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A time-dependent theory for the evolution of water on Mars is
presented. Using this theory and invoking a large number of
observational constraints, I argue that these constraints require
that a large reservoir of water exists in the Martian crust at depths
shallow enough to interact strongly with the atmosphere. The
constraints include the abundance of atmospheric water vapor,
escape fluxes of hydrogen and deuterium, DyH ratios in the
atmosphere and in hydrous minerals found in one Martian mete-
orite, alteration of minerals in other meteorites, and fluvial fea-
tures on the Martian surface. These results are consonant with
visual evidence for recent groundwater seepage obtained by the
Mars Global Surveyor satellite.

G iven the low temperature and pressure at the surface of
Mars, the existence of liquid water at shallow depths was

considered once to be impossible at the present epoch. Never-
theless, the Mars Orbiter camera on the Mars Global Surveyor
spacecraft apparently has produced the first visual evidence of
recent transport of a fluid, presumably water, from the interior
to the surface of Mars (1). These observations actually are the
culmination of a series of discoveries strongly suggesting the
presence in the Martian crust of liquid water that interacts
efficiently with the atmosphere. This evidence involves the
presence of modified minerals in Martian meteorite samples that
require the intervention of liquid water (2–4) and, in particular,
measurements of the DyH ratios in hydrous minerals created
hundreds of millions of years ago (5) that can be virtually
identical with the atmospheric DyH ratio at the present time
(6).† It has been argued that this surprising result requires
efficient exchange of water between the atmosphere and an
underground reservoir containing much more water than the
atmosphere, such that the amount of hydrogen and deuterium
lost by escape from space over the past several hundred millions
of years is small compared with that in the underground (or
polar-cap) reservoirs (7, 8). On the other hand, to account for the
amount of isotopic fractionation in atmospheric water vapor,
very large escape fluxes at very early times and a water supply
hundreds of meters deep, sufficient to create fluvial features,
were required. In this paper, a time-dependent treatment of
hydrogen and deuterium evolution, developed for a study of the
evolution of water on Venus (9), will be applied to the Martian
problem. A model that explains the evolution of Martian water
adequately must be able to account for the near equality of DyH
ratio in contemporaneous water vapor and water of hydration in
minerals formed many hundreds of million years ago, the
presence of crustal liquid water capable of modifying other
crystals in Martian meteorite samples, today’s atmospheric DyH
ratio, and the presence of enough water at early times to account
for surface fluvial features. It is desirable also that the model be
insensitive to the relative efficiency of D and H escape and the
DyH ratio in primitive Martian water. I shall argue that satisfying
these constraints excludes a large number of mechanisms that
might account for the present DyH ratio in favor of one involving
efficient exchange of water between atmosphere and crust now
and in times past.

Evolution of Hydrogen on a Planet. General considerations. The
evolution of hydrogen and deuterium on a planet under certain
circumstances can be described by the relationships

HyHo 5 e 2 kt 1 ~PlykHo!~1 2 e 2 kt!, [1]

DyDo 5 e 2 fkt 1 ~RsyRo!~Plyff!~1 2 e 2 fkt!, [2]

where H and D are the total column abundances of hydrogen and
deuterium in all forms, such as H2O, HDO, H2, HD, H, and D;
f is the hydrogen escape flux; f, the fractionation factor, is the
relative efficiency of D and H escape; and P1 is the strength of
endogenic and exogenic sources of H with DyH ratio Rs. Ro is the
initial DyH ratio in the reservoir. It is necessary to assume that
f is constant and that the escape flux f is proportional to H at
a constant ratio k,

k 5 fyH, [3]

for the relationships in Eqs. 1 and 2 to hold (9). k can be
evaluated if the flux f1 and the size of the reservoir H1 are known
at any given time, i.e., today. Under these circumstances, the time
for an enhancement r in the DyH ratio R relative to Ro to be
attained (9, 10) is given by

r 5
~HoyHl!~flyPl!e 2 fkt 1 ~RsyRof!~1 2 e 2 fkt!

