potential source
of organic carbon phases in maskelynite inclusions of the Tissint
shergottite8. SAM has observed 34S-depleted SO2 in some mudstones of Yellowknife Bay and the Murray formation, interpreted
to reflect Fe-sulfides derived from a hydrothermal system beneath
Gale crater45 that could also have delivered carbon-bearing compounds to overlying sediments. These compounds, as well as exogenous organic matter from meteorites and interplanetary dust, could
contribute to the carbon inventory observed by SAM and to the
potential habitability of Mars3.
It is feasible that both abiotic photosynthesis and delivery of
exogenous material are ongoing on modern Mars, actively replenishing the surface with small quantities of organic compounds.
Abiotic photosynthesis could also yield small amounts of methane
and contribute to the variability in background methane detected
by TLS (see Supplementary Information)46. Although the Martian
surface is currently inhospitable to Earth-like life, operation of these
processes during earlier, more clement periods of Mars’ history
could have generated compounds useful to support a biosphere. If
biological compounds were indeed present, surface/subsurface fluid
exchange27,45 could have transferred these compounds to better-protected habitats and facilitated their preservation.

Methods

SAM EGA. SAM can analyse solid Martian samples obtained by drilling into
rocks or scooping surface fines. Powdered samples, each with mass ~45 mg to
~135 mg, are passed through one of two sieves, either 150 μm or 1 mm, before
loading into a quartz sample cup. All but one (Gobabeb 2, or “GB2”) of the
samples analysed by SAM to date have utilized the 150-μm sieve. The GB2
sample was processed through a 1-mm sieve. The sample cup is inserted into
one of SAM’s two pyrolysis ovens, which is first brought to a nominal preheat
temperature of ~50 °C for a duration of 6–12 min, then heated to ~850 °C at a
rate of 35 °C min–1 under 25 mb He pressure. SAM’s first oven (oven-1) has an
external temperature sensor and the second (oven-2) has a secondary heater
wire in lieu of a temperature sensor. Two models have been utilized to date for
the estimation of sample temperature in oven-2 experiments: oven-2_model-1
and oven-2_model-2. Data shown in Extended Data Fig. 1 for experiments
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using oven-2 were generated with oven-2_model-1, which at present provides
the best available estimates of sample temperatures for oven-2. (We note that
figures in Sutter et al.5 were generated with oven-2_model-2.) Helium carrier gas
penetrates the base of the quartz cup, comprising a porous quartz frit, to sweep
evolved gases from the oven efficiently. The model-derived He flow rate is 0.8
standard cubic centimetres per minute (sccm). A small portion of the evolved
gas is sampled continuously by the QMS throughout the temperature ramp.
The QMS scans its entire mass range, from m/z 2 to 535, via a ‘smart-scanning’
algorithm that optimizes dwell time at masses where signal is detected during
each experiment47. Evolution peak temperatures for various gases are compared
to those of reference materials to constrain parent mineral phases. Integration
of the QMS signal over time for a particular m/z value allows quantitative
estimation of chemical and isotopic abundances. A portion of the gas stream,
parameterized by a desired range of sample temperature, may also be collected
during each run for isotopic and abundance analysis of CO2, H2O and CH4 by
the TLS or for analysis by the gas chromatograph and QMS.
Extended Data Fig. 2 shows example EGA data obtained with laboratory test
stands at Goddard Space Flight Center. The SAM breadboard system includes
the prototype QMS for SAM, which is identical to that of the flight model, and a
laboratory version of the pyrolysis oven that is easily accessible for loading samples.
A second Goddard Space Flight Center test stand includes a Setaram Labsys Evo
thermogravimeter/differential scanning calorimeter coupled to a Pfieffer OmniStar
QMS. Both systems are operated under conditions that mimic the performance
of the SAM flight model. As seen in Extended Data Fig. 2, continuous monitoring
of the gases released as a sample is heated during an EGA experiment provides
information helpful in determining the mineral and organic content of the sample.
Although this technique cannot conclusively identify specific minerals, EGA is
a useful diagnostic tool because volatile-bearing minerals typically release gases
at characteristic temperatures, dependent on their composition. For example,
under SAM operating conditions, CO2 released from Fe-carbonate typically peaks
at ~600 °C, while CO2 released from Ca-carbonate peaks at ~740 °C (Extended
Data Fig. 2a). Some carboxylated organic compounds and oxalates release CO2
at temperatures below this, making them candidate sources for the bulk of CO2
observed by SAM (Extended Data Fig. 2b–d).
CO2 isotope ratios. Both carbon and oxygen isotope ratios of CO2 may be
calculated from SAM QMS data. The QMS uses electron-impact ionization and
a secondary electron multiplier detector, operated in pulse-counting mode. All
data are corrected for detector effects and instrument background as the initial
step in quantitative analysis47. The QMS is operated primarily in ‘unit scan’
mode, which counts ions only at integer mass-to-charge ratio m/z values, during
SAM EGA experiments47. O2 isotope ratios are computed from isotopologues
at m/z 32 and 34, with correction for 17O contributions to m/z 34. Owing to
isobaric interferences from other compounds at m/z 12–13 and 16–18, CO2
isotope ratios are in principle calculated from isotopologues at m/z 44, 45 and 46.
However, because the detector is typically saturated during measurements of
m/z 44, the signal for this isotopologue usually must be estimated from the
doubly charged ion at m/z 22 using the calibration constant determined during
pre-launch testing48. In some cases, sufficient data are acquired during the
CO2 peak to allow calculation of isotope ratios using m/z 44 (the RN and JK
samples). Unfortunately, low signal at m/z 47 after subtraction of background
and correction of isobaric interferences precludes the use of this isotopologue to
constrain the CO2 isotopic composition.
Fragments of MTBSTFA-derived products may produce isobaric interferences
with the CO2 isotopologues used for isotopic analysis. Data were corrected for
estimated contributions from the following compounds identified in EGA and
gas chromatograph mass spectrometry data, based on mass spectra published
by the National Institute of Standards and Technology: 1,3-ditert-butyl-1,1,3,3tetramethyldisiloxane; tert-butyldimethylsilanol; tert-butyldimethylsilyl fluoride;
2,2,2-trifluoroacetamide; 2,2,2-trifluoro-N-methyl-acetamide; trifluoroacetonitrile; and monochlorotrifluoromethane. In most SAM experiments, the
combined interferences from these seven compounds affected values of δ18O and
δ13C by 2–3‰ or less.
Equations for computing the carbon and oxygen isotope ratios of CO2, which
include corrections for isobaric interferences due to various isotopologues, are
given by Franz et al.49. A value of 0.32‰ for Δ17O, representing the average for
Martian silicates50, is assumed for all calculations. A small correction of 3‰ was
applied to values of δ18O to account for QMS mass fractionation49. Results are
reported as delta values (δ13C and δ18O), representing per mil deviations from
reference standards:
h�
i

