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Synthesis of 13C-depleted organic matter 
from CO in a reducing early Martian 
atmosphere

Yuichiro Ueno    1,2,3  , Johan A. Schmidt    4,9, Matthew S. Johnson    4, 
Xiaofeng Zang    1, Alexis Gilbert    1,2, Hiroyuki Kurokawa    2,5, 
Tomohiro Usui    2,6 & Shohei Aoki    7,8

Organic matter found in early Martian sediment may yield clues to the 
planet’s environmental conditions, prebiotic chemistry and habitability, 
but its origin remains unclear. Strong 13C depletion in sedimentary organic 
matter at Gale crater was recently detected by the Curiosity rover. Although 
this enigmatic depletion remains debated, if correct, a mechanism to 
cause such strong 13C depletion is required. Here we show from CO2 
photolysis experiments and theoretical considerations that solar ultraviolet 
photolysis of CO2 in a reducing atmosphere can yield strongly 13C-depleted 
CO. We suggest that atmospheric synthesis of organic compounds from 
photolysis-produced CO is a plausible mechanism to explain the source 
of isotopically depleted organic matter in early Martian sediments. 
Furthermore, this mechanism could explain 13C enrichment of early Martian 
CO2 without requiring long-term carbon escape into space. A mass balance 
model calculation using our estimated isotopic fractionation factor 
indicates the conversion of approximately 20% of volcanic CO2 emissions 
on early Mars into organics via CO, consistent with the available data for 
carbon isotopes of carbonate. Although alternative pathways for organic 
compound production have been proposed, our findings suggest that 
considerable amounts of organic matter may have been synthesized from 
CO in a reducing early Martian atmosphere and deposited in sediments.

Organic matter on Mars is important for understanding the habit-
ability of the planet, prebiotic chemistry and the search for life in 
the universe. A series of analyses using the Sample Analysis at Mars 
(SAM) instrument on board the Curiosity rover discovered and con-
firmed that there is sedimentary organic matter preserved in circa 

3.5-billion-year-old water-lain sediment at the Gale crater on Mars1–4. 
Furthermore, recent analysis of SAM data revealed that this organic 
matter has an enigmatic stable carbon isotope composition (δ13CVPDB 
values [≡ 1000((13C/12C)sample/(13C/12C)VPDB − 1)] from −137‰ to +22‰) 
(refs. 5–9), some of which are strongly depleted in 13C to an extent never 
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84001 was rather enriched in 13C (up to +55‰) (refs .19–21) relative to Mars 
mantle carbon (δ13CVPDB = −25 ± 5‰) (ref. 22) (Methods). For present-day 
Mars, the 13C enrichment of atmospheric CO2 (δ13CVPDB = +46 ± 4‰)  
(ref. 23) has been thought to result from carbon escape into space14,24,25 
through the 4-billion-year history of Mars. However, even assuming 
the 4 Ga carbonate were in equilibrium with the atmospheric CO2, its 
δ13CVPDB value should have already been enriched in 13C ( + 20 ± 10‰) at 
that time (Methods provide details). It is problematic to understand 
whether several hundred million years after formation of Martian 
atmosphere, enough time has passed to create the 13C enrichment 
of CO2 only via carbon escape into space14,25. Furthermore, based on 
geomagnetic observations26, early Mars probably had a geomagnetic 
field before 4 Ga. The geomagnetic field on early Mars could have pre-
vented solar winds from interacting with ions in the upper atmosphere 
and shielded the neutral atmosphere from sputtering loss. Robust 
magnetic shielding of the atmosphere before 4 Ga is supported by 
observations of low-fractionated atmospheric argon (38Ar/36Ar) and 
nitrogen (15N/14N) recorded in ALH 8400127,28. Therefore, 13C enrichment 
of Mars’ early carbonate is still enigmatic and may have been caused 
by other fractionation processes14,25,29.

Here we present a new laboratory experiment and quantum theo-
retical and model calculations that demonstrate how solar UV pho-
tolysis of CO2 and subsequent organic synthesis from atmospheric CO 
could explain both the strong 13C depletion in the organic matter and 
the 13C enrichment of CO2. A previous CO2 photolysis experiment18 was 
conducted using an ultraviolet light source with a confined wavelength 
at 184.9 nm, which does not simulate the actual fractionation that 
occurs in a planetary atmosphere where the expected isotope effect 
depends on the broad distribution of wavelengths of the actinic UV 
flux17 (Fig. 1). Therefore, we used a solar-like broadband UV source for 
CO2 photolysis (Fig. 1a) to confirm the large carbon isotope effect and 
quantify the actual fractionation factor associated with CO2 photolysis 
in the early Martian atmospheres.

Photolysis experiment
Our experiments demonstrated that CO2 photolysis by UV from 170 
to 210 nm produced highly 13C-depleted CO relative to the starting 
CO2, with δ13C values ranging from −129‰ to −133‰ at 33 kPa CO2 and 
approximately −122‰ at 10 kPa CO2 (Fig. 2 and Extended Data Table 1). 
The experiment was performed under dry condition that minimizes 
H2O photolysis and OH chemistry (Methods) and using a light source 
that mimics the solar broadband UV spectrum (Fig. 1 and Extended Data 
Fig. 1). In our experiment, the carbon isotope fractionation originated 
from the following reactions:

CO2 + h (λ < 210nm) → CO +O (R1)

CO +O +M → CO2 +M (R2)

where ℎ𝜈 represents photon, 𝜆 denotes wavelength and M rep-
resents another molecule that acts as the collision partner. More 
details regarding these reactions are provided in the Methods sec-
tion. Fitting of the data for the 33-kPa experiment demonstrated 
that the majority of fractionation was derived from reaction (R1) (α1 ≡  
(13CO / 12CO) / (13CO2 / 12CO2) = 0.871 ± 0.001), whereas the isotope 
effect from reaction (R2) was an order of magnitude smaller (α2 ≡  
(13CO2 / 12CO2) / (13CO / 12CO) = 1.0074 ± 0.0005) (Fig. 2 and Extended 
Data Table 2).

