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We measured maps of atmospheric water (H.0) and its deuterated form
(HDO) across the martian globe, showing strong isotopic anomalies and a
significant high D/H enrichment indicative of great water loss. The maps
sample the evolution of sublimation from the north polar cap, revealing
that the released water has a representative D/H value enriched by a factor
of about 7 relative to Earth’s ocean (VSMOW). Certain basins and
orographic depressions show even higher enrichment, while high altitude
regions show much lower values (1 to 3 VSMOW). Our atmospheric maps
indicate that water ice in the polar reservoirs is enriched in deuterium to at
least 8 VSMOW, which would mean that early Mars (4.5 billion years ago)
had a global equivalent water layer at least 137 meters deep.

We report maps of water isotopologues (H,O and its deuter-
ated form HDO) across the martian globe, which show
strong isotopic anomalies that are difficult to reconcile with
simple fractionation processes. These maps address funda-
mental unknowns such as the current representative ratio of
D/H in water and how much water was lost over the geolog-
ical life of the planet. Isotopic ratios are among the most
valuable indicators for the loss of volatiles from an atmos-
phere. Deuterium fractionation also reveals information
about the cycle of water on the planet and informs us of its
stability on short- and long-term scales. The vapor pressures
of HDO and H,O differ substantially near the freezing point,
making the condensation/sublimation cycle of the isotopo-
logues sensitive to local temperatures and saturation levels
and to the presence of aerosol condensation nuclei.
Although many maps of H,O do exist [e.g., (I, 2)], and
some of HDO [e.g., (3, 4)], 2-D maps of atmospheric D/H
enrichment on Mars do not. Apart from preliminary 2-D
maps presented at conferences (5), previous mapping at-
tempts to measure D/H provided only 1-D maps of HDO and
H,O based on nearly-simultaneous measurements at
ground-based IR observatories [e.g., (6-9)] or 1-D HDO
maps (ground-based) and quasi-simultaneous H,O meas-
urements taken from Mars orbit via PFS/LW (10). Local iso-
topic ratios such as derived by Curiosity/MSL (II) are
representative of that specific location and time, and may
not represent the actual D/H of atmospheric water on Mars

(see more below), even though
reports of hemispherically aver-
aged D/H in water indicated a
similar value of 5-6 times the
D/H of Earth’s oceans (VSMOW)
(12, 13). Importantly, such isolat-
ed (in time and in space) meas-
urements of D/H in the
atmosphere were typically - but
incorrectly - assumed to be rep-
resentative of the bulk atmos-
phere. Spatially resolved
measurements of D/H at differ-
ent times of day and seasons are
necessary to disentangle local
from global phenomena. Such
maps reveal the true isotopic
ratio of current water reservoirs
with implications for the global
loss of water over geologic time,
and may also assist in the identi-
fication of new sources of water
on Mars.

Currently, the martian at-
mosphere and surface form an
arid and highly inhospitable en-
vironment (14, 15). The upper
layers of soil were heavily eroded
by long-term aeolian activity, and soil chemistry was strong-
ly modified through exposure to energetic photons and par-
ticles that penetrated owing to inadequate magnetospheric
and atmospheric shielding. However, there is ample evi-
dence that ancient Mars was wet and likely hosted habitable
conditions (16, 17). Particularly during the Noachian age (3.6
- 4.5 billion years ago), probably leading to the formation of
rich subsurface aqueous reservoirs. Moreover, the presence
of extensive volcanism likely gave rise to widespread hydro-
thermal activity and to the formation of diverse chemical
environments. Measurements of epithermal neutron fluxes
obtained by Mars Odyssey (I8) suggest the presence of im-
portant near-surface hydrogen concentrations on Mars, and
the Polar Layered Deposits (PLD) are estimated to contain
~21 m global equivalent layer (GEL) of water (19, 20). The
atmosphere acts as a buffer between the exosphere (at the
boundary with outer space) and the main reservoirs of H, C
and O (e.g., regolith and polar caps), with atmospheric iso-
topic/abundance ratios providing key diagnostics for quanti-
fying the exchange among these environments.

