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ABSTRACT

The current Martian atmosphere is about five times more enriched in deuterium than Earth’s, providing a direct testimony that
Mars hosted vastly more water in its early youth than nowadays. Estimates of the total amount of water lost to space from the
current mean D/H value depend on a rigorous appraisal of the relative escape between deuterated and non-deuterated water.
Isotopic fractionation of D/H between the lower and the upper atmospheres of Mars has been assumed to be controlled by water
condensation and photolysis, although their respective role in influencing the relative proportion of atomic D and H populations
has remained speculative. Here we report HDO and H,O profiles observed by the Atmospheric Chemistry Suite (ExoMars
Trace Gas Orbiter) in orbit around Mars that, once combined with expected photolysis rates, reveal the prevalence of the
perihelion season for the formation of atomic H and D at altitudes relevant for escape. In addition, while condensation-induced
fractionation is the main driver of variations of D/H in water vapour, the differential photolysis of HDO and H,O is a more
important factor in determining the isotopic composition of the dissociation products.

Main text

The isotope composition of the Martian atmosphere has often been used as a means to understand its evolution'. Assuming that
Earth and Mars were assembled out of the same material, the relative enrichment of heavy isotopes in Martian atmospheric
water vapour with respect to Earth suggests that the escape of water throughout the Martian history has been substantial>~'?,
consistent with the geomorphological and mineralogical imprints on the surface, which require the presence of liquid water on
ancient Mars'> 14, Although these clues indicate that water was abundant in the past, the amount that existed remains uncertain.
Estimations of the size of the ancient water reservoir on Mars from its isotope composition depend not only on the present-day
atmospheric ratio, but also on the net escape fractionation factor, f. This factor relates the efficiency of escape of D with respect
to H, including all fractionation processes occurring along the physical and chemical pathways by which the initial H,O and
HDO molecules are decomposed and ultimately escape to space by either thermal or non-thermal means'>~18.

The initial part of the process by which water escapes to space comprises the production of atomic H and D from water
vapour. For a long time, this production was assumed to be sourced by long-lived molecular hydrogen formed in the lower
atmosphere and slowly ascending to the upper atmosphere, where it is dissociated into HCO;r and H by its recombination with
C02+ 19 Molecular hydrogen in the lower atmosphere is ultimately produced in the photodissociation of H,O, which gives rise
to odd-hydrogen (H, OH, HO,) molecules that participate in the catalytic recombination of CO,, producing Hj as a by-product
of this recombination'®. While this pathway gives rise to a steady supply of atomic hydrogen, observations of H in the upper
atmosphere reveal variations not consistent with the sole production by molecular hydrogen®®?!. These variations might be
instead produced by the direct dissociation of water vapour in the middle and upper atmospheres by UV photons and reactions
with ions!%2>23, Whether the H, or H,O-driven escape scenario is predominant, the photolysis of water vapour appears to have
an important contribution. In this context, two factors can fractionate the production of deuterium relative to hydrogen: 1) the
preferential photolysis of H,O molecules relative to HDO depletes the dissociation products in deuterium?*; 2) the preferential
condensation of HDO in water ice clouds? leaves the atmosphere depleted in the heavy isotopes above the condensation level,
which can impact the supply of D/H to the upper atmosphere, if photolysis occurs above the cloud deck?®?’. Both of these
mechanisms are expected to fractionate the isotopic composition of atomic hydrogen, although the effectiveness of each of
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these remains unknown.

We investigate the vertical distribution of the isotope composition (D/H and '30/'%0) of water vapour in the Martian
atmosphere using solar occultation measurements made by the mid-infrared (MIR) channel of the Atmospheric Chemistry
Suite?® (ACS) onboard the ExoMars Trace Gas Orbiter (TGO). ACS MIR is an echelle cross dispersion spectrometer dedicated
to solar occultation measurements in a spectral range between 2.2 and 4.4 um. Its novel design allows the simultaneous
selection of 9 to 25 contiguous diffraction orders within the entire spectral range of the instrument, achieving high resolving
power (A/AA ~ 30,000) in a wide instantaneous spectral range (0.15 — 0.3 um). The dataset assembled for this study includes
all available ACS MIR solar occultation observations made using secondary grating position 4, which allows the selection of
ten diffraction orders (215-224) in a spectral range between 2.65 and 2.77 um (3600 — 3770 cm™!), encompassing absorption
bands of several isotopologues of carbon dioxide and water vapour (see Supplementary Figures 2 and 3). To date, there are 627
secondary grating position 4 solar occultations, which account for approximately 14% of all available ACS MIR observations,
covering more than a full Martian year of observations and including more than half of Martian Year 34 (MY34) (L, = 160-360°)
and of MY35 (Ls = 0-356°). The observational coverage used in this dataset allows the analysis of the variations of the D/H
ratio in three dimensions, including the vertical, latitudinal, and seasonal effects.

