have played a role in the differentiation of
Europa and Ganymede (7, 14, 20). The
possibility that tidal heating due to Jupiter
could have influenced the evolution of
Ganymede, which is closer to Jupiter than
Callisto, but not of the similarly large and
massive Callisto is one way to reconcile the
differentiation of Ganymede with the par-
tial differentiation of Callisto (6).
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Detection of Atomic Deuterium in the Upper
Atmosphere of Mars

Vladimir A. Krasnopolsky,* Michael J. Mumma,
G. Randall Gladstone

High-resolution spectroscopy of Mars’ atmosphere with the Hubble Space Telescope
revealed the deuterium Lyman o line at an intensity of 23 = 6 rayleighs. This measured
intensity corresponds to HD/H, = 1.5 = 0.6 X 10~%, which is smaller by a factor of 11
than HDO/H,0. This indicates that fractionation of HD/H, relative to that of HDO/H,O
is not kinetically controlled by the rates of formation and destruction of H, and HD but
is thermodynamically controlled by the isotope exchange HD + H,0 < HDO + H,.
Molecular hydrogen is strongly depleted in deuterium relative to water on Mars because
of the very long lifetime of H, (1200 years). The derived isotope fractionation corresponds
to an estimate of a planetwide reservoir of water ice about 5 meters thick that is

exchangeable with the atmosphere.

Dissociation of water vapor with subse-
quent escape of H, H,, and O is the primary
mechanism of water loss from Mars. It is
believed that Earth, Venus, and Mars were
formed by the same rocky and.icy planetes-
imals (1), which resembled meteorites and
comets in their composition, respectively.
These planets are thus expected to have
initially had the same chemical and isotope
composition. If the mass of the terrestrial
ocean (having a global-equivalent depth of
2.7 km) is scaled by the planetary mass
ratio, the expected initial water abundance
on Mars is a layer about 1 km thick, assum-
ing that this layer covers the entire martian

V. A. Krasnopolsky, Department of Physics, Catholic Uni-
versity of America, Washington, DC 20064, USA, and
NASA Goddard Space Flight Center (GSFC), Greenbelt,
MD 20771, USA.

M. J. Mumma, NASA GSFC, Greenbelt, MD 20771, USA.
G. R. Gladstone, Southwest Research Institute, San An-
tonio, TX 78228, USA.

*To whom correspondence should be addressed at
NASA/GSFC, Code 690.2, Greenbelt, MD 20771, USA.
E-mail VKras@lepvx3.gsfc.nasa.gov

surface. Geological estimates (2, 3) favor
300 to 500 m of water ice. The current
estimated rate of water loss of 1.2 m per
billion years (4-6) would not significantly
affect this reservoir. However, the rate of
escape of H, H,, and O could have been
much higher on early Mars (7), and a fea-
ture that should reflect the integrated loss
of martian water is the D/H ratio. The
measured D/H ratio in Mars’ water vapor
exceeds that of terrestrial water by a factor
of 5.5 and corresponds to HDO/H,O =
1.7 X 1073 (8, 9). It is generally believed
that enrichments in heavy isotopes are
mostly due to the preferential escape of
light isotopes. The enrichment is especially
strong for D because D is twice as massive as
H.

D/H ratios measured in martian meteor-
ites vary from 1.9 to 5.4 times Earth’s ratio
(10). These meteorites are thought to have
been ejected from Mars by impact. High
D/H ratios in martian crustal water (repre-
sented by D/H measured in martian mete-
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orites) imply a rather vigorous exchange
between atmospheric water and deep water
reservoirs on Mars, probably due to hydro-
thermal systems (11) associated with volca-
nism or with large impact craters. The mar-
tian meteorite results thus also suggest a
high escape rate of water on early Mars (7).

The D enrichment in escape processes
can be quantified by a fractionation factor

bpldu
HDOJLLO (0

Here ¢ and ¢y are the escape rates for D
and H, respectively. Model calculations
yield F = 0.32 for Mars (12). A more direct
way to get F is to measure the abundance of
atomic D in Mars’ upper atmosphere. This
is the objective of our Hubble Space Tele-
scope (HST) measurements.

The strongest spectroscopic feature of
atomic H is the Lyman « line (Ly a) at
wavelength N = 1215,670 A (13). The D
Ly a line at 1215.338 A (14) is weaker than
the H line by more than two orders of
magnitude. The Goddard high-resolution
spectrograph (GHRS) onboard the HST
(15) provided high sensitivity to detect the
D line and high resolving power to separate
the D line from the H line.

