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1.  Introduction

Numerous pieces of mineralogical and geomorphological evidence suggest that liquid water was once abundant 
on the surface of Mars (e.g., Baker,�2001; Carr & Clow,�1981). The presence of large amounts of liquid water on 
the surface require climatic conditions very different from those resulting from the dry and thin atmosphere Mars 
has today. In fact, it is still not well understood how the past Martian atmosphere was able to produce sufficient 
greenhouse warming to sustain liquid water on the surface, nor what drove the transition of the climate to the 
one we observe today. Although, the composition of this early atmosphere remains unknown, carbon dioxide is 
thought to have been an important contributor to the total atmospheric pressure required to sustain liquid water 
on the surface, which later on migrated to non-atmospheric reservoirs in the surface or subsurface, or was lost to 
space (Ramirez et�al.,�2014; Wordsworth et�al.,�2013). Enrichment in the heavy isotopes of atmospheric species 
such as hydrogen, nitrogen or the noble gases with respect to Earth suggest that this transition was driven by the 
escape of a large portion of the atmosphere to space (e.g., Jakosky,�1997; Mahaffy et�al.,�2013; Owen et�al.,�1977). 
Isotope ratios can provide valuable constraints on the amount of atmosphere that existed in the past, but require 
a very detailed knowledge of the present-day isotopic ratios and the relative rates by which the different isotopo-
logues of each species escape to space.

Abstract  Isotopic ratios in atmospheric CO2 are shaped by various processes throughout Mars' history, 
and can help understand what the atmosphere of early Mars was like to sustain liquid water on its surface. In 
this study, we monitor the O and C isotopic composition of CO2 between 70 and 130�km for more than half a 
Martian year using solar occultation observations by the Atmospheric Chemistry Suite onboard the ExoMars 
Trace Gas Orbiter. We find the vertical trends of the isotopic ratios to be consistent with the expectations 
from diffusive separation above the homopause, with average values below this altitude being consistent with 
Earth-like fractionation (� 13C�=��3�±�37‰; � 18O�=��29�±�38‰; and � 17O�=��11�±�41‰). Using these 
measurements, we estimate that at least 20%–40% of primordial C on Mars has escaped to space throughout 
history. The total amount of C lost from the atmosphere is likely to be well in excess of this lower limit, due 
to carbonate formation and further sink processes. In addition, we propose a photochemical transfer of light O 
from H2O to CO2 to explain the larger enrichment in the  ratio in H2O than in CO2.

Plain Language Summary  There is ample evidence suggesting that liquid water was abundant 
on the surface of Mars in the past. However, climatic conditions on early Mars must have been very different 
from the ones we observe today to sustain liquid water on its surface. The ratios of the heavy and light isotopes 
in different species provide a very useful tool to estimate the early climate of Mars. In this study, we monitor 
the isotopic ratios of carbon dioxide in the atmosphere of Mars to provide more accurate estimates of these. 
With our measurements, and in context with previous studies, we estimate that at least 20%–40% of the carbon 
reservoir has been lost to space throughout Martian history. This, together with the sequestration of atmospheric 
C on the surface in the form of minerals, is consistent with the idea that the atmosphere of early Mars was 
denser than the one we observe today.
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The isotopic composition of CO2 in the atmosphere of Mars has been measured in several instances using both 
remote sensing and in situ techniques. Isotopic ratios are usually given as a deviation of the measured ratio 
R with respect to a standard Rs in units of per mil (e.g., � 13C�=�(R/Rs���1)�×�1,000). The standard ratios rep-
resentative of telluric values are defined by the Vienna Standard Mean Ocean Water (VSMOW) for oxygen 
(  �=�2,005.2�×�10�6 ,  �=�379.9�×�10�6 ), and the Vienna Pee Dee Belemnite (VPDB) for carbon 
(  �=�1.123�×�10�2 ). Measurements made using the neutral mass spectrometers on the Viking aeroshell 
and landers revealed the oxygen and carbon isotope composition of Mars' atmosphere to be consistent with 
Earth within 5% (i.e., � 13C�=�� 18O�=�0�±�50‰; Nier & McElroy,�1977; Owen,�1982). Early ground-based high 
resolution spectroscopic measurements revealed a possible depletion of the ratios in CO2 with respect to Earth 
(� 13C�=��73�±�58‰; � 18O�=��40�±�130‰, Schrey et�al.�(1986); � 13C�=��73�±�58‰; � 18O�=��130�±�80‰, Kras -
nopolsky et�al.�(1996)), but more recent observations showed only marginal deviations with respect to the standard 
(� 13C�=�0�±�110‰, Encrenaz et�al.�(2005); � 13C�=��22�±�20‰; � 18O�=�18�±�18‰, Krasnopolsky et�al.�(2007)). 
The most precise measurements of the C and O isotope composition in the Martian atmosphere were made by 
the Phoenix Lander and the Curiosity Rover, but observing two different values whose uncertainty ranges did 
not overlap. Niles et�al.�(2010) found carbon dioxide to be enriched in  but not  (� 13C�=��2.5�±�4.3‰ and 
� 18O�=�31.0�±�5.7‰) using measurements with the Thermal Evolved Gas Analyzer mass spectrometer on the 
Phoenix Lander. However, reconsideration of these data suggest that the lack of measured enrichment in  
may be a measurement artifact (Niles et�al.,�2014). On the other hand, Webster et�al.� (2013) reported similar 
enrichments in � 13C and � 18O (� 13C�=�46�±�4‰ and � 18O�=�48�±�5‰) using measurements made with the 
Sample Analysis at Mars' Tunable Laser Spectrometer (SAM/TLS) on the Curiosity Rover. The observed enrich-
ment in � 13C was confirmed by Mahaffy et�al.�(2013) using SAM's quadrupole mass spectrometer (SAM/QMS) 
(� 13C�=�45�±�12‰).