The analysis of the data and the retrieval of the atmospheric vertical profiles is performed using the NEMESIS (Nonlinear
optimal Estimator for MultivariatE spectral analySIS) algorithm?®, which utilises the optimal estimation framework>?. In
particular, the retrieval scheme is performed in two steps. First, vertical profiles of pressure and temperature are retrieved from
CO,; absorption, along with the vertical distribution of the Hé(’O volume mixing ratio. Secondly, the pressure and temperature
profiles are fixed, and the retrieved Héf’O volume mixing ratio is used as an a priori estimate to retrieve the volume mixing
ratios of H}®0, H}30 and HD'®0, assuming an a priori isotopic composition of '80/!°0 = 1 and D/H = 5 with respect to the
Vienna Standard Mean Ocean Water (VSMOW; D/H = 1.6 x 10~ and '80/'°0 = 2.0 x 10’3), and using a spectral window
suitable for the derivation of the isotopic ratios (see Figure 1). More details describing the retrieval scheme and its validation
are given in the Supplementary Methods.

Figure 2 shows a summary of the climatology of the retrieved parameters from the spectra. During the observed period,
both temperature and H,O volume mixing ratio profiles show drastic seasonal and latitudinal changes. During the Southern
Hemisphere (SH) spring and summer seasons (Ls = 180-270° and Ly = 270-360°) in both MY34 and MY35, Mars is close to
perihelion (L, = 251°), and the greater dust heating and proximity to the Sun intensify the Hadley circulation®'-3?, allowing
warmer temperatures to expand to the middle atmosphere in both the northern and southern hemispheres. These greater
temperatures move the hygropause (i.e., level at which water vapour saturates) upwards to higher altitudes, allowing water
vapour to migrate to the middle and upper atmospheres, and reaching values of 40-80 and 20-40 ppmv at 90 km in the southern
and northern hemispheres, respectively. The ascension of water vapour to the middle atmosphere also occurs during the Global
Dust Storm (GDS) in MY34 (L, = 190-220°), when the hygropause is moved to approximately 80 km in both hemispheres.
This behaviour is not observed during the same period in MY35, when the altitude of the hygropause is set around 40-50 km at
mid-latitudes (see Figure 2). This difference evidences the impact of dust storms, which increase the dust heating and prevent
the condensation of water vapour>*. During the Northern Hemisphere (NH) spring and summer seasons (L = 0-90° and L =
90-180°), although high water vapour abundances (> 150 ppmv) are observed in the NH, these are confined to altitudes below
~20 km. At high southern latitudes (> 60°S), during this time, very low water vapour abundances (< 1 ppmv) and temperatures
(< 150 K) are observed. These seasonal trends are in agreement with other observations**~37 and with the expectations from the
simulations of a General Circulation Model (GCM)38.

The measurements also depict a very dynamic behaviour of the D/H ratio, varying from 1 to 6 VSMOW, with an isotopic
ratio representative of the present-day Martian atmosphere of 4.9 £ 0.4 VSMOW (see Extended Data Figure 1). During the
SH summer, H,O and HDO in both hemispheres expand into the middle atmosphere, exhibiting isotopic ratios between 4-6
VSMOW up to 40-60 km until they reach the saturation level, where water ice clouds can form3%-49. Above this level, the D/H
ratio starts to decrease down to values between 1-3 VSMOW, as predicted by the preferential condensation of HDO over H,O
during the formation of water ice clouds>>2”. The presence of isotopic fractionation in condensation processes is even clearer
during the NH summer, which shows a steady decrease of the D/H ratio from 4-5 VSMOW at 10 km down to 2-3 VSMOW at
20-30 km, due to a lower altitude of the hygropause (see Figure 2 and Extended Data Figure 2).

The variations in the D/H ratio are found to be positively correlated with those in the water vapour volume mixing ratio
(Pearson correlation coefficient of 0.7 between D/H and log,,(H20)), as shown in Extended Data Figure 1. A logarithmic
relation between D/H and water vapour abundance is predicted by the isotope fractionation during condensation®’, which
appears therefore responsible for the observed variations. Similarly, the observed variations of the D/H ratio appear to be
related to the atmospheric temperature: while the higher values of the D/H ratio (> 4 VSMOW) are found in a wide range of
temperatures (170-210 K), low values of D/H (< 3 VSMOW) are only measured for T < 180 K. This correlation corroborates
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the hypothesis of the prominent role of condensation-induced fractionation, which is predicted to increase with decreasing
temperatures® 2341,

The '80/'°0 is found to be much less variable than the D/H ratio. The value representative of the present-day atmospheric
ratio is found to be 1.14 & 0.08 VSMOW, which is in line with values reported in previous studies®'!. We observe variations
ranging between 0.9 and 1.3 VSMOW, although this level of variability is in the same range as the typical measurement
uncertainty, which makes it difficult to disentangle potential variations of the isotopic ratios from statistical noise. Expectations
from isotopic fractionation in condensation processes predict a preferential condensation of HéSO over H%GO, similar to the D/H
ratio, but with a lower magnitude®>*>43. The absence of measured variability does not rule out the presence of fractionation
processes though, since they might be smaller than, and therefore masked by the measurement uncertainty (see Extended Data
Figure 1).

