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Long-term drying of Mars by sequestration of
ocean-scale volumes of water in the crust
E. L. Scheller1*, B. L. Ehlmann1,2, Renyu Hu2, D. J. Adams1, Y. L. Yung1,2

Geological evidence shows that ancient Mars had large volumes of liquid water. Models of past hydrogen
escape to space, calibrated with observations of the current escape rate, cannot explain the present-day
deuterium-to-hydrogen isotope ratio (D/H). We simulated volcanic degassing, atmospheric escape,
and crustal hydration on Mars, incorporating observational constraints from spacecraft, rovers, and
meteorites. We found that ancient water volumes equivalent to a 100 to 1500 meter global layer are
simultaneously compatible with the geological evidence, loss rate estimates, and D/H measurements.
In our model, the volume of water participating in the hydrological cycle decreased by 40 to 95% over the
Noachian period (~3.7 billion to 4.1 billion years ago), reaching present-day values by ~3.0 billion years ago.
Between 30 and 99% of martian water was sequestered through crustal hydration, demonstrating that
irreversible chemical weathering can increase the aridity of terrestrial planets.

T
here is abundant geomorphological evi-
dence for large volumes of surface liquid
water early in martian history (1), with
estimated volumes equivalent to a
~100 to 1500 m global equivalent layer

(GEL) (1–4). Liquid water onMars decreased
over geological time; presently, most water is
stored in the polar ice caps or as subsurface
ice. Estimates for the totalmodernwater inven-
tory, in the atmosphere and as ice, total a 20 to
40 m GEL (5–8). The availability of water to
participate in the hydrologic cycles of terrestrial
planets is expected to influence their climate
and habitability. However, the processes that
caused the decline of available water on Mars
are poorly constrained.
Previous studies have suggested that Mars

experienced substantial water loss from at-
mospheric escape, which is supported by the
current atmosphericdeuterium-to-hydrogen iso-
tope ratio (D/H) of 5 to 10 × SMOW (standard
mean ocean water on Earth; D/H at 1 SMOW
is 155.76 × 10−6) (5, 9–11). The D/H value at
~4 billion years ago was 2 to 4 × SMOW, in-
ferred frommartianmeteorites (fig. S1) (12, 13).
Existing models used these observations, com-
bined with assumed atmospheric escape frac-
tionation factors (aescape) of 0.016 to 0.32 during
loss, to estimate integrated atmospheric
escape of at least 10 to 200 m GEL (fig. S1)
(4, 5, 11, 14, 15). These estimates imply an ini-
tial 50 to 240mGEL of water on ancient Mars,
which is consistent onlywith the lower range of
geological estimates (100 to 1500mGEL) (1–4).
This has been interpreted as implying a large,
unknown reservoir of water on present-
day Mars (4).
For present-dayMars, the rate of atmospheric

water loss is measured from the H escape flux

because water vapor dissociates in the atmo-
sphere and its hydrogen escapes. Spacecraft
measurements of the current H escape flux,
1026 to 1027 H atoms s−1, are equivalent to
the escape of 3 to 25 m GEL water across
4.5 billion years (16, 17) and cannot explain
all the water loss. Another potential water
loss mechanism is crustal hydration through
irreversible chemical weathering, in which

water and/or hydroxyl are incorporated into
minerals. Orbital and in situ data show that
widespread chemical weathering has pro-
duced a substantial reservoir of hydrous min-
erals on Mars, potentially totaling hundreds
of meters of GEL in the crust (5, 18). We hy-
pothesized that crustal hydration during the
first 1 billion to 2 billion years decreased the
volume of the hydrologically available water
reservoir, followed by subsequent atmospheric
loss that fractionated the martian atmosphere
to its current observed D/H. We simulated
water loss through geological time to constrain
Mars’ water history and to compare the simu-
lations to D/H data from the Curiosity rover
(5) and laboratory analyses of martian mete-
orites (fig. S1) (12, 13, 19–21).