The maps reported herein are based on observations of
isotopic water made with high-resolution spectrometers
[CRIRES (cryogenic infrared echelle spectrograph),
NIRSPEC (near infrared spectrograph), CSHELL (cryogenic
echelle spectrograph)] at powerful ground-based observato-
ries [VLT (Very Large Telescope), Keck, and IRTF (InfraRed
Telescope Facility), respectively] (SM-1). This program is
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founded on initial observations performed using NASA’s
Kuiper Airborne Observatory and the Kitt Peak National
Observatory in 1989 (13), and later with IRTF (6, 7). Specifi-
cally we targeted the v; band of HDO near 2720 cm™ (3.7
um), and the 2v, band of H,O near 2990 cm™ (3.3 um) (see
Fig. 1). Spectral lines of these bands on Mars are observable
through our atmosphere when measured from high-altitude
observatories at moderately high Doppler shifts (>11 km s™),
i.e., when Mars’ lines are displaced sufficiently far from the
cores of their counterpart telluric absorbing lines. Observa-
tions of HDO are additionally favored by the large D/H en-
richment present in the martian atmosphere and the strong
D/H depletion in terrestrial air at the high-altitudes of these
observatories (9) which leads to high telluric transmittanc-
es. We obtained greatest sensitivities to HDO and H,O on
Mars by performing observations at times of maximum
Doppler-shifts, typically several months before or after Mars
closest approach to Earth (every ~2 years).

Mapping was achieved by stepping the spectrometer’s
entrance slit across the planet and sampling the planet’s
spectrum at intervals along the slit for each step, leading to
full two-dimensional (E-W and N-S) coverage across the ob-
servable disk (see details in SM-1). The distance between slit
positions was set in accord with observational image quality
(“seeing”), guiding precision, and slit width. For a typical
Mars diameter of 8' ', a slit-width of 0.2’ ' and a “seeing”
of 0.6’ ", a typical map would consist of 11 slit positions
stepped across the planet, with a minimum of 9 positions
for less favorable conditions. For each slit position, abun-
dance measurements are obtained at intervals of 0.6'’
along the slit. The maps are of relatively high spatial resolu-
tion (~500 km near sub-earth positions), and importantly,
each map was obtained within a short time interval (1-2
hours), thereby providing hemi-global snapshots in time
that are critical for investigating the effects of local phe-
nomena (e.g., orographic clouds, planet-scale waves) and
transient processes (e.g., polar releases and diurnal effects).

The data reported herein were collected over several
years and seasons on Mars from March 2008 until January
2014. From this database, we made a localized D/H meas-
urement over the Viking 1 landing site (9) and obtained a
comprehensive search for organics in the martian atmos-
phere (15). Here, we present results from the best datasets
targeting D/H, obtained at times of low telluric water, high-
Doppler shift and maximum spatial coverage (CRIRES: Sep-
tember/8-9/2009, CSHELL: March/25/2008, NIRSPEC: Jan-
uary/24/2014, CRIRES: January/29-30/2014) (see Fig. 2 and
fig. S1). The data spans seasons from late northern winter to
late northern spring on Mars (areocentric longitude or sea-
son Ls = 335°, 50°, 80°, 83°), and samples the critical inter-
val when the northern polar cap sublimates and replenishes
the atmosphere with water.

The highest spectral resolution is achieved with the nar-
row slit (0.2' ") of CRIRES leading to a resolving power of
A/&N ~100,000, while the cross-dispersed feature of

