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A B S T R A C T   

We present here vertically resolved measurements of the carbon isotopic composition of CO2 in the Martian 
atmosphere between the surface and 50 km of altitude. The results are based on data taken by the ExoMars Trace 
Gas Orbiter with the NOMAD instrument and have been aggregated to derive an average vertical profile of 
13C/12C. We find no seasonal or spatial trends with variabilities beyond the sensitivity of the measurements. For 
the analysis, we developed a method that allows us to estimate whether the observed variability of isotopic 
measurements is beyond their intrinsic accuracy, by exploiting ab-initio spectroscopy and the radiometric noise 
of the instrument. Applying this method to our data, we find that atmospheric CO2 is depleted in 13C compared to 
the Earth standard by 30‰ to 45‰, in line with previous ground-based measurements values of the atmosphere 
and in contrast with the average value obtained by Curiosity at the surface (46 ± 4‰). These differences in 
isotopic signatures of CO2 as measured across the atmosphere and near-surface pose new questions when 
inferring the evolution and history of carbon on Mars, and suggest that processes such as a strong atmosphere- 
surface interactions may be fractionating the carbon reservoirs on the planet.   

1. Introduction 

Analyzing composition of a planetary atmosphere is the primary way 
to reveal the present status of its climate and dynamics, and to inform us 
about their inter-annual and long-term variability. Among the several 
parameters of interest, isotopic ratios of the volatiles in planetary at
mospheres (e.g., CO2, H2O) are used as a proxy of planetary atmospheric 
evolution (Lammer et al., 2020; Owen, 1978), particularly for Mars and 
Venus. Isotopic ratios are typically used to quantify the evolution of an 
atmosphere, but these values are known to undergo strong vertical and 
seasonal variations across the atmospheres of the planets in the inner 
solar system: on Earth (e.g., Beale et al., 2016; Bernath et al., 2017; 

Herbin et al., 2009), and on Mars and Venus (e.g., Alday et al., 2021; 
Fedorova et al., 2008; Jakosky et al., 1994; Sandor and Clancy, 2003; 
Villanueva et al., 2021). The usual approach in space/planetary sciences 
is to compare the isotopic ratios of species on Earth (defined as refer
ence) to those on other planets. Examples of such references are the 
Vienna Standard Mean Ocean Water (VSMOW) defining the isotopic 
ratios of H and O in water, and the Vienna Pee Dee Belemnite (VPDB) 
defining the standard for C isotopic ratio (13C/12C = 0.011237). These 
references are useful to pinpoint the current status of the evolution of the 
analyzed atmospheric sample with respect to the primordial status of the 
solar system (e.g., Jakosky and Jones, 1997). Yet, when measuring 
isotopic ratios in atmospheric constituents, the direct comparison 
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between the current isotopic composition of the surface materials and its 
vertical profile in the atmospheric constituents can provide further in
sights into currently ongoing fractionation processes and current prev
alent reservoirs. On Mars, understanding the vertical variation of the 
isotopic composition of atmospheric H2O and CO2 is crucial to charac
terize current fractionation processes and reservoirs of H, O, and C. In 
particular, as the sources of Mars’ original volatiles are still not well 
defined. 

While noble gases on Mars are clearly compatible with a solar-like 
isotopic composition, other volatiles (such as H2O) could have been 
contributed by meteoric or cometary impacts late in planet formation. In 
addition, carbonaceous materials may have been sources of water early 
in Martian history (Bogard et al., 2001), and carbonaceous compounds 
could derive from in-situ formation processes on Mars, such as electro
chemical reduction of CO2 (Steele et al., 2018). According to Franz et al. 
(2020), the carbonate abundances currently observed on Mars could 
correspond to an original inventory of about 425–640 mbar of lost at
mospheric CO2, while an additional 100–170 mbar could be stored in 
oxalates formed at the surface. Furthermore, oxygen isotopic ratios 
measured in carbonates point towards the possibility of common cryo
genic carbonate formation during a previous era (Franz et al., 2020). 
Current observations of surface carbonates versus models are generally 
consistent with the hypothesis that carbonates may be more abundant 
within the deep crust, potentially representing a significant subsurface 
carbon sink (Kissick et al., 2021). To complete the picture, analyses of 
Martian meteorites such as the nakhlites and shergottites have revealed 
the presence of carbon-bearing minerals, including carbonates and 
graphitic carbon, which are indicative of igneous processes in the 
Martian mantle, which may be carbon-rich (Steele et al., 2012). 

Measuring stable isotopologues of CO2 is an effective way to 
contribute to trace the history of the atmosphere because they are 
fractionated in predictable ways by each of the aforementioned and 
other geological processes. Thus, the stable isotopic composition of the 
atmospheric CO2 of Mars will also record the sum of the geologic pro
cesses in which it has participated, making it possible to quantifiably 
constrain them (Niles et al., 2010). Carbon isotope ratios (e.g., 13C/12C) 
are routinely used by geochemists to determine the sources of organic 
matter (Hayes, 1993), and measuring these ratios in atmospheric CO2 
allows us to probe the main atmospheric reservoir of C. Based on the 
measurement of 13C in trapped gas in SNC Martian meteorites (Carr 
et al., 1985), early atmospheric CO2 would have been enriched in 13C 
through early sputtering and hydrodynamic escape (Hunten et al., 
1987). This may suggest that the current measured value of atmospheric 
and surface 13C/12C reflects mostly early processes, rather than more 
recent planetary history. Despite a large uncertainty due to the chal
lenges of extrapolating back in time data and models, the loss early in 
history could have been as much as 90% of the atmospheric carbon 
(Jakosky and Edwards, 2018). 