An attempt to detect D on Mars with
GHRS was made before the HST scientific
program began in 1991 (16), but no D
emission was detected, with a 20 upper
limit of 30 rayleighs (R) (17). However, we
found two ways to improve the detection
conditions: (i) to observe Mars’ limb in-
stead of the illuminated disk center, and (ii)
to observe at solar minimum instead of solar
maximum. With the GHRS field of view
1.74" X 1.74", the expected signal increase
is 2.5 for the limb observation of D. Our
photochemical models (6) predict an in-
crease in the H column abundance at solar
minimum by a factor of 7 relative to solar
maximum. However, the intensity of the
solar line at 1216 A is weaker by a factor of
3 at solar minimum, so that the net gain
expected from the solar cycle conditions is
2.2. The total gain from both factors is 5.5.

We observed Mars on 20-21 January
1997 (18). A total of 36 spectra with 2000
sampling intervals in the range of 1212 to
1218 A were acquired, each representing
435 s of integration. The charged-particle
background varied from spectrum to spec-
trum (Figs. 1 and 2). The strongest emission
was from foreground geocoronal H Ly a.
Twenty spectra were measured in Earth’s
shadow, and subtraction of these spectra
from those on the illuminated parts of the
HST orbit allows us to establish the accu-
rate position and shape of the geocoronal H
emission. The expected emission of inter-
planetary hydrogen is small (19) (Fig. 1).
Subtraction of the geocoronal and inter-

F=12
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planetary H lines from the spectrum shows
the martian H line with an intensity of 3.3
kR. The geocoronal and martian lines have
half widths of 0.077 A, which agree with
the instrument resolving power of 1.6 X 10%
(20). The position of the martian line
agrees with the expected blue shift due to
the geocentric velocity of Mars. One spec-
trum was measured on Mars’ disk at 2000
km from the disk center; the observed H Ly
a intensity was 3.3 = 0.15 kR.

The measured spectrum (Fig. 2) reveals a
feature between 1215.27 and 121538 A
with intensity of 47 = 7 R. Its wavelength,
width, and structure in the four-pixel bin-
ning suggest the presence of two compo-
nents with almost equal intensities centered
at 1215.295 and 1215.34 A. The latter is
the telluric D line. The martian D line
should be at 1215.28 A. However, the peak
brightness is expected at 130 km above the
limb (see below), and this increases the
wavelength by 0.012 A, which is close to
the detected wavelength. Both martian and

telluric D lines have intensities of 23 = 6 R
(21).

We observed Mars at the cold condi-
tions of aphelion at solar minimum, which
are similar to those experienced by the Vi-
king entry probes (22). Thermal escape of D
and HD was negligible at the expected tem-
perature T = 180 K. The detection and
analysis of He on Mars (23) showed the
importance of nonthermal escape, which
was ignored in previous models for H, H,,
D, and HD. We consider three processes
contributing to the nonthermal escape of
these species: (i) charge exchange with so-
lar wind protons (24), (ii) electron impact
ionization and dissociation (25), and (iii)
photoionization (26). All of these escape
processes occur above the ionopause where
the product ions are swept away by the solar
wind. Nonthermal escape dominates in the
losses of D and H, at solar minimum and of
HD under all conditions (Table 1).

To simulate the measurement, we calcu-
lated a photochemical model for D and HD

Intensity (kR/A)

Fig. 1. Fragment of the
HST spectrum (thick sol-
id line) near the H Ly «
line of the martian upper
atmosphere. Geocoro-
nal H (dashed ling) and
interplanetary H (dotted
line) emissions are also
shown. Their subtraction
results in the martian hy-
drogen line (thin solid
line). The geocoronal line
is the difference of spec-
tra recorded in the illumi-
nated and shaded parts
of the HST orbit.

1215.80

Counts /bin

Fig. 2. Fragment of the
HST spectrum that shows
the martian and telluric D
Ly a lines at 1215.29 and
1215.34 A, respectively. A
is the initial weighted mean
spectrum, B is that spec-
trum scaled by a factor of
10, Cis binned to 4 pixels
and scaled by a factor of 5,
D is binned to 8 pixels and
scaled by a factor of 4, and
E is binned to 16 pixels
and scaled by a factor of 3.
Dashed horizontal lines in-
dicate the local back-
ground baselines. The po-
sitions of the martian and
telluric D and H lines are