Theoretically, the isotopic fractionation of CO2 photolysis arises 
from a shift in the energy and intensity of the absorption cross sec-
tion of 13CO2 relative to 12CO2 (Methods and ref. 17). The fractiona-
tion changes depending on the temperature and actinic UV spectrum 
(Methods and Extended Data Fig. 1). To confirm the mechanism, we 
calculated the fractionation factor α1 using the measured UV spectrum 
of our UV source and the ab initio cross sections calculated at 320 K,  

found in Earth’s sedimentary rocks6. Although some in situ isotope 
analyses have been contaminated by a terrestrial material mixed into 
the SAM instrument3–10, even taking this into account, it appears that 
several early Martian sediments contain organic carbon with δ13CVPDB 
values at least less than −70‰ (ref. 10) and possibly down to −137 ± 8‰ 
(refs. 6,8) (Supplementary Note provide details).

The origin of this strong 13C depletion remains uncertain but may 
arise from cosmic, biological or abiological processes4–6. Interplanetary 
dust may include carbon particles with strong 13C depletion11 and might 
have accumulated in the sediment6, although the signal from outside 
the solar system would easily be diluted if indigenous carbon sources 
were available from biotic or abiotic processes on Mars. Some biologi-
cal metabolic pathways, particularly methanotrophy, can induce large 
isotopic fractionation, but it is difficult to explain δ13CVPDB < −100‰ 
in light of known biological fractionation factors6. In principle, the 
organic matter in early Martian sediment could be due to abiotic reac-
tions such as Fischer–Tropsch-type reactions2,6 or electro-chemical 
reduction of CO2

5,6,12, but none of these mechanisms are known to pro-
duce the large carbon isotopic fractionations observed (ref. 6 and refer-
ences therein). An alternative source of organic matter is atmospheric 
synthesis5,6,13–16. Theoretically, atmospheric photochemistry under 
the appropriate conditions may produce a large carbon isotopic frac-
tionation14,15,17. Ab initio calculations using time-dependent wavepacket 
propagation of the absorption cross sections of CO2 isotopologues17 
predicted that solar UV photolysis of CO2 yields strongly 13C-depleted 
CO, potentially lower than −100‰ (Fig. 1). However, the large isotope 
effect has not yet been verified by laboratory experiment17,18.

Explaining the origin of the strong 13C depletion becomes even 
more problematic considering that the early carbonate precipitate 
in the approximately 4 billion years old (4 Ga) Martian meteorite ALH 

170
–400

–200

–300

–100

100

2

4

6

8

0

1

2

3

0

0

175 180 185 190 195 200

Wavelength (nm)

a

b

c

C
ro

ss
 s

ec
tio

n
(×

10
–2

1  c
m

−2
)

Ac
tin

ic
 fl

ux
(×

10
11

 p
ho

to
n 

s−1

cm
−2

 n
m

−1
)

1,0
00

 ln
 α

1 (
‰

)
Solar spectrum
30 km alt. (model CO2 atmosphere)

5 nm rolling average
1 nm rolling average

UV lamp (measured 500−1)

12CO2
13CO2

Fig. 1 | Wavelength-dependent isotopic fractionation of CO2 photolysis. 
Preferential dissociation of 12CO2 against 13CO2 is expected in a wavelength region 
from 170 nm to 200 nm, which is responsible for solar UV photolysis of CO2.  
a, Actinic UV spectra. Red: solar spectrum from ref. 43. Blue: calculated spectrum 
at 30 km altitude (alt.) of model early Mars (10 mbar CO2 at surface) (Methods). 
Black: measured UV spectrum of the high pressure Xe lamp used in the laboratory 
experiment (Methods). b, Calculated absorption cross sections of 12CO2 (black) 
and 13CO2 (orange) at 295 K from ref. 17. c, Calculated isotope effect (1,000 ln α1) as 
a function of wavelength for the 295 K absorption spectra. Results were averaged 
over a 1 nm (black) and 5 nm (red) windows. Oxygen isotopic fractionation and its 
implications for Mars atmosphere were given elsewhere17.
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which correspond to the experimental conditions (Methods  
and Extended Data Fig. 1). As a result, the calculated effect 
(α1 = 0.845 ± 0.004; 1,000 ln α1 = −168 ± 5‰) is very similar to, although 
30‰ smaller than, the observed isotope effect (1,000 ln α1 = −138 ± 1‰) 
(details are provided in Methods and Extended Data Fig. 1). On the 
basis of the sensitivity analysis for temperature and potential spectral 
changes due to attenuation by O2 and CO2 (Methods and Extended Data 
Fig. 1), we conclude that the systematic 30‰ difference probably arises 
from the accuracy of the ab initio calculation for the theoretical CO2 
potential energy surface17 rather than uncertainties in the experiment. 
Therefore, fractionations calculated using the theoretical cross sec-
tions of Schmidt et al.17 may be overestimated by approximately 30‰. 
Nonetheless, our analysis confirms that the broadband solar UV pho-
tolysis of CO2 is associated with a large negative carbon isotope effect 
(1,000 ln α < −100‰). This is also supported by satellite observations 
showing strong 13C depletion of CO in Earth’s mesosphere30 and in the 
present-day lower atmosphere of Mars31–33, where photolysis of CO2 is 
the main source of CO.