Estimations of how H>O and HDO molecules are fractionated as they are photodissociated into lighter molecules (OH
+ H) are made with the photolysis code of the LMD-GCM?*#*, These calculations are combined with ACS MIR water
vapour density vertical profiles to estimate the dissociation rates, which reveal the perihelion season to be dominant in the
photodissociation of water vapour, with rates approximately 10-100 times greater than those found close to aphelion (see
Figure 3). Our calculations suggest that the bulk of H,O photolysis during perihelion occurs near 50-60 km in the southern
hemisphere, while the maximum photolysis rates during aphelion are found at 10 km in the northern hemisphere (see Extended
Data Figures 3 and 4). Photochemical models predict atomic H to be quickly destroyed in the lower atmosphere, while its
chemical lifetime increases exponentially with altitude®>. Therefore, during the aphelion season, the formed H will quickly be
destroyed while recombining with 0,%%. However, during perihelion, the longer lifetime of most formed H together with the
intensified atmospheric circulation can potentially transport atomic H to higher altitudes®"-33. In fact, Chaffin et al.>> predict
that an increase of the water abundance of 80 ppmv at 60 km yields approximately an increase in the H escape flux of a factor
of five, and Krasnopolsky'® suggests that the hydrogen escape flux may be approximated by a function of the water abundance
at 80 km. This result is consistent with measurements of the H and D Lyman-« brightness, representative of upper-atmospheric
atomic H and D densities, which show peak values around perihelion*’#.

We calculated the fractionation factor relating the D/H ratio in the photolysis products with respect to the mean D/H
ratio representative of water in the lower atmosphere (R = (D/H)products/(D/H)puix), taking into account the impact of both
photolysis-induced fractionation R, (i.e., fractionation due to the difference in the photolysis cross sections of HDO and H,O;
R), = Jupo/JH,0, where Jupo and Jy,0 are the photolysis rates of HDO and H;O, respectively) and condensation-induced
fractionation R, (i.e., fractionation due to the depletion in D/H of the parent water molecules with respect to the average D/H
ratio of water in the lower atmosphere; R, = (D/H)parent/(D/H)puix). More details about how these calculations are performed
are given in the Supplementary Methods. Our calculations suggest that, while the dissociation products are expected to have a
D/H ratio about 2-2.5 times lower than the average D/H ratio in the lower atmosphere (D/Hpyx = 4.9 &+ 0.4 VSMOW) during
perihelion (R ~ 0.4-0.5), the fractionation factor R would decrease down to 0.2 during aphelion (see Figure 3b). However,
the dissociation rates during the aphelion season are lower than during perihelion and are therefore expected to have a minor
contribution to the annual average. Consequently, the annual average D/H fractionation factor R is heavily weighted towards
perihelion.

While condensation-induced fractionation appears to be the main driver of the variations of the D/H ratio in atmospheric
water vapour, it has a minor influence on shaping the isotopic composition of the dissociation products as compared to
photolysis-induced fractionation. During perihelion, at the altitudes at which photolysis is more efficient (40-60 km), while
water vapour is still not affected by condensation (R, ~ 1), the photolysis-induced fractionation factor is expected to be about
R), ~ 0.4-0.6 (see Extended Data Figure 3). During aphelion, the role of condensation-induced fractionation increases with
respect to perihelion (R, ~ 0.5-0.7), but so does the role of photolysis-induced fractionation (R, ~ 0.3-0.5), which increases
due to the intensified photolysis near the surface (see Extended Data Figure 3). Besides, as previously mentioned, the role of
the aphelion season in the dissociation of water vapour is expected to be negligible with respect to perihelion.