The only evidence of variability in the isotope ratios of CO2 was recently reported by Livengood et�al.�(2020) 
using ground-based spectroscopic observations, which revealed variations from � 18O� =� �92� ±� 23‰ to 
� 18O�=�71�±�18‰ over a temperature increase from 266.9 to 275.4�K. The observed correlation between the ox-
ygen isotopic ratios and the surface temperature could be indicative of fractionation during the adsorption of CO2 
on the Martian regolith (Livengood et�al.,�2020; Rahn & Eiler,�2001). The average isotopic ratio was reported to 
be consistent with Earth-like fractionation within the measured uncertainties (� 18O�=�9�±�14‰), which stresses 
the need of understanding the variations of the isotopic ratios to disentangle the ratios representative of the whole 
atmospheric reservoir from those derived in localized measurements.

Because CO2 is the major reservoir of C in the Martian atmosphere, the  isotopic ratio in CO2 can be used 
to estimate the escape of C through time. Hu et�al.�(2015) modeled the isotopic fractionation induced by atmos-
pheric loss, outgassing and carbonate formation through time, analyzing the likelihood of different combinations 
of these to match the observed isotopic ratio in CO2 at present, which is assumed to be the value reported from 
the measurements by the Curiosity Rover. This methodology suggests the presence of an early atmosphere with 
a surface pressure  1�bar, with denser atmospheric scenarios requiring large amounts of carbonate formation. 
Jakosky�(2019) also estimated the fraction of the C reservoir lost to space throughout history, suggesting that 
this process could have removed 1–2�bars of CO2. While these estimates are higher than those reported by Hu 
et�al.�(2015), Jakosky�(2019) notes that this discrepancy can be explained by extrapolating the results to the same 
epoch (� 4.3 billion years ago), where the results of Hu et�al.�(2015) would also indicate a loss of 1.0–1.7�bars of 
CO2.

In this study, we monitor the C and O isotopic ratios in CO2 in an altitude range of 70–130�km for more than 
half a Martian year (MY) using solar occultation observations made by the Atmospheric Chemistry Suite (ACS) 
onboard the ExoMars Trace Gas Orbiter (TGO). These measurements allow the determination of vertical profiles 
for each of the isotopic ratios, enabling the determination of altitude-dependant fractionation processes, and the 
estimation of the isotopic composition of CO2 representative of the atmospheric reservoir outside of fractionation 
processes. In addition, we discuss the implications of our measurements to the evolution of CO2 in the Martian 
atmosphere, as well as the implications of the different O isotopic ratios in H2O and CO2.
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2.  ACS Solar Occultation Measurements