~HoyHl!~flyPl!e 2 kt 1 ~1 2 e 2 kt!
, [4]

which means

tl > ln@r 1 ~Plyfl!~r 2 RsyRof!y~1 2 Plyfl!#yk~1 2 f!. [5]

Comet fluences on the terrestrial planets seem to be small
enough (9, 11–13) that P1yf1 can be taken to vanish as far as
exogenic sources are concerned. Eventually, I shall consider
cases in which endogenic sources on Mars might be appreciable.
If P1yf1 vanish

tl 5 ~ln r!yk~1 2 f!, [6]

tl 5 Hl~ln r!yfl~1 2 f!. [7]

Thus, the size of the present hydrogen or water reservoir, H1, can
be determined if r, f, and t1 are known. Conversely, t1 can be
determined if the size of today’s reservoir H1 and the fraction-
ation factor f are specified. With k constant, Ho can then be
calculated from Eq. 1 as a function of f.

Earth. In the case of Earth, the escape flux, 2.7 3 108 cm22zs21

(14), is so small compared with the size of the reservoir, which
is the ocean, that

k 5 4.7 3 107 Myr 2 1. [8]

Abbreviations: Myr, million years; Gyr, billion years.
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In 4,500 million years (Myr), the enhancement in DyH is
given by

ln r 5 2 3 10 2 3 ~1 2 f!, [9]

and r lies between 1.0015 and 1.002, no matter what the relative
efficiency of D and H escape f may be.

Venus. I have recently discussed the case of Venus (9). r is very
large—about 150 if Ro is the same as in terrestrial water.
Uncertainty in the H and D escape fluxes is still so great,
however, that this high level of fractionation may require an early
hydrogen reservoir Ho amounting to 150 to 225 m of water at a
time t1 of about 4 billion years (Gyr). On the other hand, it might
mean that today’s water appeared on the surface only about 500
Myr ago and that Ho was only about 5 m. Thus, the water present
today with its very high fractionation ratio might be the remnant
of the global-resurfacing event several hundred million years
ago.

Mars. The case of Mars is considerably more complicated than
that of the other two terrestrial planets on which water is present.
Instruments on the Mariner and Viking spacecraft measured the
density and temperature of hydrogen gas at the Martian exobase
(15, 16) and the amount of water vapor above the surface in the
atmosphere (17).‡ These measurements revealed that hydrogen
was escaping from Mars by the Jeans mechanism at the rapid
(globally and solar-cycle averaged) rate of 2.4 3 108 cm22zs21

(18), whereas the average atmospheric burden of water vapor
was a meager 10 per mm. Actually, the Jeans loss rate, although
large, provides only a lower limit to the total escape flux, because
other, nonthermal modes of escape may also be important, as
they are on Earth and Venus, where they dominate. Still, at the
Jeans rate alone, water escapes from Mars at an annual rate of
about 155,000 tonne. [Oxygen accompanies the escaping hydro-
gen in a nonthermal process at the rate of about one atom lost
for every two hydrogen atoms (19, 20).] The lifetime of the
atmospheric water vapor, with a global burden of 1.4 3 109

tonne, is thus only 8,800 yr. Furthermore, the DyH ratio in
atmospheric water vapor is (8.1 6 0.3) 3 1024 or (5.2 6 0.2) 3
SMOW, the ratio in standard mean ocean terrestrial water (6).†
This modest fractionation state would have been attained in a
very short time by Rayleigh fractionation if this atmospheric
sample has been isolated from its source and originally had a
DyH ratio 1 or 2 times that of SMOW. If H1 is only 1025 m, and
f1 is 2.4 3 108 cm22zs21, then

k 5 flyHl 5 113 Myr 2 1. [10]