NIRSPEC provides the broadest spectral coverage at a high
resolving power of A/3\ ~40,000. Such broad spectral cov-
erage allows us to sample HDO and H,O with a single
NIRSPEC setting, while measurements with CRIRES and
CSHELL require mappings at two spectral settings (3.7 um
and 3.3 um). Each setting also samples lines of CO, that we
use to establish the total atmospheric column and to quanti-
fy extinction and scattering effects by water ice and dust
aerosols (SM-2). Abundance ratios and column densities for
H,0 and HDO at each footprint are then corrected for local
(spatial and spectral) variations in the co-measured CO,
column, removing an important source of systematic error
that would otherwise affect isotopic measurements. We de-
rive molecular column densities at each footprint by com-
paring the residual spectrum to a synthetic Mars spectrum
(color traces in Fig. 1), itself affected by the monochromatic
telluric transmittance for each spectral line at its Mars
Doppler-shifted spectral position. For this process, we em-
ploy the efficient and robust Levenberg-Marquardt curve-
fitting method, which also provides reliable error estimates
as derived from the measured Jacobians (SOM-1). We typi-
cally obtain high signal-to-ratios (SNR) of ~70 for the HDO
columns with CRIRES, but the precision of the D/H ratio is
defined mainly by the H,O columns. The median accuracy of
the D/H measurements is 0.2, 0.5, 0.8 and 0.4 VSMOW for
the Jan/2014 (CRIRES), Jan/2014 (NIRSPEC), Sep/2009
(CRIRES) and Mar/2008 (CSHELL) observations respective-
ly.

The H,O and HDO disk maps (Fig. 2) reveal strong local
anisotropies and seasonal variability. The slow replenishing
of water vapor in the northern hemisphere as the polar cap
sublimates during northern spring is quite noticeable, in
particular when compared to the baseline measurement in
late northern winter (Ls 335°). Variability of H,O with lati-
tude and season is apparent (Fig. 2), and is generally con-
sistent with previous spacecraft measurements of the water
cycle (21, 22). HDO maps superficially resemble those of
H,O in showing strong variability, but their direct compari-
son reveals strong differences that are most easily seen in
the maps of the ratio of D/H enrichment in water vapor,
relative to Earth’s oceans [VSMOW (Vienna Standard Mean
Ocean Water)].

The maps of D/H enrichment show a remarkably differ-
ent evolution and structure compared with total water, with
an apparent relationship to topography and atmospheric
temperature. Low D/H values are seen at high altitudes
while high D/H values are seen in basins and orographic
depressions. Very low D/H [1-3 VSMOW] appears in the
winter hemisphere, but the spring hemisphere shows much
higher values. The Vapor Pressure Isotope Effect (VPIE),
which produces an isotopic fractionation at condensation
(e.g., cloud formation and frost/ground fog formation),
could explain some of this latitudinal variability, yet the
observed localized (in time and space) anisotropies are cer-
tainly higher than was predicted by current atmospheric
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models (23, 24). For instance, preferential condensation of
HDO could perhaps explain the strong D/H depletion seen
in clouds over Elysium Mons on Jan/24/2014, and similarly
over the Tharsis district as observed in Sep/2009 and
Jan/2014. Interestingly strong clouds are observed over this
region by the MARCI camera onboard MRO (25). As dis-
cussed in (24), Rayleigh distillation would provide the
strongest isotopic fractionation, yet on Mars competition
between condensation and sedimentation may lead to cer-
tain non-equilibrium fractions, while kinetic processes may
enhance or diminish the efficiency of fractionations on Mars
as is observed on Earth (26).

Importantly, our maps reveal notably higher deuterium
enrichment than was found in globally averaged observa-
tions that indicated D/H values of 5.0 + 0.2 VSMOW (13)
and 5.8 + 2.6 VSMOW (12). This difference is expected be-
cause full disk measurements reflect the mean of diverse
regions with high and low D/H revealed by our maps (Fig.
2). Moreover, isolated measurements from a discrete region
may reflect local climatological effects, and so may not rep-
resent the deuterium enrichment of the bulk atmosphere.
For instance, Gale Crater (location of the MSL Curiosity rov-
er) is at the boundary of a strong gradient between two re-
gions of D/H that range from 1 to 7 VSMOW, where local
and seasonal effects may affect retrievals of D/H (Ls 50, Fig.
2). Our value at Gale Crater (6 VSMOW, Ls 50 and 80) is in
good agreement with that derived with the MSL-TLS in-
strument (6 + 1 VSMOW) in late 2012 (1I). However, our
maps reveal that in regions and seasons where both isotopo-
logues are expected to be fully gaseous (equatorial and mid-
latitudes during mid- and late-spring, Ls 50, 83, 80) the at-
mosphere shows high D/H (~7 VSMOW), with some regions
showing strong enrichments reaching 9-10 VSMOW.