The ACS combines three infrared spectrometers covering a total spectral range of 0.7–17� �m (Korablev 
et�al.,�2018). The mid-infrared channel (MIR), used in this study, is an echelle cross-dispersion spectrometer ded-
icated to solar occultation measurements between 2.3 and 4.2��m (2,380–4,350�cm�1 ). To achieve high spectral 
resolution (� /� �  �  30,000) measurements in a broad instantaneous spectral range (0.15–0.3��m) within the whole 
spectral range of the instrument, ACS MIR incorporates a movable secondary grating that allows the selection of 
diffraction orders. These diffraction orders are then projected along the vertical coordinate of a 640 × 512 pixel 
detector frame, while the horizontal coordinate contains the spectral information of the measurement. The width 
of the diffraction orders along the vertical coordinate expands � 20 pixels and represents the illuminated part of 
the slit (1 × 9 arcmin). Since the slit is oriented perpendicularly to the surface, the width of each diffraction order 
represents the instantaneous field-of-view of the instrument (�z �  4�km at the tangent point), with a vertical 
resolution of approximately 150�m per pixel (see Figure�1a).

ACS MIR makes its measurements in the so-called solar occultation mode in which the Sun is continuously 
observed by the instrument from an altitude of 270�km until it is concealed by the Martian surface. The detector 
frames are recorded every 2.1�s, which allows the reconstruction of atmospheric vertical profiles with a resolution 
of 1–3�km, although a finer vertical sampling can be achieved by also making use of the instantaneous field-of-
view of the instrument in each acquisition. The reference solar spectrum, used to derive the transmission spectra 

Figure 1.  Illustration of the Atmospheric Chemistry Suite mid-infrared channel solar occultation observations. (a) In each acquisition, a number of diffraction 
orders are projected onto the detector frame. Since the slit is oriented perpendicularly to the surface of Mars, the width of each of the diffraction orders represents the 
instantaneous field-of-view of the instrument, with a vertical resolution of � 150�m/pixel. (b) During a solar occultation, several measurements are made at different 
tangent heights with a vertical resolution of � 1–3�km, although a finer vertical sampling can be achieved when making use of the instantaneous field-of-view in each 
of the acquisitions. (c) Selection of different rows within the detector frame from one acquisition allow the selection of different spectral ranges, if selecting rows from 
different diffraction orders, or different tangent altitudes, if selecting different rows from the same diffraction order. The green and blue lines highlight the difference in 
the instrument lineshape between the rows corresponding to maximum intensity (green) and the slit end (blue) for diffraction order 217.
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at each altitude, is calculated from the acquisitions above 190�km. On the other hand, the observations where the 
solar disk is concealed by the Martian surface are used to estimate the dark signal (see Figure�1b). Calibration of 
the spectra includes an orthorectification of the detector image, the removal of hot pixels, the dark signal and the 
straylight, and a correction for the sub-pixel drift occurring due to the slightly varying thermal state of the instru-
ment. The spectral calibration of the measurements is performed by comparing the solar lines with the ACE-FTS 
solar atlas (Hase et�al.,�2010), and then further refined using atmospheric absorption lines of CO2.

The instrument line shape (ILS) is impacted by an optical aberration in one of the lenses, causing a doubling of 
the detector image and consequently of the absorption lines. The impact of the doubling varies as a function of 
wavenumber and with detector row. This effect can be perceived from the spectra shown in Figure�1c: while the 
transmission spectrum taken from the slit end (blue line) shows single-peaked absorption lines, the spectrum 
from the center of the stripe (green line) is more affected by the doubling. The varying nature of the doubling 
effect requires it to be accounted for in the modeling of the observations. In this study, the ILS is parameterized 
using a double Gaussian function as described by Alday et�al.�(2019), in which the tuning parameters are fitted 
in parallel with the rest of the atmospheric properties. This approach has been validated against simultaneous 
solar occultation measurements of H2O, CO, and CO2 made by ACS NIR (Alday et�al.,�2019,�2021; Fedorova 
et�al.,�2020; Olsen et�al.,�2021).