The calculations of the fractionation factor R are representative of photolysis below ~60 km, where the ACS MIR measure-
ments are sensitive to HDO (see Figure 2). At these altitudes, the formed H and D will not participate in the direct escape
of these species in the upper atmosphere. Instead, most formed OH and H will ultimately recombine into H, and H,O and
contribute to escape in much longer timescales. This is consistent with the measurement of D/H in molecular hydrogen, which
was found to be approximately 2.5 times smaller than the D/H ratio in water (R = 0.4)!®. Further calculations will be needed to
determine the relative impact of condensation and photolysis-induced fractionation above 60 km, where the direct photolysis of
water can contribute to escape in short timescales. Our results provide new insights for resolving the old paradigm regarding the
role of the different mechanisms to fractionate the D/H ratio of water vapour in the lower atmosphere and that of its dissociation
products, leading to the enrichment of D/H in the atmosphere as it escapes into space®* 2630
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Similarly, as for HDO, Hégo molecules are expected to have a different UV absorption cross-section than H%éO, which
can impact the isotope composition of the dissociation products of water vapour and the efficiency of 130 to reach the upper
atmosphere’!. We estimate that, while the dissociation products are expected to be about 2-2.5 times depleted in D/H with
respect to the ratio in water vapour in the lower atmosphere, this factor would just be 1.025 for the '#0/!60 ratio (R ,,(180/ 160)
~ 0.975), revealing a much higher efficiency of 80 to be transferred to the dissociation products with respect to D. This might
explain the dichotomy between the large enrichment in the heavy isotope of the D/H ratio (~5 VSMOW) as opposed to the
mild enrichment in the '30/'°0 ratio (~1.14 VSMOW): while '80 is efficiently transferred to the photolysis products of water
vapour, HDO molecules are less efficiently photolysed, decreasing the D/H ratio of the lighter species that ultimately escape to
space. Therefore, as H and O escape from the Martian atmosphere, they will more efficiently enrich the D/H ratio than the
180710 ratio. Nevertheless, it must also be noted that, while H,O is the major reservoir of hydrogen in the atmosphere of
Mars, oxygen atoms in water vapour are expected to interact with those from CO, and minerals in the crust, which adds an
extra degree of complexity to the connection between O isotopic ratios and atmospheric escape.!”3>33.
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Methods

Retrieval scheme

The retrieval scheme is performed in two steps. First of all, the pressure and temperature profiles are retrieved from the CO,
absorption in diffraction order 223, while the vertical profile of Hééo volume mixing ratio is retrieved from diffraction order
224. Secondly, the pressure and temperature profiles are fixed, and the retrieved HéGO volume mixing ratio is used as an a priori
estimate to retrieve the volume mixing ratios of HiGO, H%SO and HD'®0 in diffraction order 224, assuming an a priori isotopic
composition of '#0/'0 = 1 and D/H = 5 with respect to VSMOW, and using a spectral window suitable for the derivation of
the isotopic ratios. All gaseous absorption is modelled using pre-computed look-up tables using line-by-line modelling. The
absorption of CO, is modelled using the spectroscopic parameters listed in the 2016 edition of the HITRAN database>*. In the
case of H,O we use spectroscopic parameters suitable for a CO-rich atmosphere® 8.

Pressure and temperature profiles are retrieved from the CO; absorption under the assumptions of a known CO; volume
mixing ratio, which is obtained from the Mars Climate Database (MCD)>’, and an atmosphere in hydrostatic equilibrium.
Traditionally, this retrieval technique consisted of retrieving a density profile from CO, absorption, and deriving the pressure
and temperature profiles from the hydrostatic and ideal gas laws®®!. In this study, the same assumptions are made, but
retrieving a continuous profile of temperature and the pressure at a given tangent height p(z,). The rest of the pressure levels
are re-computed based on the hydrostatic equation given by

‘(M)
p(a) = plar) exp ( I dz) M

where g(z) is the gravity, M(z) is the molecular mass and kg is the Boltzmann constant (kg = 1.38 x 10723 J K~!). This
retrieval procedure has the advantage of updating the temperatures in each iteration, and consequently updating the temperature
dependence of the strength of the different absorption lines. In order to perform these retrievals, a spectral window in diffraction
order 223 between 3741 and 3753 cm™! is selected, choosing a row from the detector frame corresponding to maximum
intensity, which yields the highest signal-to-noise ratio (SNR).

The initial retrieval of the vertical distribution of Hé60 volume mixing ratio is also performed using the maximum-intensity
row, but using a spectral window between 3759.5 and 3767 cm™! in diffraction order 224, which encompasses strong lines
of H£60 visible up to high altitudes (>100 km). Comparison of the retrieved Hééo with those derived from simultaneous
measurements by ACS NIR using the absorption band at 1.38 um revealed a bias between the retrieved water vapour
abundance using both datasets when observing high water vapour densities (see Supplementary Figure 4). This bias is
presumably related to the saturation of the water vapour absorption lines, which impact the sensitivity of the line along the
line-of-sight. In order to reconcile the retrievals from both datasets, we select a smaller spectral window (3763 —3765.4 cm™)
including weaker absorption lines of H1®O. In this case, the retrievals are in good agreement with those retrieved from ACS
NIR spectra at low altitudes (see Supplementary Figure 4).
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The retrieval of the D/H and '30/'°0 isotope ratios is performed using the spectral window between 3763 and 3765.4 cm™!
in diffraction order 224. However, in this case, given the smaller number and strength of the absorption lines, five different
rows from the detector frame are independently retrieved and later combined, increasing the effective vertical resolution of
the measurements, as well as the confidence of the retrievals. The independent retrieved profiles of H%6O, HéSO and HD'°O
volume mixing ratio are combined using a weighted average, in which the weights are given by the inverse of the retrieved
variance at each altitude (0'(z)’2), after applying a correction to mitigate the effect of the a priori uncertainty in the retrieval
errors' 92, The uncertainty of the weighted-average profiles is calculated considering not only the retrieved uncertainties of
each independent retrieval, but also the dispersion of each of the independent retrieved profiles, which is considered to provide
a more accurate representation of the true uncertainty of the retrieval (see Supplementary Figure 5).