Isotopic fractionation in an early Martian 
atmosphere
In the early Martian atmosphere, the actual isotopic fractionation by 
CO2 photolysis may have been even larger than that observed in our 
experiment (Extended Data Figs. 2 and 3). After applying the correction 
determined by the experiment, the actual fractionation factor α1 was 
calculated for the modelled 1D early Mars atmospheres at different PCO2 
and temperature profiles (Methods and Extended Data Figs. 2 and 3). 
The effective fractionation between the starting CO2 and product CO is 
at least 60‰ greater in the simulations than in the experiment at 320 K 
(Table 1). This is generally because lower temperatures lead to larger iso-
topic fractionation (−0.8‰ K−1) owing to the contribution of vibrational 
hot bands to the absorption cross sections of CO2 isotopologues. In 
addition, higher PCO2 gives slightly larger fractionation because photons 
in shorter-wavelength regions (<190 nm) are selectively attenuated by 
CO2 itself (Fig. 1 and Extended Data Figs. 2 and 3). The fractionation 
at the surface may be larger by approximately 100‰ than at 100 km 
in altitude, although the effect of PCO2 on the overall fractionation is 
small for the total column (only a 20‰ difference between 10 mbar and 
100 mbar PCO2 cases). Therefore, temperature is the most important 
factor controlling the magnitude of the isotope effect.

Whereas the temperature profile of the early Martian atmos-
phere is uncertain, the surface temperature should have been near 
the freezing point of water (273 K) when the organics were deposited 
in water-lain sediment under the presence of liquid water. On the other 
hand, some geomorphological studies of the early Martian sediments 
suggest glacial conditions6,34, implying that the surface temperature 
did not greatly exceed 273 K. Therefore, it is reasonable to assume a 
surface temperature less than 300 K, which gives a calculated global 
average δ13C value of CO lower than −210‰ (Table 1, Fig. 3 and Extended 
Data Figs. 2 and 3). The large carbon isotopic fractionation from the 
solar UV photolysis of CO2 induces a strong 13C depletion in CO in the 
early Martian atmosphere (Fig. 3).

Atmospheric synthesis of organic matter from CO
Under reducing atmospheric conditions, CO can be converted into 
simple organic compounds, mainly formaldehyde and possibly metha-
nol13,35. In addition to aldehydes, our recent experiments demonstrated 
that atmospheric CO can generate carboxylic acids, mainly formate 
and acetate16. In the atmosphere, all these soluble organics are incor-
porated into water and probably rained out. Even starting from pure 
CO2, these organic compounds are produced via CO when H2 in the 
atmosphere scavenges excess OH radicals produced by the photolysis 
of H2O13–16. In such a reducing environment, the photolysis of CO2 is a key 
rate-limiting step for the atmospheric synthesis of organic compounds 
via CO (Methods). If the early Martian atmosphere was reducing14,36–38, 
then the strongly 13C-depleted CO would transfer into soluble organics 
and then deposit into the sediment. Therefore, atmospheric synthesis 
from CO could explain the origin of organics, with strong 13C depletion, 
observed in early Martian sediments (Fig. 3).

Conversely, the CO2 remaining after photolysis should be enriched 
in 13C owing to the conservation of mass (Rayleigh fractionation pro-
cess), unless the product CO is oxidized quantitatively back into CO2 
(Fig. 3) (Methods). Therefore, the isotopic ratio of CO2 is useful for 
constraining the carbon cycling in the early Martian atmosphere. Using 
the experimental fractionation factor determined in the present study 
(α1 = 0.871), a simple mass balance calculation (Fig. 3a) shows that an 
approximate 30% conversion of CO2 into CO results in a −140‰ of 
δ13CVPDB value for CO, as reported for Martian organics, and gives +20‰ 
for the remaining CO2, which is consistent with the estimated atmos-
pheric CO2 from the 4-Ga Martian meteorite. Note that the estimated 
30% conversion could be seen as an upper bound because the model 
does not consider atmospheric escape. Nonetheless, this result implies 
that CO2 photolysis can explain the 13C enrichment of atmospheric CO2 
relative to the Martian mantle (δ13CVPDB = −25 ± 5‰; Methods provides 
the estimate), even if we do not consider carbon escape into space.

However, in the case of early Mars, atmospheric CO may not have 
been derived solely from CO2 photolysis but also directly from volcan-
ism because CO could be a major carbon species in volcanic gas along 
with CO2 owing to the reducing conditions in the Mars mantle38–41. Start-
ing from a 90:10 mixture of volcanic CO2:CO and using the experimental 
fractionation factor determined in the present study (α1 = 0.8106) for 
modelled early Mars (Fig. 3b), an approximately 20% conversion of CO2 
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Table 1 | Calculated isotope effect of CO2 photolysis for 
modelled early Mars atmospheres

Surface 
temperature (K)

PCO2 at 
surface 
(mbar)

Fractionation 
factor: α

Isotope effect: 
1,000 ln α (‰) 
(total column)

Isotope effect: 
1,000 ln α (‰) 
(below 60 km)

300 10 0.8106 −210 −220

300 100 0.7890 −237 −245

240 10 0.7766 −253 −264

240 100 0.7615 −273 −276

Detailed assumptions for the calculations are provided in Methods.
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into CO results in a δ13CVPDB value of −135‰ for the produced CO and 
+20‰ for the remaining CO2. Our simple model calculation also indi-
cates that the observed 13C depletion and large isotopic heterogeneity 
(−137‰ to −70‰) (ref. 6) in several early Martian sediments could be 
produced when organics are synthesized from CO not only produced 
by CO2 photolysis but also from volcanic CO (Fig. 3c).