Recent atmospheric measurements of 13C/12C in CO2 have been 
mapping the near-surface atmosphere and the upper atmosphere 
(70–130 km) of Mars. At the surface level, data have been obtained by 
the Curiosity rover of the NASA Mars Science Laboratory (MSL) and the 
NASA Phoenix lander (Mahaffy et al., 2013; Niles et al., 2010; Webster 
et al., 2013). MSL observed an average enrichment of 13C of 46 ± 4‰ 
with respect to VPDB, which has been interpreted as a tracer of signif
icant atmospheric loss over time. Earth-based measurements show, 
instead, only marginal deviations from the VPDB standard (e.g., δ13C =
0–110‰, Encrenaz et al., 2005; δ13C = − 22 ± 20‰, Krasnopolsky et al., 
2007), providing only marginal validation to the in-situ data given the 
very large uncertainty affecting those measurements. Yet, ground-based 
data are in principle particularly sensitive to the first few kilometers of 
atmosphere above the surface and are therefore expected to be 
compatible with in-situ measurements. In the upper atmosphere, accu
rate measurements of the δ13C in CO2 (Alday et al., 2021) have been 
retrieved using the data acquired by the Atmospheric and Chemistry 
Suite (ACS, Korablev et al., 2017) spectrometer onboard the ExoMars 

Trace Gas Orbiter (TGO). The main conclusion of this work is that the 
vertical trends of the isotopic ratios are in line with those expected from 
diffusive separation above the homopause, and the average values 
below the homopause are consistent with Earth-like fractionation (δ13C 
= − 3 ± 37‰). 

While upper atmosphere measurements are compatible with the 
reference provided by MSL, obtaining an estimate of δ13C in CO2 in the 
low to middle atmosphere (10–60 km) would be fundamental to bridge 
the gap between surface and upper atmosphere values, and to better 
characterize isotopic exchange between the three altitude ranges. While 
providing constraints on eventual current carbon fractionation pro
cesses, this would also examine the C fractionation at different altitudes, 
answering the following question: is the value of δ13C measured in the 
lower atmosphere representative of that measured at the surface? If so, 
are there variations with altitude? 

This work tackles all the above-mentioned questions by measuring 
δ13C in CO2 in the lower to middle atmosphere using the data from the 
other spectrometer on TGO, the Nadir and Occultation for MArs Dis
covery (NOMAD). Other recent papers (Alday et al., 2023; Aoki et al., 
2023; Yoshida et al., 2023) performed the same analysis for CO, 
completing the picture of carbon fractionation in the atmosphere of 
Mars. A large portion of this work is dedicated to establishing a dedi
cated methodology to robustly quantify the uncertainty of isotopic 
measurements on a more general level, by referring to ab-initio spec
troscopic properties of the lines employed in the analysis and correctly 
budgeting the instrument technical uncertainties. This methodology is 
also useful to demonstrate whether a set of isotopic measurements that 
show a certain dispersion can be treated statistically or not, precisely 
quantifying the actual limits of the instrument. 

Before diving deep into the specifics of our analysis, it is useful to 
explore the C isotopic composition at Mars in the context of observed 
values across the Solar System. A summary and related references of 
those values is reported in Fig. 1. It can be seen that the Solar System 
average value is not representative of the galactic variability, and it is 
significantly larger than the measured galactic background (Milam 
et al., 2005). This may be a sign of a recent enrichment of the lighter 
isotope in the Solar System, which has been predicted by models (e. g., 
Goswami and Vanhala, 2000). In the Solar System, we can see a clear 
distinction between the values observed in the gas giants, which are 
enriched in the lighter isotope, and the inner Solar System bodies. 
However, this must be interpreted with a certain caution, as the value 
measured in Jupiter and Saturn’s atmospheres is measured in hydro
carbons, while most of the inner Solar System values are measured in 
CO2. The differing chemistry and physics of these compounds substan
tially affect their observed isotopic composition. Nevertheless, all the 
values in the Solar System are compatible with the value retrieved for 
the present Sun (Scott et al., 2006) using the observation of CO lines, 
which was recently. 

revisited. This suggests that the average value of 12C/13C in the Solar 
System is still largely dominated by stellar evolution, while smaller 
fractionation effects may determine its value in planetary reservoirs. 

This paper is structured as follows: section 2 will describe the 
NOMAD instrument and the measurements used in this study, together 
with the retrieval methodology and sample results. Section 3 will show 
the results and the vertical profile obtained for the δ13C. Section 4 will 
provide a discussion of the results and show the methodology to quantify 
their accuracy and statistical properties. 

1.1. NOMAD instrument and data 

The measurements presented here have been collected employing 
the NOMAD (Nadir and Occultation for MArs Discovery, Neefs et al., 
2015; Vandaele et al., 2018) instrument suite onboard TGO, which scans 
the Mars atmosphere using high-resolution infrared spectroscopy 
through a grating system. The data were collected employing the Solar 
Occultation (SO) channel/mode of the instrument, in which the 
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atmosphere is seen sequentially across altitude by pointing to the Sun 
and measuring the flux across the tangential line of sight. The SO 
channel operates at wavelengths between 2.2 and 4.3 μm. The NOMAD 
SO instrument is an echelle high-resolution grating spectrometer, in 
which an AOTF (Acousto-Optical-Tunable Filter) operates as an order- 
sorting device. Each order is confined to a spectral interval compara
ble to the Free Spectral Range of the instrument, which is about 22.5 
cm− 1. In most of nominal science measurements, 5–6 orders are 
measured at each altitude, targeting several bands of H2O, CO2, CO, 
their isotopologues, and organics, as well as allowing for quantification 
of aerosols at altitudes up to 100 km (Liuzzi et al., 2020). The vertical 
resolution is defined by the integration times and orbital inclination, 
with a typical sampling (i.e., spacing between two consecutive spectra) 
of 0.5–2 km. With an orbital period of 2 h, typically 24 solar occultations 
per day are possible (12 sunrises and 12 sunsets) when the orbit is such 
that TGO passes behind Mars. Not all occultations can be measured by 
SO, as they are shared with ACS (Korablev et al., 2017) and also due to 
spacecraft operations, resulting in 11–14 occultations per sol for 
NOMAD SO. 