The value of f for Mars is controversial. Yung et al. (21)
calculated a fractionation factor of 0.32 for Jeans escape; Kras-
nopolsky et al. (22) have concluded, from measurements of D
Lyman-a, that it is only 0.02. It also seems from studies of the
DyH ratio for water of hydration in Martian meteoritic hydrous
minerals that Ro may be approximately twice as large as the DyH
ratio in standard mean ocean terrestrial water (23). Hence, r may
be as small as 2.6. In this paper I shall let f be a parameter with
values in the range 0.02 to 0.4 and consider two values for r, 5.2
and 2.6. From Eq. 5 it follows that t1 is only between 15,000 and
24,000 yr if r is 5.2, or between 8.3 and 14,000 yr if r is 2.6. The
initial amount of water, from Eq. 1, would have been 54–150 mm
in the first case and 25–50 mm in the second. Thus, if the water
vapor in the atmosphere today was produced by a singular event
that released water, normally immobilized as ice, into the
atmosphere, that event must have occurred very recently and
involved the release of only 10-100 mm of water vapor. This result
is a consequence of the large magnitude of the escape flux

compared with the atmospheric hydrogen burden and the mod-
est amount of fractionation that has occurred.

If, on the other hand, the atmospheric water vapor is com-
municating with a large reservoir somewhere on the planet
continuously or at a sufficiently high frequency that the DyH
ratio in the atmosphere and that in the reservoir are effectively
the same at any given time, the situation becomes very different.
In view of the short lifetime of today’s atmospheric water vapor,
it follows that this exchange between atmospheres and reservoirs
needs to occur at an effective period that is short, perhaps as low
as 104 yr. If there should be a subsurface liquid supply that vents
regularly enough to the atmosphere, this condition could readily
be satisfied. In this case, the relationship in Eq. 5 in the form

Hl 5 tlfl ~1 2 f!yln r [11]

gives the size of the present reservoir in meters. If fractionation
has been going on with a constant decay constant k for, say 4 Gyr,
then

Hl 5 4.5 ~1 2 f!yln r [12]

is somewhere between 1.6 and 2.7 m for r 5 5.2 and between 2.8
and 4.6 m if r 5 2.6 (Fig. 1). Eq. 1 then requires Ho, 4 Gyr ago,
to have been between 2.6 and 15 m on the one hand, or 14 and
12.3 m on the other (Fig. l). Notice that, with a given escape flux
and fractionation factor, the more modest fractionation requires
a larger reservoir H1 at present but a smaller one originally. The
ratio HoyH1 is small enough and k is large enough that the same
value of Ho is obtained from the classic Rayleigh fractionation
relationship

~HoyHl! 5 r1y~1 2 f! [13]

as from Eq. 1.

Hydrous Minerals of the Shergotty, Nakhla, and Chassigny (SNC)
Meteorite Class. There is compelling evidence, indeed, that the
water of the crust is in the liquid phase (2–5). Alterations of
minerals in the crust manifested in Martian meteorite samples
can be caused only by liquid water. Furthermore, it seems that‡Barker, E. S. (1974) Bull. Am. Astron. Soc. 6, 371 (abstr.).

Fig. 1. The log of the globally averaged depth of water stored in the Martian
crust today (H1) and at early times Ho for two values of r, the ratio of DyH in
today’s atmospheric water vapor to the primordial ratio (2.6 and 5.2). These
results are for a simple unconstrained escape of hydrogen with a constant
ratio of escape flux to H, the depth of the hydrogen supply.
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this crustal water is exchanging efficiently with the atmosphere.
Evidence for such an exchange has been provided by the study
of the DyH ratio in hydrous minerals, particularly apatite, in the
Martian meteorite Zagami (5). The DyH ratio in the water of
hydration is not more than 4% below the present atmospheric
ratio and may be taken to be arbitrarily close to that ratio, even
though the intrusion and crystallization that produced the
minerals occurred between 0.18 and 1.3 Gyr ago (5, 7, 8). In
calculating the volume of the liquid reservoir, it was assumed that
the escape flux was constant and at today’s level for the entire
period since crystallization. The present treatment permits the
escape flux to follow the amount of water present at a constant
ratio k. The liquid crustal reservoir implied by any assumed
fractionation r, 1.04 or smaller, during the time tz since crystal-
lization, follows again from the relationship in Eq. 11, with t1
replaced by tz 5 1,300 or 180 Myr. Thus,