Organics from CO in the atmosphere may not have been a sin-
gle source for the Martian sedimentary organic matter. Potentially, 
other sources2,5,6,12 may have provided more 13C-rich organics from 
CO2 and diluted the signal of the strong 13C depletion. Note that the 
measured δ13CVPDB values for the organic matter in early Martian sedi-
ments are very heterogeneous with values ranging from −137‰ to +22‰  
(refs. 5–10), which may suggest multiple sources (Supplementary 
Note). Isotopically heavier CO2 could have been incorporated into 
the organics if the carboxylation reaction occurred before or after 
precipitation. After deposition, the aldehydes and other organics could 
have been condensed into larger molecules through Formose-type 
reactions42, though post-depositional processes are largely unknown 
in the early Mars environment.

In any case, our experimental results and theoretical and model 
calculations demonstrate that solar UV photolysis of CO2 is a plausible 
origin of the observed 13C depletion of sedimentary organic matter in 
early Martian sediment and the 13C enrichment of the 4-Ga carbon-
ate. The mass balance model suggests that an appreciable amount of 
organic matter would have been synthesized via CO in a reducing early 
Martian atmosphere and stored in early Martian sediments. These 
results do not preclude a biological origin for the Martian organic 
matter, although they imply that atmospheric synthesis could be quan-
titatively more important for producing organics on early Mars.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
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Methods
CO2 photolysis experiment
Photolysis experiments were carried out in a glass flask apparatus with 
a UV-grade synthetic quartz window used in ref. 16. The diameter of the 
UV window was 3.6 cm. The volume of the apparatus was 448 cm3, and 
maximum path length was 13 cm. A Xenon arc lamp (Cermax, CX-04E, 
PE300BUV) was used as the UV source. The actinic UV spectrum was 
measured by a vacuum UV monochromator system44 (Extended Data 
Fig. 1), which was used for calculating theoretical fractionation factor 
for the CO2 photolysis.

Before the experiment, the glass flask was evacuated to 
below 0.1 Pa for more than 12 h. After evacuation, high-purity CO2 
(>99.99995%, Japan Air Gases) was introduced into the flask through 
the vacuum line to avoid contamination with air. The total gas pres-
sure in the flask was measured using a capacitance manometer (MKS 
Baratron 626 B, 1–10 kPa range).

UV irradiation was performed at an output power of 20 A for the Xe 
lamp. The temperature of the flask was maintained at 315 ± 5 K using a 
cooling bath (AsOne MC-1). Before and during irradiation, a small aliquot 
of gas in the flask was sampled by expanding it to a calibrated volume with 
a syringe port. Each sample contained 1.7% of the total gas in the flask.

Carbon isotope analysis
The carbon isotopic composition of CO was measured using gas 
chromatography-combustion-isotope ratio mass spectrometry. 
The sampled gas was first purified by gas chromatography (Trace 
GC Ultra, Thermo Fisher Scientific) equipped with a capillary column 
(HP-MOLSIEVE:30 m × 0.53 mm i.d., 25 µm film thickness; Varian) to 
separate N2, O2, CO, CH4 and CO2. Ultra-high-purity He (>99.99995%, 
Japan Air Gases) was used as the carrier gas. The gas chromatography 
(GC) oven was maintained at 50 °C with a flow rate of 1.5 ml min−1. After 
the analysis, the GC temperature was raised to 200 °C to remove any 
remaining gases in the column. Purified CO was then converted into 
CO2 at 1,100 °C in a combustion furnace consisting of a ceramic tube 
packed with CuO, NiO and Pt wires. Then, CO2 was introduced into 
an isotope ratio mass spectrometer (MAT253, Thermo Fisher Scien-
tific) via the combustion furnace and continuous flow interface (GC 
Combustion III, Thermo Fisher Scientific). Isotopic standardization 
was performed using CO2 injections calibrated against the National 
Institute of Standards and Technology natural gas standard, NGS-2.

Carbon isotope ratio is reported using the delta notation:

δ13C − CO = ( 13RCO/ 13RCO2 − 1) × 1,000‰

where 13RCO and 13RCO2 represent 13C/12C ratios of the sampled CO and the 
initial CO2 used in the experiment, respectively. The initial CO2 used in 
the photolysis experiment was also measured using GC-isotope ratio 
mass spectrometry (IRMS), as described in ref. 45. On the basis of repli-
cated analyses of the samples and in-house standard CO gas, the repro-
ducibility of the measured δ13C–CO value was better than ±0.5‰. All the 
experimental results are summarized in Extended Data Tables 1 and 2.