A self-consistent retrieval of isotopic abundances of 13C and 12C re
quires the simultaneous estimation, at each altitude, of the abundance of 
the two isotopes and of the atmospheric temperature. In the lower at
mosphere, this information is available only by looking at specific 
vibrational bands of CO2 which can be observed in some diffraction 
orders that are not usually measured during NOMAD nominal science 
operations. The use of a custom combination of orders is needed because 
nominal science orders contain CO2 bands which often saturate in the 
lower to middle atmosphere, making it impossible to reliably retrieve 
isotopic abundances. The orders we study in this work cover the spectral 
interval 3170–3350 cm− 1, which are observed only during a particular 
type of solar occultation measurement known as a fullscan. During a 

typical fullscan, NOMAD cycles through all diffraction orders from 110 
to 225 throughout the whole occultation. The obvious downside of this 
dataset is that the number of spectra per diffraction order in the altitude 
range 0–100 km will decrease from ~100 s for a nominal science mea
surement to 10 or less for fullscans, with a vertical sampling of 5 to 25 
km. Thus, a single fullscan is not useful to observe the vertical structure 
of the atmosphere. Yet, when fullscans are aggregated, they can be used 
to infer average properties of the atmosphere and their seasonal/spatial 
variability, if allowed by the Signal to Noise Ratio (SNR). 

An example of spectra used in this work is shown in Fig. 2, where we 
highlight the spectral lines of H2O, 12CO2 and 13CO2. Order 148 has been 
used successfully and extensively to retrieve vertical profiles of tem
perature (Trompet et al., 2023a, 2023b), and we use this order for the 
same purpose, even though with regularization of the full profile. The 
other three orders used in this work — 141, 145, and 146 — are 
employed to constrain the abundances of the two isotopologues, which 
can be well constrained by the number of spectral lines with different 
rotational quantum numbers and by the information about temperature 
retrieved from order 148. Importantly, the choice of these diffraction 
orders is made by verifying that the line intensities (i.e., optical depths) 
of both isotopologues are comparable at each altitude, and that their 
temperature dependencies are therefore similar. In addition, the fact 
that these order numbers are close to each other necessarily implies that 
they are acquired within a short time span, resulting in measurements 
that are very close in altitude. This is important to achieve consistency in 
the isotopic ratio estimation and will be discussed in the methods 
section. 

In total this work shows the analyses conducted on 256 fullscans, 
amounting to a total of 2570 spectra for each of the 4 orders considered. 
We target the isotopic composition of CO2 in the lower atmosphere, 
hence the 2570 spectra of this work are acquired at tangent altitudes 

Fig. 1. 12C/13C (black) and equivalent fractionation compared to the VPDB standard in parts per mil (green) in different stellar systems and formation regions (left, 
YV Canis Majoris and Rho Ophiuchi, Burgh et al. (2007); Milam et al. (2008)) and in the Solar System (right). Values across the Solar System are extracted from 
several works that analyze the isotopic composition of CO2 (Hässig et al., 2017; Lammer et al., 2008; Webster et al., 2013), CH4 (Fletcher et al., 2009; Niemann et al., 
2005), C2H6 (Niemann et al., 1998), and surface samples (Woods, 2010). The range of values measured in this work is reported as “Mars – atmosphere” in red. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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between the surface and 70 km. Given the number of factors that can 
drive the variability of the 13C/12C ratio, we do not expect to recognize 
them from the limited number of data points we have; nevertheless, the 
dataset encompasses the whole period between April 2018 and 
December 2021, from LS 160◦ of MY34 to LS 137◦ of MY36. 

1.2. Methods and uncertainty characterization 

Retrievals of small isotopic fractionation effects such as those of C in 
CO2 require a detailed knowledge of instrumental effects and biases. 
Since the first in-flight calibration of the NOMAD SO and LNO channels 
(Liuzzi et al., 2019), new efforts have been conducted to refine the 
knowledge of the AOTF filter response (Villanueva et al., 2022a), its 
modeling, the Instrumental Line Shape (ILS) and spectral resolution of 
the instrument (Thomas et al., 2022), and the noise characterization of 
the SO channel (López Valverde et al., 2022; Thomas et al., 2016). In this 
work we use the latest calibration available for both the AOTF and the 
ILS: the AOTF is described by the sum of a sinc-squared function with 
asymmetric sidelobes and a Gaussian baseline, which tends to zero as the 
frequency gets further away from the observed central diffraction order. 
The ILS is instead described by a double Gaussian kernel to account for 
the observed variability of the effective resolving power with spectral 
pixel within a certain order (Villanueva et al., 2022a). 

Radiative transfer and retrieval is done using the Planetary Spectrum 
Generator (PSG, Villanueva et al., 2022a; Villanueva et al., 2018). PSG is 
a radiative transfer model suite for synthesizing and analyzing planetary 
spectra (atmospheres and surfaces) for a broad range of wavelengths 
(50 nm to 100 mm, UV/Vis/near-IR/IR/far-IR/radio) from any obser
vatory, orbiter, or lander. This is made possible as PSG combines and 
uniforms several state-of-the-art radiative transfer models, spectroscopic 
databases, and climate models from many Solar System bodies. PSG 
contains also a retrieval module, which implements residuals’ minimi
zation according to the Optimal Estimation theory (Liuzzi et al., 2016; 
Rodgers, 2000) and allows for retrievals of atmospheric and surface 
parameters. As demonstrated in previous work (Liuzzi et al., 2021; 
Villanueva et al., 2021 and supplementary materials therein), about 
80% of the information content about the distribution of an absorbing 
species and temperature along the line of sight in SO comes from 
immediately above the tangent altitude at which the measurement is 
performed. Following this verified assumption, for each spectrum we 

derive column abundances of 12CO2, 13CO2, and H2O and the average 
temperature along the line of sight. The other parameters, including the 
P-T profile, are initially assumed from the climatology provided by the 
GEM-Mars model (Neary and Daerden, 2018), which is present in PSG 
with a temporal sampling of 4 h and 51 atmospheric layers from the 
surface to 150 km of altitude. 