Once the vertical profiles of the H}°0, H}30 and HD'®O mixing ratios are calculated, it is possible to derive the D/H and

6 18
180/1°Q isotopic ratios following D/H = [2}[11]3;68]] and '30/'°0 = {g?g} ,
Mean Ocean Water (VSMOW; D/H = 1.6 x 10~* and '30/'°0 = 2.0 x 10~3). The uncertainties in the isotope ratios are then

. Gni60 \ 2 %ulbo 2 18716 %ul8o ? %uléo 2
calculated using op /= D/H - <[HP]';’168]) + [Hfﬁo] and 013169 = *O/70 - 7[Hf‘o] + 7[1{;260] .

1

which are then normalised using the Vienna Standard

Although the retrievals made with the spectral window between 3763 and 3765.4 cm™ " are accurate at the altitudes relevant
for the calculation of the isotopic ratios, the absorption lines disappear at lower altitudes than those in the spectral window
between 3759.5 and 3767 cm~!. In order to derive Hé(’O profiles with low uncertainties at all altitudes, we calculate the
weighted average of the retrievals made with both spectral windows. These averaged profiles are validated against simultaneous
ACS NIR measurements.

Estimation of the average D/H and '20/!°0 isotopic ratios

Understanding the variability of the isotopic ratios is essential to disentangle the values inferred from localised measurements,
which are subject to fractionating processes, and the isotopic ratio representative of the Martian atmosphere. Extended Data
Figure 1 shows a histogram of the measured values with uncertainties lower than 0.8 VSMOW for the D/H ratio, and 0.13
VSMOW for the '80/'°0 isotope ratio, as well as their relation to other atmospheric parameters.

The observed values of the D/H ratio show variability ranging from 1-2 to 5-6 VSMOW, with uncertainties typically lying
within 0.3-0.5 VSMOW. The estimation of the D/H ratio representative of the present-day Martian atmosphere requires the
subtraction of climatological effects that impact the isotopic composition at certain times and locations. Climatological
fractionation effects are expected to be minimal when observing high temperatures and water vapour abundances, when water
is fully vaporised and free from condensation*. Under these conditions, most of the observations yield D/H ratios between
4 and 5 VSMOW, with the most frequent value being equal to 4.9 VSMOW (see Extended Data Figure 1). Larger values of
the D/H ratio (5-6 VSMOW) are observed in certain instances, although this may simply be an artefact due to the intrinsic
uncertainty of the measurements (¢ ~ 0.4 VSMOW), as shown in Extended Data Figure 1. Therefore, we estimate the value
representative of the present-day atmosphere to be D/H = 4.9 + 0.4 VSMOW.

In the case of the '80/'%0 isotope ratio, the observed variations are smaller than those observed in D/H, ranging from
approximately 0.9 to 1.3 VSMOW, and showing no apparent correlation with water abundance or temperature (see Extended
Data Figure 1). With typical uncertainties lying between 0.08 and 0.12 VSMOW, it is not possible to disentangle potential
variations of the 80/!°0 isotope ratio in the Martian atmosphere from the statistical noise of the instrument. From the measured
180/1Q isotope ratios throughout more than one Martian year, we estimate the '80/'°0 isotope ratio representative of the
Martian atmosphere to be 1.14 £ 0.08 VSMOW, where the uncertainty corresponds to the lower bound of the typical measured
uncertainties. Within the observed variations, our results are consistent with the measurement made with the Sample Analysis
at Mars (SAM) instrument on the Curiosity Rover, which revealed an enrichment of the '80/'°0 isotope ratio of 1.084 + 0.010
VSMOW?, and with previous solar occultation measurements made with ACS MIR secondary grating position 5, which yielded
a value of 1.20 & 0.08 VSMOW'!.