Theoretical calculation for absorption cross sections for 12CO2 
and 13CO2

The absorption cross sections for 12C16O16O, 13C16O16O and three other 
isotopologues of CO2 were calculated from first principles using a 
time-dependent quantum mechanical methodology. The calculations 
were based on potential energy surfaces for the ground and lower 
excited states of CO2, which were calculated using the multireference 
configuration interaction plus the Davidson correction to correla-
tion energy (MRCI + Q) quantum chemistry method (ref. 17 provides 
details). The absorption cross sections for 12C16O16O, 13C16O16O, and three 
other isotopologues of CO2 between 120 K and 395 K are available in the 
supporting information of ref. 17, in which Dataset S1 is for 12C16O16O, S2 
is for 12C16O17O, S3 is for 12C16O18O, S4 is 13C16O16O and S5 is for 13C16O18O.

Calculation of the fractionation factor for CO2 photolysis in 
the experiment
In the CO2 photolysis experiment, carbon isotope fractionation poten-
tially originates from the following two reactions:

CO2 + hν(λ < 210nm) → CO +O (R1)

CO +O +M → CO2 +M (R2)

where M represents the third-body reaction partner. The reaction rates 
of reactions (R1) and (R2) are proportional to the number densities of 
CO2 and CO and thus can be written as J[CO2] and k’[CO], respectively. 
In our experiment, more than 99.7% of CO2 remained in the system, 
and thus the reaction rate of reaction (R1) (that is, J[CO2]) was constant, 
whereas the reaction rate of (R2) (that is, k’[CO]) increased in response 
to elevated [CO] (Fig. 2). In this case, the isotopic fractionation factors 
for (R1) and (R2) are defined as

α1 = 13J/12J (1)

α2 = 13k′/12k′ (2)

where 12J and 13J are the photolysis rate coefficients of 12CO2 and 13CO2, 
respectively. In addition, 12k’ and 13k are the rate constants for 12CO and 
13CO, respectively. The J, k’, α1 and α2 values were estimated by fitting the 
observed changes in CO / (CO + CO2) and δ13C–CO (Fig. 2).

For the 33-kPa experiment (Extended Data Table 1), the best fit 
values for J and k’ were 4.3 × 10−7 s−1 and 1.7 × 10−4 s−1, respectively. The 
steady-state CO/CO2 ratio (= J / k’) was 0.0025. In reality, a longer experi-
ment yields O2 via the following reaction.

O +O +M → O2 +M (R3)

When O2 accumulates in the system, the simple assumptions above 
are no longer applicable owing to the more complex O2 photochemistry 
and UV shielding by O2, both of which should affect the k’ and J values. 
Therefore, we report the data only before O2 accumulated in the system 
(up to 4 h under our experimental conditions).

In addition, the same model simulation was performed by 
splitting the J and k values into those for 12C and 13C species by  
assuming fractionation factors α1 and α2. For the 33-kPa experi-
ment (Extended Data Table 1), the best fit values for α1 and α2 
were 0.871 ± 0.001 and 1.0074 ± 0.0005, respectively. Conse-
quently, the observed isotope fractionation (δ13C–CO from −133‰ 
to −121‰) is largely due to the isotope effect of CO2 photolysis 
(1,000 ln α1 = −138 ± 1‰) with a smaller contribution from reaction 
(R2) (1,000 ln α2 = +7.4 ± 0.5‰).

To confirm the small isotope effect of reaction (R2), addi-
tional experiments were performed, in which the reaction rate of  
reaction (R2) was enhanced by adding O2 (Extended Data Table 2). 
In this experiment, a 1:2:8 mixture of CO:O2:N2 was photolysed using 
the same UV source. After 345 min, 30% of the initial CO was con-
sumed via reaction (R2). The remaining CO showed a relatively large 
scatter in its δ13C value (±4.4‰; n = 8) and did not show a significant  
correlation with the remaining CO fraction. These results confirmed 
that the isotope effect of reaction (R2) should be smaller than ±13‰ 
when considering a possible ±4.4‰ change at 30% consumption. 
This is consistent with the estimated +7.4 ± 0.5‰ isotope effect for 
reaction (R2).

In an actual atmosphere, photolysis generates oxygen atoms (O), 
although the direct recombination of CO with O to give CO2 is forbid-
den by the conservation of spin and is therefore very slow, allowing 
quantitative amount of CO to build up46. The excess oxygen is removed 
by the oxidation of surface minerals or escapes into space, and the 
atmosphere overall could be weakly reducing.
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Also, in actual atmosphere, presence of H2O may change the pho-
tochemistry relative to our dry experimental condition. Photodisso-
ciation of H2O creates the OH radical, which is the dominant oxidant 
of CO. Therefore, in wet conditions, CO oxidation rate is faster than 
in a dry atmosphere13–16. On the other hand, the presence of H2O does 
not change the fractionation factor of CO2 photolysis (α1) unless water 
vapour considerably modifies the actinic UV spectra. The spectral 
effect is evaluated in the following sections.

Comparison to theoretical fractionation factor in the 
experimental condition
The observed large isotope effect in CO2 photolysis (α1 = 0.871 ± 0.001; 
1,000 ln α1 = −138 ± 1‰) was compared with theoretical calculations 
to obtain a mechanistic understanding of this effect. Theoretically, 
the isotopic fractionation factor for CO2 photolysis (α1) can be cal-
culated using equation (1) and absorption cross sections for CO2 
isotopologues17

12J = ∫
210

170
φ(λ)12σ(λ)I(λ)e−τ(λ)dλ (3)

13J = ∫
210

170
φ(λ)13σ(λ)I(λ)e−τ(λ)dλ (4)

where 12J and 13J represent the photolysis rate coefficients of 12CO2 and 
13CO2, respectively. φ(λ) is the quantum yield, which is assumed to 
be unity in the integral range from 170 nm to 210 nm. 12σ(λ) and 13σ(λ) 
are absorption cross sections at a wavelength λ for 12CO2 and 13CO2, 
respectively, as reported in ref. 17. I(λ) is the incident UV spectrum in 
our experimental condition, measured by the vacuum UV monochro-
mator used in ref. 35 (Extended Data Fig. 1). The opacity term τ(λ) was 
calculated as follows:

τ(λ) = ∑
i
σi∫ρi(z)dz (5)

where σi(λ) is the absorption cross section of the UV-shielding molecule 
i and ∫ρi(z)dz  represents the column density of molecule i in path  
length z. The gases defining the opacity term should have large cross 
sections in the 170–210 nm wavelength range. Potentially, the presence 
of O2 and CO2 (self shielding) can change the actinic UV flux, thereby 
changing the fractionation factor α1.