A hydrogen isotope water reservoir model

We developed a water budget and D/Hmod-
el that integrates water sinks and sources,
including crustal hydration, volcanic degass-
ing, and atmospheric escape (Fig. 1) (5). Most
previous models included only atmospheric
escape (4, 11, 14); one model (15) also included
volcanic degassing. We treat liquid water, ice,
and atmospheric vapor as a single exchange-
able reservoir, an isotopic modeling technique
that was originally developed for carbon
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Fig. 1. Schematic illustration of water sink and source fluxes considered in our simulations. (A) Box
model representation with ranges of integrated water sinks, sources, reservoir sizes, and fractionation factors
adopted in our simulations. The crustal water reservoir is based on rover and remote sensing observations
and represents all unexchangeable subsurface ice, liquid water, and structural water in minerals (5). The
integrated amount of H escape to space is based on measurements of the current flux and KINETICS
calculations of fluxes (figs. S2 and S3). The integrated volcanic degassing is based on thermochemical
models (5, 24). The blue box indicates the exchangeable reservoir, with its properties in blue text. (B) Schematic
representation of our assumptions for the Noachian, Hesperian, and Amazonian periods. During the Noachian,
the fluxes associated with crustal hydration and volcanic degassing are high. These all reduce during the
Hesperian. During the Amazonian, volcanic degassing falls further, and there is negligible crustal hydration
because the water is predominantly solid ice. Ga, billion years ago.
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reservoir models (22). We assume that liquid
and solid phases, not vapor, dominate the ex-
changeable reservoir and that fractionation
between them is negligible [the fractionation
factor is aice-liquid = 1.02 (23)]. Our simulations
are constrained so that the exchangeable reser-
voir can never be negative andmust reproduce
20 to 40 m GEL water today. The initial ex-
changeable reservoir size (Xex,0)—the ancient
hydrologically available water inventory—is a
free parameter except during sensitivity analy-
ses. We determined permitted ranges of source
and sink fluxes for crustal hydration (Fcrust),
volcanic degassing (Fvolcanic), and atmospheric
escape (Fesc) during the Noachian (~4.0 billion
to 3.7 billion years ago), Hesperian (~3.7 billion
to 3.0 billion years ago), and Amazonian
(~3.0 billion years ago to present) periods of
martian geological history following observa-
tional and previous model constraints (Fig. 1
and table S1) (5). Models were evaluated by
their ability to reproduce theD/Hof thepresent-
day exchangeable reservoir (Rex,end) of 5 to 10 ×
SMOW. We also compared our simulation re-
sults with a compilation of Curiosity rover
Sample Analysis at Mars (SAM) data sets that
recorded a D/H composition range of 3 to 5 ×
SMOW for gas released fromHesperian sam-
ples during high-temperature (>374°C) com-
bustion experiments (5).
We calculated a permitted range of Fcrust

from measurements of water wt % in Mars
surface materials and global remote sensing
observations of hydrated minerals. The mass
fraction of crustal water is based on rover
measurements from Gale crater, orbital global
infrared and neutron spectrometer data, and
measurements of the NWA 7034 martian
meteorite (0.5 to 3 wt %water) (5). The volume
of the crustal reservoir is based on orbital mea-
surements of clay exposure depths in the Valles
Marineris canyon and craters 5 to 10 km in
depth (5, 18). We adopted permitted ranges
of 100 to 900 m GEL of water in Noachian-
aged crust and 10 to 100 m GEL of water in
Hesperian-aged crust on the basis of this anal-
ysis (table S1) (5, 18). Although Fcrust is based
on observations of hydrated minerals, we con-
sidered crustal water as a single reservoir rep-
resenting any combination of ice, liquid, and
structural water, formerly participating in
the hydrologic cycle, that now no longer
exchange isotopes with the exchangeable
reservoir.We determined Fvolcanic using previous
thermochemical models of the martian man-
tle (24). Different parameterizations of those
models (24) predict outgassing of a 10 to 120m
GEL of water from volcanic processes since
4.1 billion years ago (5, 24). We considered
Noachian and Hesperian Fesc values between
1025 and 1030 H atoms s−1 and adopted the
measured current escape rate of 5 × 1026 H
atoms s−1 for the Amazonian (table S1) (5). We
compared these escape fluxes with simulations
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Fig. 2. Simulated D/H evolution for different assumptions of crustal hydration and atmospheric escape
rates. (A to C) The evolution of the D/H of the exchangeable reservoir in our simulation. Most parameters,
including Xex,0, are fixed; Rex,end is a free parameter to visualize the model sensitivity. The colored lines show
results for different assumptions of the flux rates. The large range of D/H measurements from meteorite, rover,
and telescope observations are indicated with gray rectangles (fig. S1). (A) Effects of increasing the Noachian
escape flux (Fesc,N). (B) Effects of increasing the Hesperian escape flux (Fesc,H). (C) Effects of increasing the
Noachian (Fcrust,N) and Hesperian (Fcrust,H) crustal hydration fluxes. When Fcrust,N increases, the exchangeable
reservoir becomes smaller, inducing larger fractionations during the Noachian. When Fcrust,H increases, the allowed
values of Fcrust,N decrease, causing less fractionation during the Noachian.
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using theone-dimensional (1D) photochemical
model KINETICS (25, 26) with adopted past
solar extreme ultraviolet flux, variable atmo-
spheric pressures, and mesospheric and sur-
face temperatures (table S2) (5).