Estimation of the fractionation factor between water vapour and its photolysis products

Accurate estimations of the total amount of water vapour lost throughout Martian history from isotopic measurements require an
understanding of the relative efficiency of the different isotopologues to escape into space. This relative efficiency is represented
by the fractionation factor, f, which includes all fractionating processes from the start as H>O molecules, until they escape into
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space by either thermal or non-thermal means'> %18, The escape fractionation factor is defined as

~ (D/H)egeape Op/0u
S = D)y~ (HDO]/2[H,0 @

where (D/H)escape represents the ratio of escaping fluxes for deuterium (¢p) and hydrogen (¢n), and (D/H)pyix represents the
value of the D/H ratio representative of the Martian lower atmosphere, which we estimate to be (D/H)pux = 4.9 £ 0.4 VSMOW.
The first part of this escape process includes the photolysis of H,O, giving rise to OH and H. The D/H ratio of the photolysis
products may be estimated using

~JHpO (z)
Jn,0(2)’

(D/H)products (Z) = (D/H)parent(z) (3)

where (D/H)parent represents the D/H ratio of the parent H>O molecules and Jypo and Jy, o are the photolysis rates of HDO
and H>O in s~ !, respectively. Note that the D/H ratio of the parent molecules being photolysed might be different from the D/H
ratio of the bulk of the atmosphere if water vapour is fractionated in the lower atmosphere, leading to a localised enrichment
or depletion with respect to the average lower atmosphere value. Therefore, the fractionation factor R between the isotopic
composition of the photolysis products and that of the bulk of the atmosphere can be calculated as

(D/H)products N (D/H)parent ] Jupo (Z)

k@)= (D/H)pux ~ (D/H)pic Ji,0(2)

“

Therefore, it is the combination of two factors:

» The fractionation between the D/H ratio of the atmospheric bulk representative of the Martian lower atmosphere, and
the D/H ratio of the parent H>O molecules, which might be subject to fractionation processes occurring in the lower
atmosphere. Given that the observed variations in the D/H ratio in H,O appear to be consistent with the expectations from
condensation-induced fractionation, this factor represents the effect that condensation processes have in fractionating the
isotopic composition between the bulk and the photolysis products, and is given by

D/H

» The fractionation inherent in the photolysis of H,O, which differentiates between the H,O and HDO because of their
different ultraviolet cross sections®* (see Supplementary Figure 9). Therefore, the fractionation factor inherent in the
photolysis mechanism is given by

_ Jupo(2)
-~ Jmo(2)

Ry(2) (6)

In order to estimate the efficiency of these processes to fractionate the isotopes during their photodissociation, the absorption
cross-sections of H,O and HDO are implemented in the photolysis model of the LMD-GCM?***. The middle panel in
Supplementary Figure 9 shows the photolysis rates of H,O and HDO calculated for four solar zenith angles (SZA = 0°, 30°,
60°, 85°), and at a Sun-Mars distance of 1.52 astronomical units (AU). At high altitudes, the photolysis rates of HDO and H,O
are dominated by the absorption at wavelengths A < 180 nm, which exhibit similar cross-sections, leading to little fractionation.
At lower altitudes, the absorption by CO, becomes important, impeding photons with A < 180 nm to penetrate to the lower
altitudes. Instead, the photolysis of H,O and HDO at lower altitudes is driven by photons with A > 180 nm, which yield
lower photolysis rates due the lower absorption cross-section at these wavelengths, but higher fractionation between the two
isotopologues.
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In order to get an insight into the importance of seasonal effects on the photolysis of water and its isotopic fractionation the
photolysis rates from the model at SZA = 60°, representative of mean dayside conditions, are scaled to the relevant Sun-Mars
distance, and multiplied by the water vapour number densities retrieved from the ACS MIR spectra during the summer seasons
in the southern and northern hemispheres (see Extended Data Figure 3a). These estimated dissociation rates show very different
seasonal behaviours. During the SH summer, the stronger Hadley circulation allows water to expand into the middle atmosphere
in both hemispheres, where photolysis increases, reaching a maximum of H,O dissociation rates at approximately 50 km in
the SH (10*-10° cm—3 s~ 1), and at about 40 km in the NH (103-10* cm™3 s~!). On the other hand, during the NH summer,
the lower altitude of the hygropause confines water vapour to the near-surface, where photolysis is very inefficient, yielding
maximum dissociation rates at 10 km (10°> cm—> s~!). The column-integrated photolysis rates are also shown in Extended Data
Figure 3b for the perihelion and aphelion seasons observed with ACS MIR. These calculations evidence the prevalence of the
perihelion season for the dissociation of water, with rates between 10 and 100 times higher than those found during aphelion.

The lower panels in Extended Data Figure 3¢ show the fractionation factors R associated with condensation-induced and
photolysis-induced fractionation. It is shown that during the perihelion season, condensation-induced fractionation is not
effective at 50 km (R, ~ 1), where the dissociation rates peak. At this altitude, the photolysis-induced fractionation factor (R,)
is between 0.4 and 0.5, meaning that the photolysis products will be depleted in D/H by a factor of 2-2.5 with respect to the
average D/H of water vapour in the lower atmosphere. During the aphelion season, photodissociation of water vapour peaks
closer to the surface, and both condensation-induced and photolysis-induced fractionation become more important.