The retrieval is done in a sequential fashion (Fig. 3). Measurements 
are analyzed in sets of four spectra, one per diffraction order, acquired 
sequentially within the same fullscan. The first step is retrieving tem
perature from order 148, which is done simultaneously with water vapor 
and 12CO2. Temperature is retrieved as a △T, by shifting the full T 
profile from GEM-Mars until convergence is achieved. CO2 is retrieved 
as a scaler of the GEM-Mars profile, while water vapor is retrieved as a 
single abundance value (expressed in ppmv). All these parameters ex
press an average along the line of sight. The retrieved temperature 
profile is then used a-priori and kept fixed in the analysis of spectra from 
orders 141, 145, and 146, which are used to fit 12CO2 and 13CO2. For 
each set of four spectra (one per order), the final product of the retrieval 
procedure is a value of △T and 13C/12C expressed in terms of frac
tionation with respect to the VPDB standard. The value of 12CO2 is 
retrieved from order 141 alone, while the 13CO2 value is the weighted 
mean of the values from orders 145 and 146 (which are consistent in 
almost all instances, see Fig. 5), where the weighting is done using the 
inverse of the statistical uncertainties resulting from the OE. 

Besides an accurate characterization of atmospheric temperature, it 
is worthy to spend some words on the choice of diffraction orders. 
Retrieving small fractionations as those in CO2 requires an accurate 
treatment of saturation effects in spectral lines and characterization of 
the dependence of optical depths upon temperature. In addition to 
retrieving temperature, we made sure that the dependency of line 
opacity upon temperature for the two isotopologues was similar; this is 
crucial to mitigate the effects of eventual temperature biases due to, e.g., 
steep temperature gradients around the tangent altitude, making the 
retrieved isotopic ratio more robust. Fig. 4 shows the effects of atmo
spheric temperature on the retrieved CO2 column. By perturbing the a- 
priori temperature profile by △T taken at regular steps, we show how 
the retrieved columns of the two isotopologues change for different 
diffraction orders. The choice of retrieving 12CO2 from order 141 and 
13CO2 from orders 145 and 146 is advantageous as their retrieved col
umn is, in both cases, relatively immune to △T compared to other order 

Fig. 2. Sample spectra acquired by NOMAD during a fullscan at the same altitude (~25 km) at LS 171 MY34 (May 7, 2018, 17:27 UTC). For each order, lines from 
water vapor (light blue), 12CO2 (black) and 13CO2 (green) are marked. It is also highlighted that order 148 is used to get a sensitive measurement of the atmospheric 
temperature. Observations are the continuous black line, and the best fit is in red, to showcase the typical modeling accuracy. Spectra are shown in I/F units, i.e., in 
Solar Occultation geometry, the atmospheric transmittance along the line of sight. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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combinations. Also, this analysis shows that the two isotopes retrieved 
in this way have the same behavior with temperature. 

This analysis also provides an opportunity to discuss the un
certainties affecting the retrieved column abundances of 12CO2 and 
13CO2. The 1-σ error bars shown in Fig. 4 are computed by the PSG 
retrieval module, and amount to 3% and 5%, respectively. Temperature 
retrievals from order 148 are usually affected, conservatively, by a 2–5 K 
1-σ uncertainty in the altitude range 10–50 km (Liuzzi et al., 2021). 

From our temperature analysis, this corresponds to a projected uncer
tainty in 12CO2 and 13CO2 columns that is lower than the statistical one 
estimated by the retrieval algorithm. Therefore, in the altitude range of 
interest, it can be safely assumed that temperature uncertainties will not 
introduce any significant bias in the estimated isotopic ratio. Another 
possible source of bias is an inaccurate characterization of the AOTF 
central frequency, which fluctuates with the instrument temperature 
(Villanueva et al., 2022a). While this is computed via the latest SO 

Fig. 3. Retrieval scheme applied to the data of interest in this work. The central field corresponds to the way the different orders (in sets of 4 spectra, one per order) 
are analyzed. 

Fig. 4. Example showing the temperature dependence of the retrieved column of the two isotopes using different orders. Top panel: behavior of the retrieved column 
for the two isotopes in orders 141, 145 and 146. The 12CO2 retrieved from order 145 has a large dependence upon temperature, and it is inconsistent with the one 
retrieved from order 141. Center panel: zoom on the isotopes as they are retrieved in this work. The 12CO2 from order 141 and 13CO2 from order 146 show a high 
degree of similarity in their behavior with temperature. Bottom panel: χ2 (goodness of fit) for the three orders with temperature. The best fit corresponds to a △T of 
~20 K, where the values of the retrieved abundances are the most consistent. Note: the values of retrieved columns of 13CO2 are rescaled by the VPDB standard for 
graphical convenience. Spectra used for this analysis are those shown in Fig. 2. 
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calibration scheme, we estimated the bias in the isotopic ratios resulting 
from a maximum shift in AOTF frequency of 1 cm− 1, which is much 
larger than what is observed in practice. We determined that the induced 
bias amounts to 3% and 5% respectively for 12CO2 and 13CO2. By adding 
the AOTF shift-induced bias with the one resulting from temperature, we 
can give a conservative estimate of the total bias in the worst-case sce
nario of 5% and 8% for 12CO2 and 13CO2. While this is just an estimate, a 
more precise quantification is provided below, where the information 
content of the data is studied in proper depth. 