Controls on D/H and water loss

In our model, stepwise mixing between the
exchangeable reservoir and the depleted vol-
canically outgassed water vapor (0.8 to 2 ×
SMOW) (fig. S1 and table S1) (5, 19, 27) causes
the D/H of the exchangeable reservoir to de-
crease (5).We do not include fractionation asso-
ciated with degassing or its redox sensitivity
because these are negligible compared with
the large range of potential D/H compositions
of the volcanic gas inferred from meteorites
(5). Atmospheric escape causes D/H of the
exchangeable reservoir to fractionate toward
heavier values, which we modeled through
stepwise Rayleigh distillation, a common iso-
topic reservoir modeling technique, at each
10-million-year time step with an aescape of
0.002 to 0.32 (28–30). The fractionation
factor between smectite, the most common
hydrated mineral found onMars, and water
[asmectite�H2O ¼ 0:95(5)] is used in the stepwise
Rayleigh distillation model as a first-order ap-
proximation of fractionation through crustal
hydration (table S3) (5); we found that this
fractionation is minor compared with that
caused by atmospheric escape.
The D/H of the exchangeable reservoir in-

creases during the Noachian in all our simu-

lations, and through the Hesperian in most
of them, because of a combination of crustal
hydration and atmospheric escape (Figs. 2 and
3). Higher Fesc,N and Fesc,H increase D/H frac-
tionations of the exchangeable reservoirs (Fig.
2, A and B). We found that the Noachian and
HesperianH escape flux ranges that satisfy the
model constraints (fig. S2) have a wide allow-
able range, ~0.1 to 1000 times the current 5 ×
1026 H atoms s−1 escape flux. Independently,
our KINETICS photochemical simulations (5)
produced the same range (~1025 to 5 × 1029 H
atoms s−1) (fig. S3). We considered multiple
scenarios, including (i) a range of standard
ancient Mars conditions, (ii) high-altitude
water injection [60 parts per million (ppm)
at 100 km], and (iii) fixing a surface H2 mixing
ratio of 10−3, which is higher than present-day
levels of 10−5 (26). The maximumKINETICS-
permitted escape flux (~5 × 1029 H atoms s−1)
and our D/H model maximum permitted flux
(4 × 1029 H atoms s−1) match the diffusion-
limited escape of 5 × 1029 H atoms s−1 that
we calculated using equations from (31). The
injection of high-altitude water and increased
surface H2 concentrations both increase the
production of high-altitude H2; one or both
would be required for loss fluxes 100 to 1000
times higher than that of the present (fig. S3).
Crustal hydration during early Mars history

also increases D/H fractionation of the ex-
changeable reservoirs, with the permitted
range of Fcrust,N depending on the assumed
Fcrust,H (Fig. 2C). This is primarily because