The calculation results are summarized in Extended Data Fig. 1. 
First, the actinic UV spectra did not change considerably from the front 
and rear ends of the 13-cm-long apparatus (Extended Data Fig. 1). CO2 
self shielding may shift the isotope effect (1,000 ln α1) by up to −1‰ 
for 33-kPa CO2 and by a negligible amount for 10 kPa CO2 (Extended 
Data Fig. 1). UV shielding by O2 may possibly cause a larger shift of 
up to −4‰, even considering an improbably high O2 content (100 Pa; 
Extended Data Fig. 1). In our experiment, O2 was formed by reaction 
(R3), although its concentration was probably lower than that of CO 
(maximum 70 Pa: Extended Data Table 1). Conservatively, we take ±4‰ 
as the error derived from the uncertainty of the UV spectrum.

The uncertainty arising from temperature may cause a larger 
variation. Although our UV experiment started at 297 K, the tempera-
ture increased to 315 ± 5 K after 10 min. The heating of the apparatus  
was inevitable in the current experimental setting. On the other 
hand, the ab initio cross sections for the CO2 isotopologues change  
slightly depending on temperature17. Using the cross sections at 295 K, 
the estimated isotope effect (1,000 ln α1) was 9.4‰ larger than that 
using 320 K cross sections (Extended Data Fig. 1). We found that a 
lower temperature resulted in larger fractionation (in other words, 
a more negative 1,000 ln α1 value) with a slope of +0.51‰ K−1 from 
220 K to 320 K.

Considering the above uncertainties, the theoretical fractionation 
factor α1 for our experimental condition (33 kPa CO2) was 0.845 ± 0.004, 
corresponding to −168 ± 5‰ for 1,000 ln α1, which was 30‰ more nega-
tive than the observed isotope effect of −138 ± 1‰.

The systematic 30‰ difference may not be due to uncertainties 
in the UV experiment, but are more likely due to inaccuracies in the 
ab initio potential energy surfaces used to calculate the theoretical 
CO2 cross sections. Precise calculations in the lower energy region 
of the absorption cross section are particularly difficult. On the basis 
of the 12J and 13J spectra (Extended Data Fig. 1), the lower energy part 
(that is λ > 183 nm) is the main region giving rise to large fractionation. 
Considering the difficulty of the calculation, a conservative estimate 
of the error in the ab initio cross sections is ±50‰, which is similar to 
the theoretical fractionations calculated for similar gases, including 
nitrous oxide (N2O)47 and carbonyl sulfide (OCS)48. Therefore, we esti-
mate that the experimentally determined isotope effect (−138 ± 1‰) is 
consistent with the theoretical fractionation within an uncertainty of 
±50‰. Note that calculated fractionation using theoretical cross sec-
tions17 overestimates fractionation by 30‰ relative to the experiment. 
The ab initio calculation and the experiment confirm our hypothesis 
that broadband UV photolysis of CO2 is associated with a large negative 
carbon isotope effect in excess of −100‰.

Estimated fractionation factor for CO2 photolysis in the early 
Mars atmosphere
In the early Martian atmosphere, the isotope effect in CO2 photolysis 
was larger than that observed in the laboratory. Considering the above 
fractionation mechanism, isotopic fractionation changes depending 
on the following key parameters:

	1.	 Temperature
	2.	 Actinic UV spectrum
	3.	 UV shielding by atmospheric species

All three of these factors from the early Mars were different from 
the experimental conditions and are not precisely known. Therefore, 
we built a 1D atmospheric simulation model to help understand the 
sensitivity and error.

The base model assumed a hydrostatic CO2 atmosphere with 
10 mbar PCO2 at the surface (Extended Data Fig. 2a). The vertical tem-
perature profile had a temperature of 240 K at the surface (dashed line 
in Extended Data Fig. 2a), which agrees with observations of the current 
Martian atmosphere49. A warmer case (300 K at the surface) was also 
calculated in the model (solid line in Extended Data Fig. 2a) to simulate 
early Mars with liquid water present on the surface.

The actinic UV spectra were calculated assuming the solar UV spec-
trum from ref. 43 and UV attenuation by CO2 at each altitude (Extended 
Data Fig. 2d). The UV scattering by CO2 was also considered using the 
scattering cross section from ref. 50.

The photolysis rates for 12CO2 and 13CO2 were calculated using 
equations (3), (4) and (5) (Extended Data Figs. 2b,e), which gives the 
isotopic fractionation factor (α1) at each altitude from equation (1) 
(Extended Data Fig. 2c). To evaluate the temperature dependence, we 
used 12CO2 and 13CO2 cross sections at each temperature of the altitude 
profile17. A lower temperature results in a larger calculated fractionation 
with a slope of +0.8‰ K−1, which is similar to, but slightly steeper than, 
that obtained under experimental conditions using a Xe lamp as a UV 
source ( + 0.5‰ K−1). Considering the systematic shift from theoretical 
to experimental fractionation observed, the 1,000 ln α1 value was cor-
rected with a + 30‰ shift across the temperature range.