1.3. Results: temporal series and vertical profile of 12CO2 and 13CO2 

The dataset considered in this work yielded 2570 individual values 
for the 13C/12C in CO2 in the lower atmosphere of Mars. Retrievals are 
sparsely distributed throughout almost 2 MYs and cover all latitudes and 
longitudes. To first analyze the seasonal behavior, we retain only the 
data corresponding to: 

Fig. 5. NOMAD retrievals of 12CO2 and 13CO2 as a function of LS. From top to bottom: (A) retrievals of the two isotopes, where the value 1.0 corresponds to the GEM 
climatology; (B) distribution of values with latitude; (C) same as panel (A) but only with the 12CO2 retrievals color-coded by retrieved △T; (D) retrieved isotopic ratio 
from the values in panel (A), color-coded by altitude. A value of 1.0 corresponds to VPDB standard. 
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1) 12CO2 and 13CO2 scalers between 0.3 and 2.0. This is to discard 
spectra with too high of an opacity (low CO2 scaler), as almost no 
spectra have a retrieved CO2 scaler above 2.0; 

2) 12CO2 and 13CO2 scaler uncertainties larger than 0.3, to discard re
trievals with low accuracy;  

3) retrieved △T between − 40 and + 40 K, which serves to avoid cases 
where the first guess of temperature provided by GEM is too far from 
the retrieved value, to avoid possibly biased CO2 retrievals. Differ
ences as large as 40 K are not unprecedented (López Valverde et al., 
2022);  

4) maximum amplitude of the 13CO2 lines in orders 145 and 146 at least 
8 times larger than the radiometric noise in the central part of the 
spectrum (pixels 150 to 250 out of 320), to select spectra with bright 
lines and highest SNR;  

5) average transmittance of spectra from all the orders above 0.15, 
again to avoid high-opacity spectra. 

This set of conservative filtering criteria resulted in 1172 acceptable 
13C/12C values. Retrievals of 12CO2 and 13CO2 corresponding to those 
values are shown in Fig. 5. We find that 12CO2 values from order 141 and 
13CO2 from orders 145 and 146 follow each other within errorbars 
(panel a), and there is neither any significant pattern in fractionation 
(panel d) nor any evident bias with temperature (panel c). Importantly, 
with the term “significant” we indicate anything beyond 5 times the 
uncertainty attributed to a single value of the derived isotopic ratio 
(around 6%, comparable to the uncertainty estimated above from sys
tematic sources). The temporal series (panel a) shows also some of the 
transient enhancements in the derived CO2 column due to dust activity 
(such as the MY34 Global and regional Dust Storms, see e.g. Aoki et al., 
2019; Fedorova et al., 2020; Trompet et al., 2023b), which is success
fully retrieved from other NOMAD observations. 

The weighted average 13C/12C resulting from the selected 1172 
values is 1.010, with a standard deviation of 0.163. This corresponds to a 
fractionation of (10 ± 163)‰ with respect to the VPDB standard. 
However, this value includes retrievals from every altitude, and it does 
not yield any specific information about fractionation processes or the 
variability of the 13C/12C isotopic ratio. Results in Fig. 5 are also 

consistent with a lack of any seasonal or interannual variability of 
13C/12C, as previously observed by ACS (Alday et al., 2021) at altitudes 
>70 km. What is of most interest is to use the selected retrievals with 
NOMAD data to analyze the vertical structure of 13C/12C and gain in
sights into possible fractionation processes in the lower atmosphere. The 
13C/12C values resulting from retrievals are plotted as a function of 
altitude in Fig. 6, where we use a less conservative set of criteria than 
Fig. 5, as we consider only those characterized by a maximum amplitude 
of the 13CO2 lines in orders 145 and 146 at least 3 times (instead of 8) 
larger than the radiometric noise in the central part of the spectrum 
(pixels 150 to 250 out of 320). This leaves 1740 acceptable values of 
13C/12C in Fig. 6. Loosening the prior filtering is useful for the following 
phase, in which we compare the variability of retrieved 13C/12C values 
with the one derived by spectroscopic considerations about the optical 
thickness of the lines of the two isotopes. 

Similar to the temporal series, the vertical behavior of the 13C/12C 
isotopic ratio does not appear to be correlated with the retrieved △T or 
to exhibit any latitudinal trend at any given altitude. We do observe, 
though, large corrections of temperature (Fig. 6 left) with respect to 
GEM in the altitude range 25–45 km. While those have been observed in 
other works (López Valverde et al., 2022) the most relevant question in 
this context is to show that this does not affect the retrieved isotopic 
ratio. This will be demonstrated in the next section. 

Retrievals clearly show that the dispersion of the points increases 
with altitude, because the ratio between line intensity and radiometric 
noise decreases with altitude. The values seem overall to be centered 
around 1 and therefore consistent with both the VPDB standard and the 
value from previous studies in the upper atmosphere (Alday et al., 
2021). Yet, before examining any possible physical interpretation of our 
results, we need to fully characterize their significance. 

1.4. How much is the data telling us? The SPEX method: saturation 
projection and EXtrapolation 

While the results in Fig. 6 could be easily correlated with the vari
ability of the SNR with altitude, the questions that need to be solved are 
the following: 

Fig. 6. Retrieved 13C/12C values from NOMAD data as a function of tangent altitude. Left panel: values are color-coded by retrieved △T; right panel: retrievals color- 
coded by latitude. 
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1) Is the dispersion of the points indicating true physical variability of 
the 13C/12C isotopic ratio?  

2) How much of the dispersion of the points is due to radiometric noise?  
3) Is there any systematic bias with altitude and temperature intrinsic to 

the retrieval process? 

Recent studies with NOMAD data targeting isotopes and temperature 
profiles (e.g., Aoki et al., 2023; Trompet et al., 2023a) have carefully 
selected the spectra for analysis based on a conservative estimate of. 

line saturation effects. With isotopic studies, this is a particularly 
important step: from a qualitative standpoint, the lines from the two 
isotopes of interest need to have comparable (i.e., of the same order of 
magnitude) intensity to yield an unbiased measurement of the isotopic 
ratio. However, from a quantitative standpoint, we can use line opacities 
to investigate the information content of the data in comparison with the 
radiometric noise of the instrument. In this section, we introduce a new 
method to do so and to answer the questions mentioned above. 

To answer questions 1) and 2), let us start by considering the curve of 
growth for 12CO2 and 13CO2 from two of the diffraction orders of in
terest, 141 and 146. The curve of growth is obtained by computing the 
integrated opacity of the spectral lines of each isotopologue as a function 
of the total column of the gas or isotope of interest (in molecules m− 2). It 
is convenient to express the integrated opacity from τ, which is the 
transmittance along the line of sight, and to do that directly on spectra 
already convolved with the. 

instrumental response function, which in the case of NOMAD cor
responds to the ILS and AOTF described in previous work (Villanueva 
et al., 2022a). By doing this, we establish a direct relation between the 
gas total column (the retrieved quantity) and the observable. The 
computed curve of growth for orders 141 and 146 is shown in Fig. 7. 