higher Fcrust,N decreases the exchangeable
reservoir size, not because of the fractionation
[asmectite�H2O ¼ 0:95 (5)] associated with clay
formation. Because the exchangeable reser-
voir is reduced through crustal hydration, less
atmospheric escape is needed to produce the
modern D/H of the atmosphere. During the
Noachian, decreasing exchangeable reservoir
size and increasing D/H are a feature of all of
our simulations. Changes to the assumed timing
of the boundary between the Noachian and
Hesperian (tN-H) and balance of Fcrust,N to
Fcrust,H only slightly affect the Noachian D/H
fractionation (Figs. 2C and 3C). During the
Amazonian, the exchangeable reservoir size
is low, and its D/H increases slightly in all
our simulations because of the lack of crustal
hydration, low H escape flux (assumed equal
to the present rate), and a low volcanic de-
gassing flux (Figs. 2 and 3). By contrast, the
D/H evolution during the Hesperian is less
well constrained becausemodelswith low total
volcanic outgassing (10 to 20 m GEL) result
in D/H increases, whereas models with high
outgassing (60 to 120 m GEL) result in D/H
decreasing or staying approximately constant
(Fig. 3, A and B). The amount of volcanic
degassing controls the required sizes of Fcrust
and Fesc for different Xex,0 to reproduce the
present-day D/H (Rex,end) (figs. S4 to S6). Evo-
lution of HesperianD/H is also sensitive to the
absolute timing of the debated (5) boundary
between theHesperian andAmazonian periods
(tH-A) because in our model, that boundary sets
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Fig. 3. Simulated D/H evolution for different assumptions of the volcanic
outgassing as a function of time. (A) Adopted volcanic models (5, 24).
The Mantle Plume model (24) assumes an initial mantle water content (fmantle)
of 100 ppm (dark blue) or 1000 ppm (purple). The alternative Global Melts
model (24) assumes fmantle is 100 ppm (red) or 300 ppm (light blue). (B) The
evolution of the D/H ratio in the exchangeable reservoir from an average of
simulations with each assumed volcanic model. Line colors are the same as in
(A), and gray boxes are the same as in Fig. 2. Line styles refer to assumed D/H
composition of volcanic gas [dashed, 0.8 × SMOW (27); solid, 1.275 × SMOW

(47); and dotted, 2 × SMOW (19)]. (C) Evolution of the D/H in the exchangeable
reservoir for average of simulations with different assumptions of volcanic
model and age of the Noachian-Hesperian boundary (tN-H) and the Hesperian-
Amazonian boundary (tH-A) (5). These transition ages control when Fesc and
Fcrust values change under our assumptions for the Noachian, Hesperian, and
Amazonian periods (5). Line colors are the same as in (A). Line styles refer to the
assumed timing of tN-H and tH-A (solid, standard boundary ages where tN-H is
3.7 Ga and tH-A is 3.0 Ga; dashed, tN-H is moved to 3.5 Ga; dotted, tH-A is moved
to 1.5 Ga). In these simulations, Rex,end is allowed to vary.
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the hydration and volcanic flux magnitudes
(Fig. 3C).

Crustal hydration as a water sink

Considering the simulations over our whole
parameter space, we found that the amounts
of water lost through crustal hydration and

atmospheric escape vary in ratios ranging
from 3:8 to 99:1 (Fig. 4 and figs. S4 to S6),
which is equivalent to ~30 to 99% of initial
water being lost through crustal hydration
(5). The maximum proportional contribution
of atmospheric escape occurs when the vol-
ume of the crustal water reservoir isminimum

and vice versa. Any larger proportional escape
would produce D/H heavier than the present-
day observed value (>10 × SMOW). However,
the absolute allowed volumes of integrated
crustal hydration and atmospheric escape are
dependent on the size of the initial exchange-
able reservoir (figs. S4 to S6). For some of our
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Hesperian ocean (40)