Hl 5 0.412 ~1 2 f!yln r [14]

for tz 5 180 Myr, and

Hl 5 2.98 ~1 2 r!yln r [15]

for tz 5 1.3 Gyr.
Hz can be calculated from Eq. 1 and Ho from Eq. 13. The

results as a function of f are shown in Figs. 2 and 3 for tz 5 1.3
and 0.18 Gyr, two values for r(tz) of 1.01 and 1.04 and two values
for the overall fractionation of 2.6 and 5.2. If tz is as long as 1.3
Gyr, very large contemporary reservoirs in the range of 50–250
m are required, as are primordial depths between 200 and 2,000
m. If r(tz) is as small as 1.01 and f is 0.3 or larger, similarly large
amounts of water are implied, even if tz is only 180 Myr (Fig. 3).
Thus, early underground reservoirs able to supply the water
needed to produce valley networks and catastrophic flood
channels (24, 25) not only are consistent with the consequences
of the Zagami and atmospheric measurements but are required
by them.

Polar Caps. Obviously, the role of water stored in the polar caps
needs to be considered. These polar caps (24) are large enough
to cover the planet with 30 m of water if it should be mobilized.
Clearly, they could be in play in episodic releases of water of the
sort we have already discussed in Venus. The 30-m estimate is
very large compared with the values of H1 obtained in the simple
model represented in Fig. 1. Thus, if the polar caps are part of
the reservoir presently exchanging with the atmosphere, k would
be very large:

k 5 3.8 3 105 Myr21, [16]

and

tl 5 ~2.63 3 104 ln r!y~1 2 f!. [17]

Tens of billions of years would be needed to fractionate Martian
water at a constant k and leave 30 m of it today with r between
2.6 and 5.2. On the other hand, as we have seen in the Hydrous
Minerals section and Figs. 2 and 3, the present-day reservoirs
needed to explain the Zagami measurements can be equal to or
greater than 30 m. Thus, the polar caps could be involved in the
system if they can be mobilized with a frequency considerably
greater than tz

21.
The discussion of the consequences of the level of fraction-

ation in the Zagami water of hydration assumes that the crustal
water involved was liquid before the intrusion. If that was not so,
and the water was ice melted during the intrusion event, con-
sequences would be otherwise. Because the DyH ratio in ice is
1.27 times larger than it is in the water vapor with which it is in
equilibrium (21), the DyH ratio of atmospheric water vapor tz
years ago would have been smaller than today’s ratio by this
factor of 1.27. The amount of water vapor present today and
exchanging with the atmosphere at that time would need to have
been at most approximately 20 m in depth (Table 1). The amount
of water implied at early times Ho would amount to at most 55 m.
This quantity would have been altogether inadequate to create
the fluvial surface features on the Martian landscape.

Fig. 2. The log of the globally averaged depth of water stored in the crust
today (H1) and at early times Ho for two values of the total DyH fractionation
r 5 2.6 and 5.2 and for two possible values of the fractionation occurring
during tz, the time when Zagami apatites were crystallized, 1.04 and 1.01.
Here, tz is 1.3.

Fig. 3. The log of the globally averaged depth of water stored in the crust
today (H1) and at times Ho for two values of the total DyH fractionation, r 5
2.6 and 5.2, and for two possible values of the fractionation occurring during
tz, the time when Zagami apatites were crystallized, 1.04 and 1.01. Here, tz is
180 Myr.

Donahue PNAS u January 30, 2001 u vol. 98 u no. 3 u 829

G
EO

PH
YS

IC
S

SP
EC

IA
L

FE
A

TU
RE



Thus, we must conclude that the crustal water of hydration for
the Zagami meteorite apatites was in the liquid, not the solid,
phase before intrusion occurred.