Temperature is the main parameter governing isotopic
ratios in an atmosphere, but other factors such as relative
humidity (condensation level), presence of dust particles
(condensation nuclei), and dynamical / transport processes
(e.g., expansive cooling due to vertical lifting) affect the rate
at which condensation occurs for each isotopologue. These
factors impact the observable gas phase D/H ratio (see D/H
correlations with temperature and water column in SM-3).
Models for the seasonal behavior of the D/H ratio on Mars
incorporate some of these effects. Using a 3D general circu-
lation model that included fractionation effects, Montmes-
sin et al. (24) predicted hemispheric variability with a peak
atmospheric D/H value 15% lower than the value assumed
for the polar caps. In general, our results are in agreement
with the predicted level of variability with latitude, but the
strong local anisotropies observed across the planet will
require a more realistic model to account for several clima-
tological processes acting on the isotopologues. Importantly,
our typical atmospheric value (7 VSMOW) implies that the
permanent polar caps contain a D/H of 8 VSMOW, follow-
ing the modeling results in (24).

The great obliquity variations experienced by Mars at

million year intervals (27) should have caused all major ice
reservoirs to vaporize and re-form repeatedly, causing re-
freshed mixing of water from the different repositories at
regular intervals. If so, all near-surface and polar reservoirs
of water on Mars should share a relatively common D/H
ratio. Since we also observe even higher D/H values (above 8
VSMOW) in certain regions, such mixing would suggest that
the current reservoirs of water on Mars contain a higher
D/H than initially thought, and would consequently require
greater loss of water over the planet’s lifetime.

Multiple reservoirs have been proposed to account for
the current inventory of water on Mars, ranging from the
observable polar layered deposits (PLD) (19, 20), to ice-rich
regolith at mid-latitudes (28, 29), near-surface reservoirs at
high-latitudes (30), and sub-surface reservoirs as implied by
gamma ray and neutron observations (31). As nicely sum-
marized by Kurokawa et al. (32), the PLD can be defined as
the minimum estimate of the current inventory of Mars. The
PLD would correspond to 1.4 + 0.3 x 10*® kg of water [or 10
+ 2 m GEL of water for the North polar region (19)] and 1.6
+ 0.2 x 10® kg (11 + 1.4 m GEL) for the South polar region
(20), totaling 21 + 3.4 m for the PLD reservoir. Recent esti-
mates suggest the PLDs contain 17-21 m GEL, with 25-29 m
GEL across all directly measured reservoirs (33). The initial
reservoir of water on Mars (M,) can be estimated from the
current inventory of water on Mars (M.) and its isotopic
ratio (I.) when knowledge of the ancient isotopic ratio (I,)
exists, together with the fractionation escape rate (f) of the
isotopologues, using the relation equation: M,/M. =
(I/I)M1/(1-H]. From HST measurements of D and H
Lyman-alpha emission in the upper atmosphere of Mars,
Krasnopolsky et al. (34), derived a fractionation rate of 0.02.
Usui et al. (35) measured a water D/H of 1.275 VSMOW in
melt inclusions (estimated to be 4.5 Ga old) within the Mars
meteorite Yamato 980459. Taking this value as I, 21 m GEL
as M., our estimate of 8 VSMOW (for the PLD) as I. implies
that Mars had at least 137 m GEL of water 4.5 Ga ago (see
Fig. 3).