Estimated carbon isotope ratio for volcanic CO2 and CO of Mars
We employed a δ13C value of −25 ± 5‰ for mantle-derived volcanic CO2 
and CO (Fig. 3). This value was derived from stepwise heating experi-
ments of shergottite–nakhlite–chassignite (SNC) meteorites51. Because 
SNC meteorites are igneous rocks that are interpreted to represent 
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either lavas or plutonic cumulates52, high-temperature releases of SNC 
meteorites would record magmatic volatiles. The high-temperature 
releases (>1,000 °C) of shergottites (basalt: Shergotty and Zagami), 
nakhlites (clinopyroxenite: Nakhla, Lafayette, Governador Valadares) 
and chassignite (dunnite: Chassingy) yielded a limited δ13C range 
(−20‰ to −30‰), despite the fact that these meteorites have distinct 
formation and Mars ejection ages; that is, they were formed by different 
magmatic activities and were derived from different launching sites on 
Mars53,54. The limited δ13C values (−20‰ to −30‰) suggest the existence 
of a common carbon reservoir in the Martian interior.

Estimated carbon isotope ratios for 4 Ga Mars surface water 
component and atmospheric CO2

We employed a δ13C value of +30 ± 10‰ for the dissolved inorganic carbon 
component of 4 Ga surficial water. This value is derived from ~4 Ga car-
bonates contained in the Allan Hills (ALH) 84001 Martian meteorite19–21. 
ALH 84001 is an igneous cumulate (orthopyroxenite) that experienced 
post-magmatic aqueous alteration, resulting in the precipitation of 
secondary phases including carbonate55,56. Radiogenic isotope system-
atics (Lu–Hf, Pb–Pb and Rb–Sr) of this meteorite yield the magmatic 
crystallization age and the carbonate formation age of 4.09 ± 0.03 Ga and 
3.9–4.0 Ga, respectively57,58. Carbon and oxygen isotope studies indicate 
that carbonates were formed by distillation and loss of CO2 from the 
fluid during evaporation and degassing20,59 resulting in zoned isotopic 
enrichment of δ18O and δ13C from the core to the rim19,60–63. Triple oxygen 
isotope analyses further implied that the CO2 fluid could have been ini-
tially in equilibrium with the atmosphere21,64. The δ13C value of +30 ± 10‰ 
employed in this study was determined to cover a reported δ13C range 
from 20‰ to 40‰ for Ca- and Fe-rich carbonates, which are interpreted 
as representing near-primary precipitates in ALH 84001 (ref. 21).

A notable feature of ALH 84001 is that the carbonates are accompa-
nied by polycyclic aromatic hydrocarbons, nanocrystal magnetites and 
iron sulfides because their petrographic context and textures (for exam-
ple, chain-like structure of magnetite similar to magnetotactic bacteria) 
invoked a possible sign of life on Mars. A question related to the biogenic 
origin of carbonate–magnetite–sulfide assemblages is whether they 
formed at a sufficiently low temperature that was suitable for life. A variety 
of formation temperatures from 0 °C to 650 °C have been proposed for 
the ALH 84001 carbonates19,20,59–63,65–68, but recent stable isotopic studies 
including clumped isotope geothermometry have led to a consensus that 
the ALH 84001 carbonates formed in a low-temperature environment 
(~20 °C) (for example, ref. 20). Although the low-temperature condition 
is consistent with both abiotic and biogenic origins, the carbonate–mag-
netite–sulfide assemblage in ALH 84001 is now explained as arising from 
abiotic processes (for example, thermal decomposition of iron carbonate 
due to impact-induced shock heating)69,70.

Assuming isotopic equilibrium between carbonate and atmos-
pheric CO2 (1,000 ln αcarbonate-CO2 = 9.8‰ at 25 °C; ref. 71), we employed 
a δ13C value of +20 ± 10‰ for atmospheric CO2 on early Mars (Fig. 3).

Mass balance model
Carbon isotope ratios of atmospheric CO2 (δ13CCO2) and CO (δ13CCO) 
were calculated based on the mass balance shown in Fig. 3c. In this 
simple mass balance model, we assume that the atmospheric CO2 arises 
primarily from volcanic input (δ13CCO2-i = −25 ± 5‰ as noted above) and 
removed as organics synthesized from CO. For simplicity, carbon iso-
topic fractionation (α) is assumed to occur only in the CO2 photolysis. 
Then, isotopic compositions of atmospheric CO2 is determined by 
remaining fraction (f) of CO2 after the photolysis:

δ13CCO2 = (1,000 + δ13CCO2-i) × f α−1 − 1,000

Owing to mass balance:

δ13CCO2-i = fδ13CCO2 + (1 − f )δ13Corg

isotopic compositions of atmospheric CO is:

δ13CCO = (1,000 + δ13CCO2-i) × (1 − f α)/(1 − f ) − 1,000

In this model, we do not consider carbon escape into space, which 
may also cause 13C enrichment of remaining CO2. Therefore, the esti-
mated f is regarded as the maximum value if a considerable fraction 
of the atmospheric CO2 escapes into space. In addition, molecular 
diffusion in the upper part of the atmosphere may also cause isotopic 
fractionation. However, based on our more detailed atmospheric 
model31, this effect is important only above 100 km altitude, which 
accounts for less than 10−6 of total atmospheric CO2. Therefore, it 
is reasonable to neglect the isotope effect of molecular diffusion in 
calculating the mass balance.