In general, the curve of growth is informative about the saturation of 
spectral lines: the curve is linear up to a certain value of the gas column, 
where the transmittance in the line cores reaches zero, at which point 
broadening effects start to dominate and the curve of growth becomes 
nearly flat. When saturation occurs, the curve of growth indicates that 

small differences in the line area can correspond to very large differences 
in the column abundance, making the retrieval much more sensitive to 
small baseline issues and to even slightly inaccurate characterization of 
the spectral continuum. This can render problematic the estimation of 
isotopic ratios from the spectra and is an intrinsic limitation of the 
spectroscopic data. 

To quantify the impact of this limitation upon retrievals, we can use 
the radiometric noise, hence taking line saturation and projecting its 
effects onto the observed column, extrapolating the corresponding un
certainty. We can summarize the procedure in this way:  

1) We simulate a set of NOMAD spectra with proper AOTF and ILS, each 
spectrum with a different column amount of 12CO2 (order 141) and 
13CO2 (order 146) in a specified interval.  

2) The curve of growth is computed from the spectra, where τ is the 
median of the transmittance. For each spectrum we compute 
∑260

i=100(τ − τi), with i the pixel number and τ the median of the 
transmittance, considering only the central pixels of the orders (from 
100 to 260 out of 320). Considering the median of the spectrum is a 
reasonable way to account for possible issues in the characterization 
of the continuum.  

3) Each spectrum is associated with the corresponding noise level, 
which is the NOMAD noise re-scaled by the square root of the 
number of pixels (160) considered in the computation of integrated 
opacity. Therefore, each spectrum will be associated with an interval 
of integrated opacities, corresponding to the opacity plus or minus 
the noise level.  

4) For each spectrum, these two values are projected on the curve of 
growth to find the column values corresponding to them. Each 
spectrum will thus also be associated with a relative uncertainty in 
the column. 

The process described above is shown schematically in Fig. 7. The 
uncertainty in the column represents the 1-σ uncertainty achievable in 
the retrieval of the CO2 column, accounting also for any plausible 

Fig. 7. Illustration of the SPEX method to get a quantitative estimation of the best achievable uncertainty on CO2 retrievals based on the curve of growth and 
radiometric noise. 
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limitation in the estimation of the spectral continuum. By associating a 
specific altitude to each column (based on a simple hydrostatic equation 
and an average surface pressure and temperature profile), we can finally 
estimate the 1-σ uncertainty of retrieved CO2 abundance with altitude 
and investigate the dispersion of the retrieved values in Fig. 6. To obtain 
the uncertainty of the isotopic ratio at each altitude, we take the sum in 
quadrature of the two uncertainties for 12CO2 and 13CO2. The results of 
the application of this method to NOMAD data in orders 141 and 146 is 
shown in Table 1. The obtained uncertainties can be also compared to 
the sources of bias discussed in the methods section, particularly to the 
one attributed to possible errors in the AOTF characterization, which are 
estimated to be below 5%. It can be seen that such value is generally 
lower than the uncertainty retrieved from the analysis of the curve of 
growth. 

If the dispersion of the points in Fig. 6 is consistent with the calcu
lation from the SPEX method, i.e., if the dispersion is due only to 
radiometric noise and unavoidable line saturation, then almost all the 
points will be within the 3-σ uncertainty, as shown in Fig. 8. It is 
important to note that the SPEX method yields an asymmetric uncer
tainty, as can be seen in Fig. 7, which is also consistent with the structure 
of the distribution of retrievals in Fig. 6. 

To answer question 3) requires a careful retrieval exercise with 
simulated data of known isotopic composition and with the same in
strument model used for retrievals. The exercise follows a method 
similar to the one in the appendix of Alday et al. (2021), and consists in 
performing retrievals on simulated NOMAD spectra for the diffraction 
orders of interest at different altitudes, with δ13C = 0, with 10 different 
noise realizations, to identify whether the derived isotopic ratios show a 
bias compared to the true value and if there are trends with altitude. In 
addition, to evaluate the effect of possible biases in the temperature 
estimation, we perform 3 sets of simulations with a fixed temperature 
bias of − 20, 0 and + 20 K with respect to the true temperature profile. 
The results are shown in Fig. 8c and it can be clearly seen that retrievals 
tend to overestimate by 10% the “true” isotopic ratio below 20 km for a 
temperature bias of +20 K; in the other cases, temperature biases do not 
affect the correct estimation of the “true” isotopic ratio. This vertical 
bias may be an effect of the non-linearity of optical thickness of 12CO2 
lines at low altitudes, yet this issue seems to have no appreciable effect 
on the retrieved isotopic ratio above 20 km, which is of most interest for 
this work. Now we discuss the implications of this in-depth character
ization of the bias and the significance of this dataset. 

1.5. A quantitative discussion of the results 

The demonstration that 13C/12C ratios are distributed in accordance 
with the instrumental noise has two important consequences: 1) we are 
using the data to the limit imposed by the radiometric noise and line 
saturation; this means that any physical variability (e.g., spatial or 
temporal) of the 13C/12C ratio at any given altitude cannot be retrieved if 
below the uncertainty estimated from the SPEX method. In this case, the 
dispersion of retrieved values is large at many altitudes, and above any 
known variability of this ratio at Mars (e.g., Webster et al., 2013); 2) on 
the other hand, this method is demonstrating that, once the retrieval 
bias (Fig. 8c) is accounted for, a statistical analysis of the 13C/12C 
retrieved ratios at any given altitude yields an average estimate of the 
“true” isotopic ratio. 