The data set assembled for the analysis of the isotopic composition of CO2 in this study comprises the observa-
tions made by ACS MIR using secondary grating position 4 from the start of the science operations in March 
2018 to February 2021. This observing scheme enables the selection of 10 diffraction orders (215–224) in a 
spectral range between 2.65 and 2.78� �m (3,600–3,770�cm�1 ), which encompass absorption bands of several 
isotopologues of CO2 and of H2O. In particular, the spectral region of interest for the measurement of the isotopic 
ratios in CO2 lies in diffraction orders 217–219. During a substantial part of the science operations, ACS MIR 
observations made with secondary grating position 4 applied the so-called partial framing, in which just a portion 
of the detector frame was recorded and sent back to Earth. In these observations, diffraction orders 217–219 were 
not recorded, and impede the derivation of the isotopic ratios in CO2. Therefore, the data set assembled for this 
study comprises the analysis of 246 full-frame observations, which are divided in two periods, one covering the 
range LS�=�164°–219° in MY34, and the second one covering the range LS�=�141°–356° in MY35, as shown in 
Figure�2.

Figure 2.  Observational coverage of Atmospheric Chemistry Suite (ACS) mid-infrared channel (MIR) full frame secondary grating position 4 solar occultation 
observations. Approximately 14% of all available ACS MIR observations between March 2018 and February 2021 (gray points) were made using secondary grating 
position 4 (black and colored points). During part of the science operations, observations were made using partial framing (black points within shaded region), which 
do not allow the derivation of the CO2 isotopic ratios. The colored points, whose color represents the local time of the observations, are the full-frame observations, 
which allow the derivation of the CO2 isotope ratios.
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3.  Radiative Transfer Analysis

The radiative transfer analysis of the solar occultation measurements is made using the NEMESIS (Nonlinear 
optimal Estimator for MultivariatE spectral analySIS) algorithm (Irwin et� al.,�2008), which works using the 
optimal estimation formalism (Rodgers,�2000). In particular, five spectral windows within diffraction orders 
217, 218, and 219 (3,634.8–3,645.7�cm�1 ; 3,645.7–3,654�cm�1 ; 3,652.5–3,662.5�cm�1 ; 3,662.5–3,672�cm�1 ; and 
3,672–3,682�cm�1 ) are selected to simultaneously retrieve the line-of-sight density of the four major isotopo-
logues of CO2 (  ,  , 18O12C16O and 17O12C16O), which allows the derivation of the 13C/12C, 18O/16O, 
and 17O/16O isotopic ratios. In addition, the parameters describing the ILS are also simultaneously fitted in each 
of the five spectral windows selected for the analysis of the observations.

All gaseous absorption in this work is modeled using pre-computed look-up tables calculated using line-by-line 
modeling. The spectroscopic parameters of the CO2 absorption lines are taken from the 2016 version of the HI-
TRAN database (Gordon et�al.,�2017), considering the pressure-broadening coefficients of the different isotopo-
logues are given solely by self broadening. The partition functions, which determine the statistical properties of 
a gas in thermodynamic equilibrium at a given temperature and which are required to model the intensity of the 
spectral lines, are taken from Gamache et�al.�(2017). In the spectral range analyzed in this work, the strength of 
the CO2 absorption lines is highly sensitive to the atmospheric temperature, which means that this parameter must 
be known to accurately model the spectra. The atmospheric temperature profile can be retrieved in this spectral 
range using the CO2 absorption under the assumptions of a known CO2 volume mixing ratio and an atmosphere 
in hydrostatic equilibrium (e.g., Quémerais et�al.,�2006). Such an approach, previously used for the derivation of 
the isotopic ratios in H2O from ACS MIR spectra (Alday et�al.,�2019,�2021), requires the simultaneous retrieval 
of all tangent heights. While this methodology is optimal when using relatively narrow spectral windows, another 
method can be applied when using a broader spectral range. In particular, the rotational temperature of a particu-
lar gas can be retrieved by looking at the ratio of different spectral lines within an absorption band, which varies 
with temperature due to the different dependence to this parameter of the line strengths of each of the transitions 
(e.g., Mahieux et�al.,�2010; Olsen et�al.,�2016). This approach has the advantage of allowing the retrieval of the 
temperature field at each altitude level independently.