This value could be defined as a lower bound for the
original GEL because it is based on the minimum current
water reservoir (PLD) and neglects the young Sun’s high
EUV fluxes (36), that would have lead to unfractionated es-
cape of H and D. If we assume that all currently measured
water reservoirs (25-29 m), including the atmosphere, share
the representative 7 VSMOW enrichment, then the ancient
estimate is 142-165 m, further establishing the 137 m GEL
value as a lower bound. Considering Mars’ current topogra-
phy (37), 137 m GEL water would have covered up to 20% of
the planet’s surface (38). Meteoritic records dated to 4.1 Ga
(39, 40) and clay minerals in Gale Crater (4I) indicate a
much higher D/H than in Yamato 980459, implying that the
loss of water from Mars occurred in stages (32), with a sub-
stantial amount of water being lost in the first 0.5 Ga. Geo-
morphological records on Mars do indicate a wetter past
(up to >2000 m GEL), yet as summarized by Carr and Head
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(38) and more recently confirmed by sub-surface observa-
tions with MARSIS (42), the best estimate is provided by the
Vastitas Borealis Formation (VBF), which implies 2.3 x 107
km? of water (156 m GEL). This estimate is in relatively good
agreement with our value (137 m GEL) as inferred from our
estimate of D/H enrichment (8 VSMOW) in the polar lay-
ered deposits. The difference between the two estimates
would also mean that ~20 m GEL of water are currently
“missing” and could be stored in other proposed water res-
ervoirs (e.g., deep aquifers).

Our D/H maps highlight the importance of obtaining
isotopic measurements on Mars that are both spatially and
temporally resolved in order to separate climatological from
evolutionary effects. Such investigation ultimately leads to a
more accurate estimate of the actual D/H of water reser-
voirs on Mars, and improves both the estimate of water loss
over geologic time and estimates for the “missing” water
that might reside in undiscovered reservoirs. More realistic
estimates on current and ancient fractionation rates [e.g.,
from NASA’s Mars Atmosphere and Volatile Evolution Mis-
sion (MAVEN)] and a larger sample of ancient D/H values
derived from authentic (meteorites) and from drilled and/or
returned samples would better constrain the water invento-
ry on Mars, current and past.
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Fig. 1. Mars high-resolution (/6 ~ 100,000) residual spectra of HDO, H.0 and CO; acquired with
two settings of CRIRES at VLT on January 29t 2014 (Ls: 83°). The data shown were extracted for a
field-of-view (FOV) 0.2" (slit width) x 0.256" (3 pixels along the slit) over Mars’ northern hemisphere
(latitude: 57-69°, longitude: 106-133E°). Spectra from detectors D3 and D4 of each CRIRES setting are
shown; detectors D1 and D2 reveal additional lines of these species (SM-1). Residual spectral deviation
is 0.006 per pixel (1o0). Each martian residual spectrum was derived by subtracting synthetic spectra of
the co-measured telluric and solar absorption features (15), after normalizing to the martian continuum.
Synthetic models for HDO and H;O (red trace) and for CO; (blue trace) are in good agreement with the
measured spectra.
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Fig. 2. Maps of deuterated water (HDO) and water (H.0) and their ratio on Mars, obtained at four
different seasons (from late northern winter to late northern spring). D/H maps (upper row) were
obtained by ratioing the measured abundance of HDO and H,O extracted from maps of the individual
species (lower row), and are presented relative to the D/H value in Earth’s ocean water (VSMOW). The
HDO and H»O data show the progressive enrichment of D/H in the northern hemisphere as the polar cap
sublimes during northern spring. The isotopologue disk maps (HDO, H.,0) also reveal strong local
enhancements and variability but with significant differences between them, associated with global and
local climatology. In particular, low D/H values are observed at regions of low temperature and/or high-
altitude, with high values observed at orographic depressions (e.g., Acidalia Planitia, Utopia Basin).
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Fig. 3. Isotopic enrichment as evidence for global loss of water on Mars. After correcting for local
climatological fractionation of the measured D/H ratio (Fig. 2), the current ratio for D/H in
atmospheric water on Mars is at least 7 VSMOW, implying a D/H ratio of 8 VSMOW in the north polar
reservoir (red curve and right axis). Assuming a fractionation factor f of 0.02, the D/H ratios obtained
from water in Mars meteorites (Yamato 980459, of 4.5 Ga age) imply that Mars' initial water reservoir
was larger than the current water available on Mars by a factor of at least 6.5 (blue curve and left axis).
When considering the current PLD content of 21 m of water, this would imply that at least 137 m GEL
(global equivalent layer) of water was present on Mars 4.5 Ga ago, covering 20% of the planet's
surface.
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