1214.5

12150
Wavelength

12155 shown; subscript M and E

refer to Mars and Earth,
respectively.
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from 80 to 250 km altitude in the martian
atmosphere. HD forms D in reactions with
CO,*, O, and O('D) (27, 28). The model
corresponds to global-mean conditions and
has the HD density at 80 km as a parameter
(29). Then we applied a radiative transfer
code for a spherical atmosphere, which ac-
counts for single scattering and self-absorp-
tion by D atoms and absorption by CO,
(30). With the known shape and intensity
of the solar H Ly « line (31), we calculated
an emission rate factor g = 3.5 X 107*
photons per second per atom for 1.67 astro-
nomical units (AU) at solar minimum. Ap-
plying our code to the profiles of D density
calculated with our photochemical model
(Figs. 3 and 4), we find that, to fit the
measured intensity for the D Ly a line of
23 + 6 R, the HD density should be equal
to 1.6 = 0.5 X 10° em™ at 80 km, and its
mixing ratio'is 6 = 2 parts per billion (ppb).
The lifetimes of H, and HD are 1200 years
in the martian atmosphere (5), and their
mixing ratios should be constant up to the
homopause (=110 km) and should not vary
from place to place and in time intervals

less than a few hundred years.

Now we need to compare the HD mix-
ing ratio with that of H,. Like HD, the H,
mixing ratio may be obtained from mea-
surements of the H Ly « line, radiative
transfer analysis (which must include mul-
tiple scattering), and photochemical mod-
eling. We allocated one HST orbit for mea-
surements of H Ly a at three points above
Mars’ limb. However, these observations
were not made, owing to operational diffi-
culties. We can deduce H, from the mea-
sured H Ly « limb intensity of 3.3 kR, but
the result would be sensitive to small errors
in the instrument calibration and in the
adopted intensity at the center of the solar
H Ly « line. Therefore, we used the Mari-
ner 6 and 7 measurements (4). According
to those measurements, which were made
near solar maximum, [H] = 2.5 to 3 X 10%
em™ at 250 km, T ~ 350K, and the optical
depth of atomic H was ~2.2. Our photo-
chemical model for H and H, (Fig. 3) (32)
is similar to that for D and HD and the
model in (4). An H, mixing ratio of 40 =
10 parts per million (ppm) reproduces both

Table 1. Dayside escape frequencies above the ionopause and global mean effusion velocities for
escape processes of H, D, H,, and HD on Mars. Nonthermal escape should vary with solar activity.
However, we do not have enough input data to calculate those variations and instead use the constant

values.

Process H D H, HD
Charge transfer with protons (1078 s~ 1) 26 26 5 5
Electron impact (1078 s~ 1) 15 15 25 25
Photoionization (1078 s~ 1) 3.2 3.2 3.7 3.7
V. ems™7) 21 8 6.4 3.7
V.. 180 Kt (cm s 165 0.08 0.08 4 x 1075
V, 200 K# (cm s . 360 0.39 0.39 4 x 1074
V280 K§ (cms™7) 2340 19 19 0.145
V, 350 K|| (cm s~ 1) 6000 133 133 2.74

*V,, is total nonthermal escape velocity calculated for the
‘taphelion at solar minimum, tsolar minimum, §solar mean,

250 —

ionopause at 300 km. V, is thermal escape velocity for
and ||solar maximum.

the H density at 250 km and the optical
depth in our model. The H, mixing ratio
exceeds 20 ppm obtained in (4) but agrees
with models involving the photochemistry
of many species (5), which give 35 to 50
ppm for H,.

We conclude that HD/H, 1.5 =
0.6 X 10% (33) and enrichment R of D in
H, relative to H,O is

_ DML e v 004 2
= HpojL,o - 009 =004 ()
This value is smaller than R = 1.6 calcu-

lated in (12) under an assumption, that
partitioning of D between HD and HDO is
kinetically controlled by reactions of forma-'
tion and removal of HD. If, however, the
isotope exchange *is controlled thermody-
namically in collisions between H,O and
H, molecules '

HD + H,0 < HDO + H,  (3)

then R = 0.14 = 0.06 is expected at T =
200 = 20 K (12, 34), which agrees with our
measurement.. This means that although
freshly formed H, is enriched in D relative
to H,O on Mars by the kinetic factor of R =
1.6, during its lifetime of 1200 years it tends
to lose D in collisions with H,O, and the
lifetime-mean value of R is 0.09 = 0.04.
The lifetime of HD relative to the isotope
exchange HD + H,O must thus be at least
a factor of 10 shorter than 1200 years. This
imposes a constraint on the isotope ex-
change rate coefficient (35)

kip+i,0 = 102 cm’ 5™ (4)