We develop a retrieval scheme to simultaneously constrain the rotational temperature of CO2 along with the line-
of-sight densities of the different isotopologues from each acquisition made by ACS MIR. To perform the retriev-
al of each acquisition independently and to allow a large number of spectral bands to be fitted simultaneously, 
we model the gaseous absorption of each transmission spectrum in a single homogeneous path with constant 
pressure and temperature. However, this assumption limits the vertical range under which this approach can be 
applied. In particular, the assumption of a constant pressure and temperature along the line of sight implies that 
all absorption occurs at the tangent point, with no contribution from the other atmospheric layers. The averaging 
kernels provide a measure of the sensitivity of the spectrum along the line of sight. Figure�3 shows the averaging 
kernels of the vertical profiles of the CO2 isotopologues in our spectral range of interest. These kernels show 
that the sensitivity of the spectra below 40�km is extended and different for the several isotopologues, which can 
lead to biases when trying to determine the isotopic ratios. In contrast, the measurements above 60�km show a 
much narrower spread of the averaging kernels above the tangent height, which is similar for the different iso-
topologues. In particular, while 75% of the information is confined within 3�km above the tangent height for the 
measurements above 60�km, this number increases to 4 and 10�km for the measurements at 55 and 35�km, respec-
tively. Based on these results, we only apply our retrieval scheme to the observations in the upper atmosphere 
(70–130�km), where the line-of-sight effects are expected to be minimal.

To evaluate the validity of the simultaneous retrieval of the rotational temperature and the line-of-sight densities 
of the different isotopologues, we perform a series of retrievals on a single spectrum assuming different pressures 
(10�5 -10�9 �atm) and temperatures (100–225�K). The results of this test, summarized in Figure�4, show that there 
is a clear minimum of � 2 at approximately 140�K, meaning that the rotational temperature can be simultaneously 
retrieved with the rest of the fitting parameters. On the other hand, changing the pressure over several orders of 
magnitude does not influence the level of agreement between the model and measurement, nor the other retrieved 
parameters. It is also shown in Figure�4 that, the retrieved isotopic ratios are highly sensitive to temperature, 
meaning that a small discrepancy in the temperature field yields a strong bias in the derived ratios, highlighting 
the importance of the simultaneous retrieval of the temperature field for an accurate estimation of the isotopic 
ratios in CO2.
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The developed retrieval scheme, including the simultaneous characterization of the rotational temperature, is 
applied independently to each acquisition made by ACS MIR above 70�km, which allows the derivation of the 
atmospheric temperature and the isotopic ratios at different altitudes above the Martian surface. To increase the 
confidence of the retrieved isotopic ratio profiles, we apply the developed scheme to six different rows from the 
detector, which are later combined by means of a weighted average, as shown in Figure�5. In particular, the pro-
cedure used to derive the vertical profiles is summarized as follows:

�1.	� For each solar occultation measurement, select all ACS MIR acquisitions above 70�km and retrieve the atmos-
pheric temperature along with the line-of-sight densities of 12C16O2, 

13C16O2, 
18O12C16O, and 17O12C16O.

�2.	� The isotopic ratios and the corresponding uncertainties are determined given the uncertainties in the line-of-
sight densities of the different isotopologues, following:

� (1)

� (2)

Figure 3.  Sensitivity of the Atmospheric Chemistry Suite mid-infrared channel spectra along the line of sight. The top panels show two forward models at 95 (a) and 
75 (b) km indicating the contribution of each isotopologue to the spectra. The bottom panels (c–f) show the normalized averaging kernels of the different isotopologues 
for a single measurement at tangent heights of 35, 55, 75, and 95�km, respectively. These kernels indicate that while below 70�km the contribution from layers above 
the tangent to the overall spectrum can be important and different for the several isotopologues, the kernels are narrower above 70�km and similar for the different 
isotopologues.
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where N1 represents the line-of-sight density of 12C16O2, and Ni represents the line-of-sight density of the other 
isotopologues of CO2.

�3.	� Perform the retrieval and the derivation of the uncertainties introduced in the previous steps using six differ-
ent detector rows, which allow the derivation of six vertical profiles for the atmospheric temperature and the 
isotopic ratios.

�4.	� Combine the vertical profiles retrieved from each detector row by means of a weighted average given by,

� (3)

where � j is the averaged profile at the jth altitude level, and xij and  are respectively the parameters (i.e., at-
mospheric temperature or isotopic ratios) and corresponding uncertainties derived for each detector row at each 
altitude level.