Fig. 4. Compilation of relative reservoir sizes through time from all our
simulations. (A to D) Model simulations with minimum and maximum possible
atmospheric escape fluxes (Fesc) and crustal hydration fluxes (Fcrust) within
allowed parameter space and simulation constraints, where the exchangeable
reservoir D/H of 5 to 10 × SMOW must be reproduced. (A) Evolution of minimum
(blue line) and maximum (red line) Fesc within the constrained simulation space
through geological time. (B) Evolution of minimum (red line) and maximum
(blue line) Fcrust within the constrained simulation space through geological time.
[(C) and (D)] Size evolution of three simulated reservoirs through geological time
shown as a cumulative percentage. Colored areas indicate the time evolution
within the exchangeable reservoir (blue), crustal reservoir (green), and water

escaped to the atmosphere (purple). (C) The scenario in which Fesc is minimized
and Fcrust is maximized. (D) The scenario in which Fesc is maximized and Fcrust
is minimized. (E) Upper and lower bounds on sources and sinks from Fig. 1 through
time derived from our simulations (black, volcanic degassing source; green,
crustal hydration sink; purple, atmospheric escape sink) (5). (F) The range of
exchangeable reservoir sizes (teal) permitted by our simulations. For comparison,
we show the reservoirs derived by previous studies (gray rectangle) (4, 11, 14, 15)
and ocean sizes based on geomorphological evidence (dashed lines) (1–3, 40).
Our preferred simulation scenario is shown as a solid white line. Noachian (N),
Hesperian (H), and Amazonian (A) time intervals used in model are shaded in blue,
green, and red, respectively.
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model solutions, no difference in the average
atmospheric escape flux relative to the present-
day flux is required to account for the observed
increase in D/H and decrease in the exchange-
able water reservoir (Fig. 4 and figs. S3 and S4).
Both the maximum and minimum escape-to-
space cases (Fig. 4 and figs. S4 to S6) occur with
intermediate assumed initial exchangeable res-
ervoir volumes (~500 m GEL).
Accounting for water loss through both

crustal hydration and atmospheric escape
(figs. S4 to S6) resolves the apparent contra-
diction between the estimates of integrated
H escape, the D/H of present-day Mars, and
geological estimates of a large and ancient
exchangeable reservoir (1, 4). These can be
reconciled because the amount of atmospheric
escape needed for the atmosphere to reach the
present-day D/H is reduced by the removal
of large initial water volumes through crustal
hydration. Ourmodels require larger Noachian
exchangeable reservoirs (100 to 1500 m GEL)
than those of previous work (50 to 240 m
GEL) because we include crustal hydration

(Fig. 4F). The whole parameter space allows
for initial exchangeable water reservoirs of
100 to 1500 m GEL at 4.1 billion years ago,
20 to 300 m GEL at the Noachian-Hesperian
boundary, and a near-constant 20 to 40 m
GEL throughout the Amazonian (Fig. 4F).
We chose a preferred solution on the basis
of observational constraints on the parameter
space (Table 1 and Fig. 4F). In this preferred
simulation, the Noachian and Hesperian H
escape fluxes are twice that of today: Fesc,N =
Fesc,H ~ 1027 H atoms s−1. The KINETICS simu-
lations indicate that the most probable long-
termHescape fluxwas similar to that of today,
although there may have been enhancements
of shorter duration, such as during dust storms
or surface fluxes of H2 from geologic pro-
cesses (figs. S2 and S3) (5). In the preferred
model, crustal hydration removes 500 m
GEL and 50 m GEL during the Noachian
and Hesperian, respectively, corresponding to
roughly 3 wt %H2O in Noachian crust of 5 km
thickness and 1 wt % H2O in Hesperian crust
of 1 km thickness (18). This is compatible with

the range of present-day water contents and
crustal reservoir depths measured from orbit
and rovers (5). Fvolcanic is assumed on the basis
of volcanic degassing simulations (24), which
themselves assumed fmantle = 100 ppm on the
basis of meteorite measurements (5). This is
compatible with observational constraints on
crustal production rates and water contents
of martian meteorites (5). Our preferred simu-
lation is therefore similar to the minimum es-
cape case shown in Fig. 4C. These simulations
adopt Rex,0 = 4 × SMOW on the basis of mete-
orite measurements (5) and produce a present-
day D/H of ~5.3 × SMOW.