The next step is calculation of the fraction-
ation factor F. Data from Table 1 and Fig. 3
result in ¢p/dy = 1.9 X 107 and 1.8 X
107 for solar minimum and maximum, re-
spectively. Similar modeling for mean solar
activity gives 1.4 X 107°. The resulting
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Fig. 3 (left). Calculated H,, H, HD, and D densities for the conditions of the
HST observations (aphelion, solar minimum, 7 = 180 K) and Mariner 6 and 7
Fig. 4 (right). Calculated

observations (solar maximum, T = 350 K).

brightness of the D line versus radius. The HST field of view is centered on the

1578

00 4000 5000

000 30
Radius (km)

limb, and the measured brightness of 23 R exceeds that in the disc center by
a factor of 2.5. The brightness maximum at 130 km above the limb results in
a small wavelength shift in the observed emission.
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fractionation factor is F = 0.02 for the av-
erage escape flux ratio, which is much small-
er than the value of 0.32 calculated in (12).

Liquid water could exist on Mars up to
the end of the erosion of the atmosphere by
large-scale meteorite impacts (36) at 0.8
billion years after the planet formed. This
erosion reduced the initial CO, abundance
of 7.5 bars (1) by a factor of 100. Water was
less affected by impact erosion than CO,,
and impact erosion could not change the
D/H ratio. Further escape of H,O is estimat-
ed at a, ~ 30 m (a, abundance of water; e,
escape) (7). We can apply the derived F to
a model of H,O escape and D fractionation
after the end of impact erosion. We assume
that the bulk H,O reservoir has the terres-
trial D/H ratio. The second reservoir is in
isotope equilibrium with the atmospheric
H,O vapor, which is the third reservoir.
Deuterium in H,O vapor may be depleted
relative to its abundance in H,O ice by a
factor of 0.79 (12, 37, 38). This model shows
(39) that the reservoir that is exchangeable
with the atmosphere is a ~ 0.17a, =~ 5 m
thick; that is, about 1% of the current water
abundance (2, 3) and about the size of the
exchangeable reservoir in the polar caps (2,
40). Acuna et al. (41) infer the existence of
an intrinsic magnetic field on early Mars.
This field should reduce escape processes in
that epoch and favors a smaller value of a,
(42). However, a =~ 0.17a, still holds.

Our results show that H, is depleted in D
relative to water on Mars. This depletion
occurs because of the long lifetime of H, on
Mars. H, is the intermediate species that
forms H in the upper atmosphere, and the
depletion of H, in D results in the low
abundance and escape of atomic D. On
Venus, by comparison, H, is a minor source
of H (41) and cannot affect the abundance
of atomic D.
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Atmosphere-Surface Interactions on Mars: A'70
Measurements of Carbonate from ALH 84001

James Farquhar, Mark H. Thiemens, Teresa Jackson

Oxygen isotope measurements of carbonate from martian meteorite ALH 84001 (380 =
18.3 = 0.4 per mil, 370 = 10.3 = 0.2 per mil, and A'7O = 0.8 * 0.05 per mil) are
fractionated with respect to those of silicate minerals. These measurements support the
existence of two oxygen isotope reservoirs (the atmosphere and the silicate planet) on
Mars at the time of carbonate growth. The cause of the atmospheric oxygen isotope
anomaly may be exchange between CO, and O('D) produced by the photodecompo-
sition of ozone. Atmospheric oxygen isotope compositions may be transferred to car-
bonate minerals by CO,-H,0O exchange and mineral growth. A sink of 7O-depleted
oxygen, as required by mass balance, may exist in the planetary regolith.

Chemical and isotopic measurements of
the present-day martian atmosphere indi-
cate that many elements and isotopes are
fractionated from their initial compositions
(1). Modeling suggests that the composition
of the martian atmosphere has evolved on
planetary time scales as a result of escape
processes, impact erosion, outgassing, and
photochemical reactions (2-6). Morpho-
logic evidence points to times eatly in mar-
tian history when greenhouse heating sup-
ported warmer climates and liquid water
shaped Mars'’s surface (7, 8). Measurements
of trapped gases and mineral phases in mar-
tian meteorites indicate that atmospheric
evolution occurred before the excavation of
these meteorites from the martian surface
(9-15).