�5.	� The uncertainties associated with the averaged profile are calculated using,

� (4)

where the first term represents the standard error on the mean, derived from the propagation of errors from each 
of the retrieved profiles from each detector row, and the second term represents the standard deviation of these 
profiles around the mean. We consider this method for calculating the uncertainties to provide a more accurate 
representation of the true uncertainty of the retrieval in which not only the random uncertainties, but also the 
systematic ones are captured (e.g., effect of the doubling of the absorption lines, since it impacts each row of the 
detector differently, or the effect of the temperature in the retrieval of the isotopic ratios, since the retrieval from 
each row yields slightly different temperatures at each level).

Figure 4.  Sensitivity of the spectra and the derived isotopic ratios to the temperature. (a) Atmospheric Chemistry Suite mid-infrared channel spectrum at 100�km made 
during orbit 1,849 (black dots) and best fit to the data (colored lines) when assuming a temperature of T�=�140�K. The residuals between the best fit and the measured 
spectrum are also shown, with the color of the lines highlighting the coverage of each of the spectral windows used for the retrieval. (b) Reduced � 2 achieved for the 
different cases of pressure and temperature. (c) Derived isotopic ratios as a function of the assumed temperature.
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To estimate the accuracy of the retrieval scheme, we perform a series of synthetic retrievals where the input iso-
topic ratios are known. These tests, explained more in-depth in Appendix�A, reveal a very good accuracy of the 
retrievals of the 13C/12C ratio. On the other hand, these tests also reveal a bias in the retrieval of the O isotopic ra-
tios: while the retrievals provide a good convergence at the lowermost altitudes (� 70�km), the retrieved O isotope 
ratios are on average systematically higher (� 0.05 VSMOW) than those used to generate the synthetic spectra 
near 100�km. This bias can lead to an unreal increase of the O isotope ratios with altitude, which must be taken 
into account when analyzing the retrieved ratios (see Figure�5 and Figure�A1).

4.  Results

The retrieval scheme introduced in the previous section is applied to all available secondary grating position 4 
full-frame observations made by ACS MIR from March 2018 to February 2021 (see Figure�2). The results from 
this analysis are summarized in Figure�6, which shows the climatology of the retrieved atmospheric parameters. 
In the following subsections, these results are analyzed in more detail to highlight aspects of the data aiming to 

Figure 5.  Example of Atmospheric Chemistry Suite (ACS) mid-infrared channel (MIR) spectra and summary of retrieval scheme. ACS MIR spectra shown in this 
figure (a) were obtained during the solar occultation in orbit 1,849 (Latitude�=�82°, LS�=�163° in MY34, Local time�=�3�hr). Retrievals of the rotational temperature (b) 
and the line-of-sight densities of 12C16O2, 

13C16O2, 
18O12C16O, and 17O12C16O are performed independently using spectra from six different rows from the detector, which 

allow the derivation of the 13C/12C (c), 18O/16O (d), and 17O/16O (e) isotopic ratios. The retrieved profiles from each of the detector rows (thin lines) are later combined 
by means of a weighted average (thick lines). The increase in the 18O/16O and 17O/16O isotopic ratios is caused by a systematic bias in the retrieval scheme, which must 
be taken into account when analyzing the variations of the isotopic ratios.
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understand the variability of the isotopic ratios, the average values representative of the present-day atmosphere 
and the implications of these measurements to our understanding of the evolution of the Martian atmosphere 
throughout history.

4.1.  Variability of the Isotopic Ratios

The evolution of the retrieved parameters with solar longitude in Figure�6 shows variations above the level of 
measured uncertainties, suggesting that these variations are not caused by the statistical error of the measure-
ments, but by real processes in the atmosphere. We find the isotopic ratios to vary most noticeably as a function 
of altitude, showing repeatable patterns of variation throughout most of the observed period. Figure�7 shows the 
retrieved vertical profiles of temperature and the isotopic ratios measured in this data set, as well as the averaged 
profiles from these, which represent the altitude trends between 70 and 130�km. We identify two main features in 

Figure 6.  Climatology of the retrieved atmospheric parameters. The panels show the values of the retrieved parameters as a function of altitude and solar longitude for 
the northern (left) and southern (right) hemispheres. The panels in each of the rows represent the distribution of Atmospheric Chemistry Suite mid-infrared channel 
solar occultation observations, with the local time represented by the color bar (a), the atmospheric temperature (b), and the 13C/12C (c), 18O/16O (d), and 17O/16O (e) 
isotopic ratios with uncertainties lower than 0.075 Vienna Pee Dee Belemnite or Vienna Standard Mean Ocean Water. Most noticeable variations of the isotopic ratios 
are observed to occur as a function of altitude. To first order, no discernible patterns of variations are identified as a function of latitude, solar longitude or local time.
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the altitude trends of the isotopic ratios: an increase in the O isotopic ratios from 70 to 100�km, and a decrease in 
the 13C/12C and 18O/16O isotopic ratios above � 100�km.