Consequences for Mars evolution

If the planet accreted with 0.1 to 0.2 wt %
water (32), the large Noachian exchangeable
reservoirs predicted by the model are consist-
ent with Mars primordial water volumes. A
martian primordial volume of >1100 m GEL
(potentially thousands ofmeters of GEL) could
have been produced by catastrophic outgas-
sing of the mantle (~500 to 6000 m GEL)
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Table 1. Summary of parameters assumed or calculated in our preferred scenario. We list the assumed parameter values for our preferred simulation
(Fig. 4F) and our reasoning for each choice. This preferred simulation reproduces a D/H composition of ~5.3 × SMOW for the present-day atmosphere and an
initial exchangeable reservoir size of ~570 m GEL. Myr, million years.

Variable Meaning Value Units Reasoning

Calculated
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Rex,end D/H of present-day
exchangeable reservoir

~5.3 × SMOW N/A Calculated result of our preferred model

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Xex,0 Initial size of
exchangeable reservoir

~570 m GEL Calculated result of our preferred model

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Assumed
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Rex,0 Initial D/H of
exchangeable reservoir

4 × SMOW N/A D/H measurements of ALH84001 (13)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Rmantle D/H of mantle 1.275 × SMOW N/A D/H measurements of meteorites (47)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

asmectite�H2O D/H fractionation factor between
smectite and water

0.95 N/A Literary review of geochemical experiments
(table S2) (5)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

aescape D/H fractionation factor
of atmospheric escape

0.16 N/A Photochemical model result (29)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Xex,end Present-day size of
exchangeable reservoir

20 to 40 m GEL A range of remote sensing evidence (5)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fcrust,N Rate of water drawdown by crustal
hydration during the Noachian

1.25 m GEL Myr−1 Intermediate value based on
remote sensing evidence (5, 18)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fcrust,H Rate of water drawdown by clay
formation during the Hesperian

0.07 m GEL Myr−1 Intermediate value based on
remote sensing evidence (5, 18)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

fmantle Water content of mantle 100 ppm Most commonly adopted meteorite
measurements (5, 24)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fvolcanic Rate of volcanic degassing of H2O Time-dependent fluxes m GEL Myr−1 Compiled from two thermal evolution models (24)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fvolcanic,A Rate of volcanic production after 2.5 Ga 2 × 10−4 m GEL Myr−1 Geological remote sensing evidence (5)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fesc,A Present-day H escape flux 5 × 1026 H atoms s−1 Spacecraft measurements (5, 16)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fesc,N H escape flux during the Noachian 1027 H atoms s−1 Modeled in this study (figs. S2 and S3) (5)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fesc,H H escape flux during the Hesperian 1027 H atoms s−1 Modeled in this study (figs. S2 and S3) (5)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

tN-A End of deep, Noachian
crustal alteration

3.7 Ga Most commonly adopted age (5)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

tH-A End of shallow, Hesperian
crustal alteration

3.0 Ga Most commonly adopted age (5)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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(33, 34), delivery of water through impacts
(600 to 2700 m GEL) (35), and/or capture
of gasses from the protoplanetary disc (36).
However, the high hydrogen loss rates indi-
cated by the D/H at 4.1 billion years ago re-
corded within meteorites (4, 11) and possible
evidence for hydrodynamic escape in xenon
isotopes (37) suggest that a large part of the
primordial atmosphere and water were lost
during the pre-Noachian period. Our proposed
volumes of a 100 to 1500 m GEL during the
early Noachian are within the lower end of
these predicted primordial volumes and
would therefore be compatible with the loss of
a large part of the primordial atmosphere.
After loss of the primordial atmosphere,
isotope measurements of carbon and argon
suggest that loss of a large fraction of these
elements from the remaining martian atmo-
sphere and the reservoirs that exchange with
the atmosphere would have occurred after
4.1 billion years ago (22, 37–39). Thismatches
our proposed trajectory of water loss within
the exchangeable reservoir, which is reduced
by 80 to 99% after 4.1 billion years ago within
our model simulations.
Our modeled initial reservoirs are also con-

sistent with geological estimates of Noachian
and Hesperian surface water volumes. A 100 to
150-m GEL ocean during the Hesperian (1, 40)
has been suggested from geomorphological
observations and is compatible with our pre-
ferred simulation. A larger 550 m GEL ocean
that has been suggested at the Noachian-
Hesperian boundary (3) is possible in simula-
tions inwhichFcrust andFesc are bothmaximized
in the Noachian and Hesperian, requiring the
initial exchangeablewater reservoir at 4.1 billion
years ago to be a ~1500 m GEL (Fig. 4F). Even
larger oceans of 1000 to 1500mGEL have been
proposed on the basis of geomorphology (1, 2);
these would be permitted only in certain simu-
lation scenarios during the early Noachian and
not later epochs (Fig. 4F).
Our models are compatible with the major