The present martian atmosphere inter-
acts with the hydrosphere and regolith
through diurnal, seasonal, and longer term
exchange of water between the atmosphere
and regolith (16, 17). In the past, liquid
water acted as a medium for atmosphere-
surface exchange and new mineral precipi-
tation. High rates of oxygen exchange be-
tween H,O and CO, facilitated the transfer
of atmospheric oxygen isotopic characteris-
tics to H,O and to minerals that precipitat-
ed from it. Because oxygen is present in
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CO,, H,O, dust, and other atmospheric
constituents such as O,, CO, and Oy, the
oxygen isotope compositions of minerals
formed in the regolith serves as a tracer for
atmospheric chemistry, and evolution and
its interactions with the martian surface.
Here we report measurements (18) of 1O,
170, and '¥O in carbonate minerals from
martian meteorite ALH 84001 [8'80 =
18.3 = 0.4%o, 370 = 10.3 = 0.2%o, and
A0 = 0.8 = 0.05%o (23)]. High-temper-
ature silicate phases in ALH 84001 give
180 = 4.53 to 4.64%0, 870 = 2.58 to
2.74%o, and A0 = 0.22 to 0.327%o (12).
Secondary ion mass spectrometry analysis of
SiO, yielded 380 = 20.4 = 0.9%o (24),
and analyses of carbonate have yielded
3180 = -9 to 26%o. The mean of these
measurements is 15 = 5%o (one 3o outlier
is omitted) (15, 24-26). Our 8'80 measure-
ments fall within the range of previous
measurements for carbonates but differ from
the A7O of the high-temperature silicate
phases.

Karlsson et al. (27) extracted H,O from
six martian meteorites by stepwise pyrolysis
and found that the AO of this water
ranged from 0.1 to 0.9%o. H,O extracted
from Nakhla, Lafayette, Chassigny, and
Zagami meteorites during 600° and 1000°C
pyrolysis steps (A'7O = 0.4 to 0.9%0) was
fractionated relative to martian meteorite

silicates [ATO ~ 0.3%o (12)]. The same

- pyrolysis steps for Shergotty produced H,O

unfractionated with respect to martian me-
teorite silicates, and for meteorite EETA
79001 they produced H,O with AO =
0.1%o, which is intermediate between ter-
restrial waters (A'7O = 0) (11) and mar-
tian meteorite silicates. These results (27)
were interpreted to indicate that H,O
extracted from Nakhla, Lafayette, Chas-
signy, Zagami, and Shergotty had a martian

corigin and that H,O extracted from EETA

79001 was a mixture of martian and ter-
restrial waters. Because water extracted
from Nakhla, Lafayette, Chassigny, and
Zagami was not in oxygen isotopic equilib-
rium with martian meteorite silicate miner-
als, two distinct oxygen reservoirs were in-
ferred to be present on Mars—the silicate
planet (the crust and mantle) and the at-
mosphere (including H,O that exchanged
oxygen with it). )

Our measurements of carbonates (A0
= (0.8%o) are fractionated relative to mea-
surements of martian meteorite silicates and
indicate that ALH 84001 also preserves
evidence of oxygen isotope disequilibrium
between the atmosphere and the silicate
planet. Carbonate nodules in ALH 84001
preserve chemical and isotopic gradients
(24, 25, 28) that would have been homog-
enized by diffusion and exchange if post-
growth reequilibration occurred. Our oxy-
gen isotope data therefore indicate that the
atmosphere and lithosphere were out of iso-
topic equilibrium at the time of carbonate
growth.

On Earth, plate tectonics facilitates ox-
ygen exchange between the hydrosphere
and lithosphere through global-scale hydro-
thermal circulation systems at plate mar-
gins. Because the amount of oxygen in the
silicate Earth is greater than that in the
hydrosphere and atmosphere, this exchange
buffers the oxygen isotope composition of
the hydrosphere (29). The oxygen isotope
composition of water in Earth’s oceans is
buffered to a steady-state value on a time
scale with a mean life (1/rate constant) of
~100 to 250 million years (29). The lack of
plate tectonics on Mars is seen as a means of
maintaining an atmosphere that is isotopi-
cally distinct from the solid planet (27). It is
unclear whether other types of hydrother-
mal activity may have caused sufficient at-
mosphere-surface oxygen exchange to affect
atmospheric 8'%0, 870, and A7O. Mas-
sive hydrothermal systems have been in-
voked to explain surface features associated
with the Oceanus Borealis and spectroscop-
ic features in the Valles Marineris canyon
system (7, 30) and also as a means of gen-
erating catastrophic floods and release of
CO, of sufficient quantity to stabilize epi-
sodic, greenhouse-state, atmospheric condi-
tions with higher CO, pressure (7). If these
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