NOMAD observations do not say much about the fractionation of 
carbon in CO2 above 30 km, where the average values are statistically 
indistinguishable from VPDB standard within 1-σ. Fig. 8a shows the 
average profile of 13C/12C computed from the single retrieved values, 
with a binning of 5 km in altitude. The profile is shown along with the 
estimate of the uncertainty of the weighted average (grey contour, 
calculated as in Bevington (1969)), and with the numerical values at 
each altitude. The weight assigned to each measurement is the ratio of 
the SNR of the spectral lines and the retrieval uncertainty, to assign more 
weight to those measurements (yellow to red in Fig. 8a) with clear 
spectral signatures. The choice of binning every 5 km is a trade-off to 
have as many points as possible at each altitude without losing too much 
information about the vertical variability. 

Our analysis is easy to reconcile with the results obtained recently 
with TGO ACS data (Alday et al., 2021) in the upper atmosphere, 
because above 50 km of altitude the spread of NOMAD retrievals is 
consistent with no noticeable fractionation of C in CO2 compared to 
VPDB, and consistent with the ACS analysis, which indicated δ13C = (− 3 
± 37) ‰ on average. At the same time, carbon fractionation in CO2 does 
not seem to be affected by isotopic exchange with CO, which instead 
shows a very large depletion of 13C in the middle atmosphere, as recently 
determined with NOMAD (Aoki et al., 2023; Yoshida et al., 2023) and 
ACS (Alday et al., 2023). This is largely expected simply because the 
column density of CO is 3 orders of magnitude smaller than CO2: 
considering that the observed C fractionation in CO is of the order of 
− 300 ‰, the effect on CO2 is at most a 13C enrichment of the order of 
1‰, which is well below the NOMAD sensitivity, even when many 
spectra are averaged (see Fig. 8). 

Table 1 
Results of the application of the SPEX method to data from orders 141 and 146. The average line area (3rd and 4th column) represents the integral of the line absorption 
with respect to the spectral median, normalized by the number of spectral points. The derived uncertainties (x-axis of plot in Fig. 7) are reported as relative un
certainties with respect to the CO2 column.  

CO2 column  
[m− 2] 

Altitude  
[km] 

Average line  
area 12CO2 

Average line  
area 13CO2 

1-σ left uncertainty  
12CO2 

1-σ left uncertainty  
13CO2 

1-σ right uncertainty  
12CO2 

1-σ right uncertainty  
13CO2 

2.42E+25 76.3 6.031E-05 1.242E-05 − 0.749 − 0.749 1.250 5.737 
3.83E+25 72.9 9.413E-05 1.988E-05 − 0.757 − 0.842 0.820 3.636 
6.08E+25 69.4 1.455E-04 3.163E-05 − 0.502 − 0.900 0.542 2.308 
9.63E+25 65.8 2.217E-04 5.015E-05 − 0.342 − 0.937 0.377 1.468 
1.53E+26 62.1 3.314E-04 7.911E-05 − 0.238 − 0.906 0.274 0.944 
2.42E+26 58.4 4.825E-04 1.242E-04 − 0.173 − 0.585 0.209 0.608 
3.83E+26 54.6 6.805E-04 1.934E-04 − 0.132 − 0.383 0.168 0.401 
6.08E+26 50.7 9.264E-04 2.983E-04 − 0.106 − 0.253 0.140 0.271 
9.63E+26 46.7 1.221E-03 4.533E-04 − 0.089 − 0.171 0.117 0.190 
1.53E+27 42.7 1.574E-03 6.750E-04 − 0.074 − 0.120 0.096 0.138 
2.42E+27 38.6 2.005E-03 9.798E-04 − 0.061 − 0.087 0.078 0.105 
3.83E+27 34.4 2.533E-03 1.381E-03 − 0.049 − 0.066 0.065 0.083 
6.08E+27 30.2 3.170E-03 1.887E-03 − 0.041 − 0.052 0.056 0.068 
9.63E+27 25.9 3.902E-03 2.506E-03 − 0.036 − 0.043 0.052 0.057 
1.53E+28 21.5 4.694E-03 3.239E-03 − 0.033 − 0.036 0.050 0.051 
2.42E+28 17.0 5.519E-03 4.067E-03 − 0.032 − 0.032 0.048 0.047 
3.83E+28 12.5 6.372E-03 4.955E-03 − 0.031 − 0.030 0.045 0.046 
6.07E+28 7.9 7.281E-03 5.866E-03 − 0.029 − 0.029 0.041 0.046 
9.63E+28 3.2 8.279E-03 6.786E-03 − 0.026 − 0.029 0.037 0.044  
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Further discussion must account for the systematic bias shown in 
Fig. 8c which shows that the “true” isotopic ratio is over-estimated 
below 20 km in case temperature is over-estimated, while the values 
retrieved between 20 km and 35 km are consistent with the ground truth 
independently of temperature. Based on this, we argue that the isotopic 
ratio we retrieve between 20 km and 35 km is unbiased. At those alti
tudes, values range between − 45‰ and − 30‰, exhibiting a depletion 
in 13CO2 consistent with findings from several previous works. These 
include observations using Earth telescopes (Encrenaz et al., 2005; 
Krasnopolsky et al., 2007; Krasnopolsky et al., 1996) as well as in-situ 
measurements from the Martian surface (Niles et al., 2010; Owen, 
1982). The most accurate Earth-based measurement yielded δ13C =
(− 22 ± 20)‰, while the Phoenix measurements indicate δ13C = (− 2.5 
± 4.3)‰. The work by Krasnopolsky et al. (2007) argued that isotope 
fractionation between atmospheric CO2 and carbon reservoirs in the 
solid phase is almost counteracted by nonthermal escape and sputtering 
of C on Mars. Our analysis indicates that the fractionation value used to 
reach this conclusion (− 22‰) is plausible in the middle atmosphere. 