Similarly, the lowermost panels in Extended Data Figure 3d show the fractionation factors integrated over the column.
However, while the calculation of the photolysis-induced column-integrated fractionation factor can be performed using all
altitudes in which H,O is observed, the condensation-induced fractionation factor can just be calculated using the altitudes
at which the measurements are sensitive to HDO, and missing part of the column. Therefore, the condensation-induced
fractionation factor is just shown when the column-integrated photolysis rates where the measurements are sensitive to HDO
(yellow points in Extended Data Figure 3b) are at least 75% of those using all altitudes in which H,O is observed (red points in
Extended Data Figure 3b). The results show a higher fractionation factor during the aphelion season by both photolysis-induced
and condensation-induced fractionation, as compared to the perihelion season. However, as most of the photodissociation of
water vapour molecules occurs during perihelion, the average fractionation factor R is expected to be heavily weighted towards
perihelion.

In order to calculate the seasonal evolution of the column-integrated photolysis rates and fractionation factor (see Figure 3 and
Extended Data Figure 4), these are binned in Ly with a step of 10°. The average fractionation factor R in each bin is calculated
using the column-integrated photolysis rate as a weight. In order to visualise the relative role of photolysis-induced fractionation
and condensation-induced fractionation in Figure 3, we calculate their relative contribution to the total fractionation factor R
using C, (%) = % 100 and Ce(%) = 5~z - 100,

Similarly, as for HDO, HéSO molecules are expected to have a different UV absorption cross-section than HééO, which
can impact the isotope composition of the dissociation products of water vapour and the efficiency of 30 to reach the upper
atmosphere. To our knowledge, there are no available cross-sections for H580. However, theoretical methods®! to quantify the
photo-induced isotopic fractionation predict most noticeable differences in the absorption cross-sections of HESO and H£6O for
wavelengths A > 180 nm, similar to the H;O-HDO dichotomies (see Supplementary Figure 9). However, while the enrichment

function of the cross-sections of HD'®O over H°O (g(1) = (;}_‘I—Dg — 1) -100) is about € = -60% for A > 180 nm, it is only
2

about € = -2.5% in the case of H%SO. If considering that most of the dissociation of water occurs during the perihelion season
between 40-60 km, while H£6O molecules are about 2.5 times more efficiently dissociated than the HD'®O ones (R,(D/H) ~
0.4), they will be just about 1.025 times more efficiently dissociated than the H30 ones (R,(1¥0/190) ~ 0.975).

Code availability
The spectral fitting and retrievals were performed using the NEMESIS radiative transfer and retrieval algorithm?’. The code

can be downloaded from https://doi.org/10.5281/zenodo.4303976.

Data availability

The datasets generated by the ExoMars Trace Gas Orbiter instruments analysed in this study are available in the ESA Planetary
Science Archive (PSA) repository, https://archives.esac.esa.int/psa, following a six months prior access
period, following the ESA Rules on Information, Data and Intellectual Property. The data products generated in this study
(retrieved atmospheric parameters) are available on https://github.com/juanaldayparejo/opendata.
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Figure Legends

Figure 1. Example of ACS MIR spectra and summary of the retrieval scheme. ACS MIR spectra shown in this figure was
obtained in orbit 4409 (A) (Latitude = 42°S, Ly = 291°, Local time = 19h). In step 1 of the retrieval scheme, pressure and
temperature based on the absorption of CO; (B), and Héf’O volume mixing ratio profiles are retrieved from one detector row in
diffraction orders 223 and 224 (A). In step 2, spectra from five different detector rows (C) are independently used to retrieve
the volume mixing ratios of H%‘SO, H%SO and HD'®O (D) from the spectral window in diffraction order 224, which allow the
derivation of the D/H and '30/'°0 isotope ratios (E).

Figure 2. 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. A) Distribution of ACS
MIR solar occultation observations, with the local time represented by the colour bar. B) Atmospheric temperature. C) Water
vapour volume mixing ratio. D) D/H ratio in water vapour with uncertainties lower than 1 VSMOW.

Figure 3. Seasonal evolution of the isotopic fractionation of D/H during the photodissociation of water vapour. A)
Evolution of the observational coverage of ACS MIR secondary grating position 4 observations. B) The column-integrated
photolysis rate of water vapour (red curve) exhibits large seasonal variations, revealing the perihelion season to be dominant in
the production of OH and H. The estimated fractionation factor R between the value representative of the lower atmosphere
(D/H = 4.9 VSMOW) and its photodissociation products (blue curve) also shows substantial seasonal variations, showing the
largest fractionation during aphelion. C) The relative contribution of condensation-induced (R.) and photolysis-induced (R))
fractionation to the total fractionation R demonstrate the prevalence of the latter in shaping the isotopic composition of the
photolysis products.