Steady State. Suppose that water is being supplied to the atmo-
sphere by mobilization of ice in the polar caps and crust or by
some kind of volcanism or hydrothermal activity at about the
same rate it is being lost to space (P1 5 f1), and that the DyH
ratio in these sources Rs is the same as the primitive ratio Ro.
Then Eq. 4 requires that the time t1 required to produce an
amount fractionation r is given by

tl 5 2~fk! 2 1 lnSfr 2 1
f 2 1 D. [18]

This interval is only about 4,000 yr. The largest value of r
permitted is f21. This enhancement is 50 for f 5 0.02 and 3.12 for
f 5 0.32. Thus, r 5 5.2 requires that f be less than 0.19 if such
a steady state should exist. On the other hand, the atmospheric
water vapor might be in a mature, steady state, where production
of both D and H from crustal and polar-cap reservoirs is
balanced by escape. In that case, r will be either 50 in the case
of f 5 0.02 or 3.12 in the case of f 5 0.32. The former case would
call for a DyH ratio of 1.7 3 1025 in the water emerging from
the reservoirs. The latter would require that it be 2.6 3 1024. The
first alternative is not supportable; the second is reasonable (23).
However, it is not consonant with the evidence from Zagami that
the water in the reservoir now and at tz have a DyH ratio of about
8.1 3 1024. Thus, it is not likely that Martian atmospheric water
vapor is in a steady state.

The analysis presented here is based on the assumption that
the escape flux is dominated by the Jeans mechanism. The
escape flux used and, hence, the decay constant k, are those
calculated for Jeans escape. k is assumed to be constant so that
f increases linearly with H. If this condition should have
prevailed at all times back to 4.5 Gyr ago, Ho would have been
no greater than some tens of meters, except in the case of tz 5
1.3 Gyr (Fig. 2). The values of Ho in Figs. 2 and 3 are calculated
on the basis of the Rayleigh fractionation formula shown in Eq.
13. To obtain this large value of HoyH1, the time available before
the minerals in Zagami crystallized a decay constant k of about
2 3 1025 would be required. This result would hold, if, for
example, r at tz is 1.04 times r at t1 and tz 5 1.3 Gyr. In 3 Gyr,
according to Eq. 1, an amplification of only about 10% would
have occurred. It was for this reason that it has been necessary
to evoke very large escape fluxes from early Mars, driven by
enhanced solar extreme UV (7, 8, 26). To achieve the hundreds
of meters of water required for Martian fluvial features (24), the
escape flux must have been on average about two orders of
magnitude larger than it is today during the first billion years.
Limits to solar radiance and limits on hydrogen diffusion would
place constraints on the early escape flux (7, 8).

Conclusions
The properties of atmospheric water vapor and the hydrogen
isotopic ratio in it and in SNC crystals, together with other
evidence for modification of minerals in those meteorites by
liquid crustal water, require an efficient exchange of water
between the planetary interior and the surface. The temporal
evolution of the DyH ratio in Martian water implied by the
Zagami apatite studies and by the presence of early outflow
channels and valley networks can be accounted for by such an
exchange, which has now been strongly suggested by the Mars
Global Surveyor images of widespread contemporaneous or
recent seepage of groundwater. An alternative explanation for
the modest fractionation of atmospheric deuterium requiring a
recent episode of mobilization of ordinarily frozen water, along
with other scenarios requiring that crustal water be in the solid
phase, are not credible in the face of the visual and mineralogical
evidence.
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Table 1. Amount of water in meters required to produce
r 5 1.27 in a time tz

f

tz 5 1.3 Gyr tz 5 180 Myr

H1 Hz

Ho

H1 Hz

Ho

R1yRo 5 5.2 R1yRo 5 2.6 R1yRo 5 5.2 R1yRo 5 2.6

0.01 12.2 13.8 55.0 18.1 1.6 1.8 7.1 2.3
0.32 8.5 10.1 40.8 13.2 1.1 1.3 4.9 1.6
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