The averaged profiles of the O isotopic ratios in Figure�7 show a significant increase from 0.9 to 1.0 VSMOW 
at 70–80�km, to 1.0–1.1 VSMOW at 95–105�km. This increase appears not to be followed by the 13C/12C iso-
topic ratio, which remains constant throughout this altitude range. An enrichment in the isotopic ratios of CO2 
could happen due to the difference in the ultraviolet photolysis cross-sections of the different isotopologues: the 
cross-sections of the heavy isotopes of carbon dioxide are smaller than those of the main isotopologue, which 
would therefore deplete the photolysis products in the heavy isotopes, leaving the unphotolysed CO2 relatively 
enriched in these (Schmidt et�al.,�2013). However, based on the calculations by Schmidt et�al.�(2013), photoly-
sis would preferentially enrich the 13C/12C ratio over both oxygen ratios, which is not what is inferred from the 
observations.

A systematic bias in the retrieved O isotopic ratios with altitude was identified while validating the retrieval 
scheme against synthetic spectra (see Appendix�A). In particular, the retrieved O isotopic ratios were found to be 
increasingly overestimated with altitude, while the 13C/12C ratio was found to converge at all altitudes. This sys-
tematic bias, which is most likely caused by the simplified radiative transfer calculations used in this study, which 
assume a constant temperature along the path, is expected to occur in the ACS MIR observations too. Therefore, 
we conclude that the increase observed in the 18O/16O and 17O/16O is not caused by real fractionation, but by a 
systematic bias in the retrieval scheme.

The altitude trends of the isotopic ratios in Figure�7 also show a decrease of the 13C/12C and 18O/16O isotopic ratios 
above an altitude of approximately 100�km. Below this altitude, the isotopic ratios are found to be essentially con-
sistent with Earth-like fractionation. In the case of the 17O/16O ratio, although the measurements below 100�km 
show a value consistent with Earth, there are fewer observations with low uncertainties above this altitude and the 
impact by the forementioned systematic bias keeps increasing with altitude, which makes it difficult to conclude 
if this isotopic ratio also decreases (see Figure�A1). A decrease in the isotopic ratios at these altitudes follows 
the expectations from diffusive separation, which predict the density of each isotopologue to decrease according 
to their own mass-dependent scale heights above the homopause (e.g., Jakosky et�al.,�1994). The decrease of the 
isotopic ratios above the homopause due to diffusive separation is therefore established by the ratio of densities 
of the different isotopologues as a function of altitude and is given by,

Figure 7.  Heavy isotopes depleted with increasing altitude. The blue lines represent all measured vertical profiles of temperature (a), 13C/12C (b), 18O/16O (c), and 
17O/16O (d) with uncertainties lower than 0.075 Vienna Pee Dee Belemnite and Vienna Standard Mean Ocean Water. Averaging these profiles allows the derivation of 
their altitude trends (black lines). The trends of the 18O/16O and 17O/16O isotopic ratios increase between 70 and 100�km, although this increase is caused by a systematic 
bias in the retrieval scheme. The trends of the 13C/12C and 18O/16O ratios show a decrease at the highest altitudes, consistent with the expectations of diffusive separation 
above the homopause altitude, which is located at zh�=�95�±�2�km. The correlation plot between the 13C/12C and 18O/16O ratios above 100�km (e) shows that the 
variations follow � 13C �  0.5 × � 18O, consistent with the expectations from diffusive separation.
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� (5)

where Rh represents the isotopic ratio at the homopause, �m is the mass difference between the two isotopo-
logues (1 a.m.u for 13C/12C and 17O/16O and 2 a.m.u for 18O/16O), g is the gravitational acceleration at the modeled 
altitude, zh is the altitude of the homopause, kB is Boltzmann's constant, and T is the temperature (e.g., Jakosky 
et�al.,�1994).