Figures
Extended Figures
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Figure 1. Example of ACS MIR spectra and summary of the retrieval scheme. ACS MIR spectra shown in this figure
was obtained in orbit 4409 (A) (Latitude = 42°S, Ly = 291°, Local time = 19h). In step 1 of the retrieval scheme, pressure and
temperature based on the absorption of CO; (B), and Hééo volume mixing ratio profiles are retrieved from one detector row in
diffraction orders 223 and 224 (A). In step 2, spectra from five different detector rows (C) are independently used to retrieve the
volume mixing ratios of H56O, H%SO and HD'°0 (D) from the spectral window in diffraction order 224, which allow the
derivation of the D/H and '80/'°0 isotope ratios (E).
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Figure 2. 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. A) Distribution of ACS
MIR solar occultation observations, with the local time represented by the colour bar. B) Atmospheric temperature. C) Water
vapour volume mixing ratio. D) D/H ratio in water vapour with uncertainties lower than 1 VSMOW.
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Figure 3. Seasonal evolution of the isotopic fractionation of D/H during the photodissociation of water vapour. A)
Evolution of the observational coverage of ACS MIR secondary grating position 4 observations. B) The column-integrated
photolysis rate of water vapour (red curve) exhibits large seasonal variations, revealing the perihelion season to be dominant in
the production of OH and H. The estimated fractionation factor R between the value representative of the lower atmosphere
(D/H = 4.9 VSMOW) and its photodissociation products (blue curve) also shows substantial seasonal variations, showing the
largest fractionation during aphelion. C) The relative contribution of condensation-induced (R.) and photolysis-induced (R,)
fractionation to the total fractionation R demonstrate the prevalence of the latter in shaping the isotopic composition of the
photolysis products.

14/18



i
A "..IAL

|

=
w

D/H (VSMOW)

0 250 500 750 101 100 10t 102 103 140 160 180 200 220 240
Measurement counts H,0 vmr (ppmv) Temperature (K)

180/160 (VSMOW)

0.0 + T T T T T T T T T T
0 200 400 600 1071 100 10! 102 103 140 160 180 200 220 240

Measurement counts H,0 vmr (ppmv) Temperature (K)

Extended Data Figure 1. Histogram of the measured D/H and '30/'°0 isotope ratios, as well as their relation with
the water vapour mixing ratio and temperature. Only the points with uncertainties of D/H < 1 VSMOW and 80/'°0 <
0.13 VSMOW are shown. The black dashed lines on the histogram plots represent typical measurement uncertainties, centred
at D/H = 4.9 & 0.4 VSMOW and '30/'°0 = 1.14 + 0.11 VSMOW. The colour of the points on the plots in the middle and right
columns represents the density of measured points. The red cross in the temperature panels represents the most frequently
measured value of the isotope ratios at temperatures >180 K, which we take as the average non-fractionated isotope ratios in the
Martian atmosphere.
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Extended Data Figure 2. Evolution of the water vapour mixing ratio and the D/H and '30/'°0O isotopic ratios in the
perihelion and aphelion seasons of MY34 and MY3S. The different panels show the retrieved profiles separated in different
seasons, with the colour of the lines representing the latitude of the observations. For the clarity of the figure, only the points
with uncertainties of D/H < 1 VSMOW and '80/'°0 < 0.13 VSMOW are shown.
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Extended Data Figure 3. Comparison of the estimated impact of fractionation during photolysis for the perihelion
and aphelion seasons during MY34 and MY35. (A) Calculated H>O dissociation rates, with the colour of the lines
representing the latitude of the observations. (B) Column-integrated photolysis rates (red dots) as a function of latitude. The
yellow dots represent the column-integrated photolysis rates when using the part of the column in which the measurements are
sensitive to HDO (C) Fractionation factor R between the D/H ratio representative of water vapour in the lower atmosphere and
that of the photolysis products for the cases of photolysis-induced (black line) and condensation-induced fractionation
(coloured lines). (D) Column-integrated fractionation factor R as a function of latitude for the cases of photolysis-induced (blue
dots) and condensation-induced (yellow dots) fractionation, as well as the combination of the two (red dots). The
condensation-induced fractionation factor is only plotted if the column-integrated photolysis rate using the part of the column
in which the measurements are sensitive to HDO (yellow dots in B) is at least 75% of that calculated when using the whole
column (red dots in B).
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Extended Data Figure 4. Evolution of the water vapour photolysis rates and D/H fractionation factor. A) Latitudinal
coverage of the ACS MIR observations, with the colour of the points representing the column-integrated photolysis rate of H>O.
B) Column-integrated photolysis rate of H>O. C) Column-integrated photolysis rates of H,O above (green dots) and below

(yellow dots) 60 km. D) Column-integrated fractionation factor R for the cases of photolysis-induced (blue dots) and

condensation-induced (yellow dots) fractionation, as well as the combination of the two (red dots).



	References