Single δ13C values measured below 10 km vary from − 50‰ to 
+250‰, with a weighted average of (59 ± 23)‰ between 5 km and 10 
km. This is the lowest altitude range where there are enough NOMAD 
retrievals to yield a weighted average. Yet we cannot give any credit to 
the observed vertical variability of the isotopic ratio, because the bias 
analysis shows that the value in the lower 10 km could be affected by a 
positive bias as large as 100‰ depending on temperature. This does not 
allow to formulate a definite conclusion about the carbon fractionation 
in the first 10 km of atmosphere and precludes comparison of the 
NOMAD measurements with the isotopic ratio measured by Curiosity. It 
is important to note that the Quadrupole Mass Spectrometer (QMS) and 
the Tunable Laser Spectrometer (TLS) onboard Curiosity obtained 
consistent estimates of δ13C at the surface ((45 ± 12) ‰ and (46 ± 4) ‰, 
see Mahaffy et al., 2013; Webster et al., 2013). Those two values are 
obtained with high precision techniques used to perform direct atmo
spheric measurement and report a 13CO2 enrichment relative to the 
VPDB standard, which is also shown in trapped gas in SNC meteorites 
(Carr et al., 1985). 

Overall, the main result we can derive from NOMAD retrievals is that 
the average 13C/12C ratio in the Martian atmosphere between 20 km and 
35 km altitude is depleted relative to the VPDB standard by 30‰ to 
45‰. To date, this is the measurement of the atmospheric 13C/12C ratio 
in the middle atmosphere with the lowest uncertainty (derived from an 
average). Nevertheless, the discrepancy with the surface value measured 
by Curiosity stands and would require some explanation. One obvious 
consideration is that Curiosity measurements are local and taken at the 
surface and almost always at the same local time (nighttime), differently 
from the NOMAD data used in this study, which are global and taken in 
the lower to middle atmosphere. Possible variations of the 13C/12C with 
altitude cannot be excluded, and could be related to some factors which 
we briefly summarize hereafter. One possible hypothesis is that frac
tionation due to the exchange between atmosphere and regolith on the 
surface described in Rahn and Eiler (2001) could contribute: adsorption 
of CO2 onto atmospheric dust and surface minerals could preferentially 

(caption on next column) 

Fig. 8. A: Like Fig. 6, left panel, the graphic shows the single retrievals color- 
coded by the average SNR of spectral lines in orders 141, 145 and 146. It also 
shows the 3-σ uncertainty at all altitudes from 5 to 55 km retrieved from the 
SPEX method (dashed lines). The plot also shows the average profile (black 
solid line) computed by weighted average of the retrievals in bins of 5 km, 
together with its uncertainty (grey area). B: histograms of the distribution of 
retrieved 13C/12C ratios in different altitude intervals with their standard de
viation. The vertical lines represent the medians (solid) and the means 
(dashed). The grey histogram represents the values at 55–70 km, and the 
average is not reported given the high dispersion of the points. C: retrievals of 
synthetic spectra with 10 different noise realizations simulated using the VPDB 
standard for 3 different temperature biases. Note: all panels have the isotopic 
ratio with respect to the VPDB standard on the x-axis. 
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sequester 12C and generate small 13C enrichments in the atmosphere. As 
a remark, this is the opposite of what is observed for H2O, where the 
heavier isotope is preferentially sequestered in similar processes. Ac
cording to this work, enrichments of 13C of the order of a few per mil are 
possible through regolith adsorption, provided that the sequestered CO2 
is removed and isolated from any other exchange, and assuming that the 
current Martian atmosphere is residual to down to 1 part in 1000. Those, 
however, are not significant enough to explain the observed difference 
between NOMAD and SAM datasets. 

The timing of fractionation by adsorption could be relevant too. In 
the case of H2O and HDO, this has been illustrated in theoretical studies 
(Hu, 2019) that show the D/H ratio should vary diurnally within a few 
meters above the surface because of the adsorption/desorption cycle in 
the regolith. By analogy, and since the isotopic fractionation of CO2 due 
to adsorption is “reversed” with respect to the case of, H2O, we could 
expect an opposite evolution of δ13C near the surface. On the other hand, 
the air is always sampled by Curiosity during the nighttime, as explicitly 
specified in Mahaffy et al. (2013), possibly yielding a positive difference 
in δ13C with respect to the daily mean value near the surface. In any 
case, this effect should be negligible above ~100 m near the surface and 
cannot be measured by NOMAD. Also in this case, it is difficult to 
establish the magnitude of this effect, making it challenging to correctly 
identify the cause of the discrepancy between datasets. 

It is interesting to observe that the middle atmosphere 13C/12C 
measured by NOMAD agrees with recent measurements of solar 
photospheric CO, in which δ13C = (− 48 ± 7) ‰ (Lyons et al., 2018). 
These more recent measurements indicate that the carbon composition 
of the bulk material that formed the Solar System is significantly 
depleted in 13C relative to the VPDB standard and that measurements of 
δ13C in SNC meteorites, enriched in 13C relative to the bulk material 
from which the Solar System formed, are the result of past fractionation 
processes. 

As for Mars, the NOMAD atmospheric values cannot be compared to 
those by (House et al., 2022), which reports values of CH4, which is a 
thermal degradation product of organics in the sample and represents a 
very small fraction of bulk carbon, and is not directly related to the 
mineral component. Far more relevant is the comparison with (Franz 
et al., 2020; Stern et al., 2022), which report the bulk CO2 evolved 
during SAM pyrolysis and shows values between − 25 ± 20‰ and + 56 
± 11‰, and a summary of the values from different C reservoirs. The 
NOMAD atmospheric value and many other atmospheric measurements 
from the ground are consistent only with the lower end of these recent 
measurements, which raises questions on the possible variability of the 
isotopic composition of atmospheric C in CO2. Such variability was 
already observed on the daily timescale by MAVEN in the upper atmo
sphere of Mars (Stone et al., 2022), yet the fractionation mechanisms 
responsible for observed variations in the upper atmosphere are signif
icantly different from those within the atmospheric region best observed 
in this study. Continued measurements, both from Mars’ surface and 
from spacecraft will therefore be needed to produce a unified picture of 
the isotopic composition of atmospheric carbon on Mars. 
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López Valverde, M.-A., Funke, B., Brines, A., Stolzenbach, A., Modak, A., Hill, B., 
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