�

δ13 C ¼ 1; 000 ´ 13 C=12 C sample = 13 C= 12 C V�PDB �1
ð1Þ
and

δ 18 O ¼ 1; 000 ´

h�

18

i

�

O= 16 O sample = 18 O= 16 O V�SMOW �1

where the reference standard for carbon is V-PDB and that for oxygen is
V-SMOW51.

ð2Þ

Isotope ratios are nominally computed from the ratios of integrated areas under
the EGA curve in the time domain for the m/z of interest (Supplementary Fig. 4),
although the average of ratios of signal at these isotopologues for the same time
range yields nearly identical results. Uncertainties in resulting isotope ratios for a
given measurement represent the standard error of the mean for m45/est_m44 and
m46/est_m44 during the relevant portion of the CO2 peak.
Supplementary Table 1 also includes isotope data obtained with the TLS for
a subset of samples. The sample temperature cut that was directed to the TLS
for each sample is noted in column 4. The TLS utilizes a near-infrared tunable
laser diode at 2.78 μm to analyse CO2 and H2O. Abundances and isotope ratios
are calculated by comparison of direct absorption lines with the HITRAN 2012
infrared line list52, with minor corrections from calibration gas results using
isotopic standards. This enables measurement of δ18O, δ13C and δD10,53.

Data availability

All SAM data are available at NASA’s Planetary Data System.
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Extended Data Fig. 1 | CO2 and O2 evolved from Gale crater samples. CO2 (isotopologue at m/z 45) evolved from aeolian (a), mudstone (except Vera
Rubin Ridge) (b), sandstone (c) and Vera Rubin Ridge samples (d). e, O2 evolved from RN and CB samples. Data for samples in panels a–c have been
normalized to a single portion aliquot.
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Extended Data Fig. 2 | Laboratory CO2 data. CO2 profile (isotopologue at m/z 44 or 45) from EGA analyses with laboratory test stands: carbonates (a);
oxalates (b); acetates (c); benzoic and mellitic acids (d). The peak temperatures of CO2 evolved from Martian samples by SAM are compared with those from
laboratory runs such as these to help identify the mineral phases present. The CaCO3 was the same synthetic material used for SAM flight model calibration.
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