observed trajectories of the martian climate. A
high-volumeNoachian exchangeable reservoir
is consistent with geomorphological evidence
for large volumes of Noachian surface waters
and observed widespread hydrated mineral
formation. Aqueous alteration of the crust
could have produced periods of warmer and
wetter climates (supplementary text) (41–43)
through accumulation of H2 in the atmosphere
(figs. S4 to S6). In cases in which atmospheric
escape dominates water loss over the crustal
hydration sink, H loss could be balanced by
atmospheric oxygen escape (18 to 58 m GEL)
and crustal oxidation (~30 to 380 m GEL)
(supplementary text). However, in cases in
which crustal hydration dominates water
loss, short-term accumulation of H2 could
have occurred (supplementary text). In our
KINETICS simulations, the accumulation of

H2 in the atmosphere results in increased H
escape flux (fig. S3) (5).
The permitted parameter space of our D/H

model allows either (i) a Hesperian exchange-
able reservoir thatwas initially large but smaller
than the Noachian reservoir (≤300-mGEL) and
decreased or (ii) a Hesperian reservoir that was
similar to present-day levels of a 20 to 40 m
GEL (Fig. 4F). In case (i), the Hesperian may
have had sustained periods of warm and wet
climate, which could have caused chemical
weathering on a global scale and potential-
ly formed an ocean (1, 40). In case (ii), the
Hesperian climate was likely similar to the
Amazonian climate, with the exception of few
local and short-lived instances of surface liq-
uidwater reservoirs (44). During theAmazonian
period, the low H escape flux and low volcanic
degassing flux counter each other, producing
low model water availability within the ex-
changeable reservoir that is consistent with
geomorphological and mineralogical evidence
of an arid climate (Fig. 4F) (31, 45).
Crustal hydration would produce a buried

water reservoir with a composition reflecting
that of the Noachian exchangeable reservoir of
~2 to 4 × SMOW. Martian meteorites that
are 1.6 billion to 0.1 billion years old have D/H
values of ~2 to 3 × SMOW (20, 21). Previously
proposed explanations include a distinct sub-
surface fluid reservoir, mixing between low–
D/H igneous and high–D/H present-day
atmospheric material, or terrestrial contam-
ination (20, 21). We suggest that exchange be-
tween younger igneous rocks and fluids derived
from hydrated Noachian (~2 to 4 × SMOW)
crust could account for the intermediate D/
H in these meteorites.

Comparative planetary evolution

We conclude that the increasing aridity of
Mars over its history was caused by the sink of
chemical weathering of the crust (Fig. 4), which
was recorded in the widespread Noachian hy-
dratedminerals on the planet’s surface (18). On
Earth, crustal hydration also occurs, but plate
tectonics enables recycling of crustal water
that is eventually outgassed to the atmosphere
through volcanism (46). This has facilitated
sustained participation of water in the hydro-
logic cycle throughout geological history on
Earth (46). The ancient age of most hydrated
minerals (45) indicates that any such recycling
did not persist on Mars. Irreversible chemical
weathering therefore plays a role in regulating
the habitability of terrestrial planets by con-
trolling the time scales of sustained participa-
tion of water in the hydrologic cycle.
Our model makes testable predictions for

D/H measurements of the rock and ice record
(Figs. 2 and 3): a substantial long-term secular
increase in D/H over the Noachian and poten-
tially Hesperian, with little change over the
Amazonian. Under a variable climate, our

model also indicates that the geological record
might contain evidence of short-term D/H
cyclicity: Transient warm periods with greater
atmospheric H2O (42) would periodically in-
crease crustal hydration and escape flux, rapid-
ly increasingD/H,whereas during cold periods,
the D/Hwould decrease or increase slowly, de-
pending on the balance between volcanic de-
gassing and atmospheric escape.
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