Note that the model does not consider further processes that 
fractionate isotopes after CO2 photolysis (that is, α = α1). Therefore, 
the isotopic composition of the organic matter (δ13Corg) is equal to that 
of atmospheric CO (δ13CCO). This assumption may not be true if some 
organics were produced not from the CO but from the other carbon 
sources with normal or heavy isotopic composition. In a CO2 and/or 
CO atmosphere, however, organic synthesis is initiated from the HCO 
radical produced by CO13,16,31,35,46,72–75:

CO2 + hν → CO +O (R1)

CO +OH → CO2 +H (R4)

CO +H +M → HCO +M (R5)

HCO +HCO → HCHO + CO (R6a)

HCO +HCO → (C2organics) (R6b)

In comparison to reaction (R1), it is very likely that carbon  
isotope fractionations for reactions (R4)–(R6) are an order of mag-
nitude smaller than the CO2 photolysis31,76,77. Therefore, it is reason-
able to assume the strongly 13C-depleted signature in CO should 
be transferred to formaldehyde and other organics. There is no  
known atmospheric reaction that incorporates the isotopically normal 
CO2 directly into organic molecules77, unless CO2 is photolysed into 
CO with a large isotopic fractionation (reaction (R1)). The possible 
alternative carbon source with normal 13C abundance is volcanic CO. 
Therefore, we have performed additional calculations considering 
10%, 20% and 30% addition of volcanic CO (δ13CCO-i = −25 ± 5‰) and 
shown in Fig. 3.

Data availability
The absorption cross sections for 12C16O16O, 13C16O16O and three other 
isotopologues of CO2 between 120 K and 395 K are available in the sup-
porting information of ref. 17, in which Dataset S1 is for 12C16O16O, S2 is 
for 12C16O17O, S3 is for 12C16O18O, S4 is 13C16O16O and S5 is for 13C16O18O 
(https://doi.org/10.1073/pnas.1213083110). The datasets generated 
during the current study are available via Figshare at https://doi.
org/10.6084/m9.figshare.25498981 (ref. 78). Source data are provided 
with this paper.
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Extended Data Fig. 1 | Calculated fractionation factors for CO2 photolysis 
in our experimental condition. Upper panels: Measured incident UV spectra 
of the Xe lamp (black) and photolysis rate coefficients (blue: 12CO2, red: 13CO2) 
showing larger isotopic fractionation accompanied by photolysis in the 
wavelength region longer than 183 nm. Grey lines represent actinic UV spectra 
calculated for shielding by 33 kPa CO2 itself after an absorption path of 13 cm, 
which are almost identical to those of the UV source. Middle panels: Absorption 

cross sections for 12CO2 (blue) and 13CO2 (red) calculated from first principles 
at 295 K (left) and 320 K (right) by Schmidt et al.17 with that of O2 (black) for 
comparison. Bottom panels: Estimated isotope effect (1000 ln α1) depending on 
UV shielding up to a 13 cm path length in the experiment for 10 kPa CO2 (red) and 
33 kPa CO2 (blue) (see Method). The case when 100 Pa O2 was added to 33 kPa CO2 
is also shown in green.
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Extended Data Fig. 2 | Results from the early Mars atmosphere model, 
assuming 10 mbar PCO2 at the surface. a. Black and yellow lines represent 
assumed vertical profiles of PCO2 and temperature, respectively. b. Vertical profile 
of CO2 photolysis rate (reaction R1). c. Calculated isotope effect (1000 ln α1) of 

the CO2 photolysis. The red and blue lines show the results assuming surface 
temperatures of 300 and 240 K, respectively. The shaded area represents the 
uncertainty of the calculation (see Method). d. Calculated actinic UV spectrum at 
each altitude. e. J(λ) values calculated for each altitude.
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Extended Data Fig. 3 | Results from the early Mars atmosphere model, 
assuming 100 mbar PCO2 at the surface. a. Black and yellow lines represent 
assumed vertical profiles of PCO2 and temperature, respectively. b. Vertical profile 
of CO2 photolysis rate (reaction R1). c. Calculated isotope effect (1000 ln α1) of 

the CO2 photolysis. The red and blue lines show the results assuming surface 
temperatures of 300 and 240 K, respectively. The shaded area represents the 
uncertainty of the calculation (see Method). d. Calculated actinic UV spectrum at 
each altitude. e. J(λ) values calculated for each altitude.
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Extended Data Table 1 | Results from the CO2 photolysis experiment

Results from the CO2 photolysis experiment. The total pressure was decreased by removing 1.7% of the gas from the chamber from each sample aliquot. The CO fraction is the yield of product 
CO relative to the initial CO2 which is corrected for the decrease in total pressure by sampling. The isotopic compositions were reported as follows: δ13C− CO = ( 13RCO/ 13RCO2 − 1) × 1000‰ 
where 13RCO and 13RCO2 represent 13C/12C ratios of CO product and initial CO2, respectively.
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Extended Data Table 2 | Results from the photochemical experiment

Results from the photochemical experiment. Initially, a 1:2:8 mixture of CO, O2, and N2 was photolyzed using the same UV source as in the experiments shown in Table 1. δ13C denotes the 
carbon isotopic composition of CO normalized against the VPDB.
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