To estimate the homopause altitude zh from the observations of the isotopic ratios, the model for diffusive sepa-
ration in Equation�5 is fit to the averaged 13C/12C profile, using the measured temperature profile and assuming 
Earth-like fractionation below the homopause. The best fit, also displayed in Figure�7, shows a good agreement 
with the data, in which the retrieved homopause altitude was found to be zh�=�95�±�2�km. Slipski et�al.�(2018) 
monitored the altitude of the homopause in different seasons, local times and locations using the ratio of N2 to Ar 
densities measured by NGIMS onboard the MAVEN spacecraft. These results show that the homopause is typi-
cally set at altitudes between 90 and 110�km, which agrees with the altitude at which we observe the fractionation.

While the altitude trend of the 18O/16O ratio also shows a decrease above � 100�km, it shows a poorer agreement 
with the model for diffusive separation, most likely due to the systematic bias mentioned before (see Figure�7c). 
Another way of unraveling the nature of the observed fractionation and test whether the decrease in the 13C/12C 
and 18O/16O ratios is caused by diffusive separation is to look at the correlation plots between these. Fractionation 
due to diffusive separation occurs because of the slightly different mass of the several isotopologues, which re-
quires the variations of the isotope ratios to follow the expectations from mass-dependent fractionation (i.e., � 13C 
�  0.5 × � 18O) (Young et�al.,�2002). Panel E on Figure�7 shows the correlation between the measured 13C/12C and 
18O/16O ratios above 100�km, which show a positive linear correlation with a Pearson correlation coefficient of 
0.8. To calculate the slope of the correlation we perform a linear regression which suggests that the measurements 
follow fractionation given by � 13C = (0.53�±�0.02) × � 18O, which is in agreement with the expectations from 
mass-dependent fractionation. While the forementioned systematic bias is expected to produce an overestimation 
of the 18O/16O isotopic ratios, this is expected to be approximately constant in this altitude range, which does not 
affect the slope of the relation between � 13C and � 18O. Therefore, we conclude that the observed decrease in the 
isotopic ratios is caused by diffusive separation of the different isotopologues above the homopause.

Apart from the variations of the isotopic ratios as a function of altitude, the ACS data set�allows the analysis of 
potential seasonal and latitudinal variations. To first order, we find no differences in the behavior of the isotopic 
ratios as a function of latitude, season or local time, which show similar altitudinal patterns throughout most of 
the observed period. The altitude of the homopause varies as a function of LS, latitude and local time, which 
will therefore produce variations of the minimum altitude at which the isotope ratios fractionate due to diffusive 
separation (Slipski et�al.,�2018). Similarly, Livengood et�al.�(2020) found variations of the 18O/16O ratio with local 
time and surface temperature, which appear to be caused by surface-atmosphere interactions. However, given the 
uncertainties of the derived profiles from this data set, we find no statistically significant differences between the 
profiles in both hemispheres, different local times, or in different periods of LS.

4.2.  Average Isotopic Ratios in the Present-Day Atmosphere

Estimations of the average isotopic ratios in CO2 are essential for our understanding of the evolution of the 
atmosphere of Mars throughout history. Isotopic ratios inferred from localized measurements are subject to cli-
matological processes that might affect the isotopic composition of the sample. To estimate the isotopic ratios 
representative of the Martian atmospheric reservoir, one must disentangle the values inferred from these meas-
urements from potential sources of fractionation occurring in the atmosphere.

Figure�8 shows a histogram of the measured isotopic ratios in CO2 as well as their corresponding uncertain-
ties. The histograms are separated in three altitude regions (70–90, 90–110, and 110–130� km), which can 
be used to disentangle the points affected by fractionation (e.g., diffusive separation). The histograms show 
that most of the points with uncertainties lower than 75‰ correspond to the measurements between 70 and 
90�km. The average values from the measurements made in this altitude range are 13C/12C�=�0.997�±�0.037 
VPDB, 18O/16O�=�0.971�±�0.038 VSMOW and 17O/16O�=�0.989�±�0.041 VSMOW (i.e., � 13C�=� �3�±�37‰, 
� 18O�=��29�±�38‰ and � 17O�=��11�±�41‰), where the uncertainties correspond to the average measurement 
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