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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 O, 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 [§'80 =
18.3 = 0.4%o, 70O = 10.3 = 0.2%o, and
A0 = 0.8 = 0.05%o (23)]. High-temper-
ature silicate phases in ALH 84001 give
3180 = 4.53 to 4.64%0, 8170 = 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

oorigin 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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processes released CO, and H,O with juve-
nile composition in amounts comparable to
the atmospheric burden, they might affect
the oxygen isotopic composition of the
atmosphere.

Hydrothermal interactions have been
invoked to explain differences between the
AYO data of (27) and the H/D data of
martian meteorite waters extracted in a sec-
ond set of pyrolysis experiments (14). It has
been suggested that hydrogen and oxygen
isotope systematics may have been de-
coupled during martian hydrothermal inter-
actions in the same way that they are de-
coupled in meteoric hydrothermal systems
(14, 31). Because the relative H/O ratio of
hydrothermal fluids is much greater than
the H/O ratio in silicate rock, the hydro-
thermal fluid A'?O will approach the value
of the rock for much lower fluid/rock than
does the fluid D/H ratio. For a 7O- and
D-enriched atmosphere, these interactions
should produce positively correlated D/H
ratios and A'’O for both fluid and rock.
The pyrolysis data (14, 27) form a negative-
ly correlated array with a low-D/H, high-
A0 end member and a high-D/H, low-
A0 end member (Fig. 1). Although hy-
drothermal decoupling of D/H from A7O is
an inevitable consequence of martian hyro-
thermal interactions, the negatively corre-
lated array cannot be interpreted solely in
this context. We suggest that this negative-
ly correlated array reflects the operation of
additional processes—secular changes that
occurred in martian atmospheric D/H and
A0 as a result of the mixing of evolved
and juvenile oxygen-bearing and hydrogen-
bearing reservoirs.

Yung and others (2) have modeled the
evolution of the D/H ratio by Jeans escape.
The present atmospheric burden of H,O is
sufficiently low to accommodate evolution
from D/H ~ O to the present atmospheric
D/H in ~10° years (2). To extend this time
scale to the 4.5-billion-year planetary time
scale requires an initial column of 3.6 m and
a present column of 0.2 m of exchangeable
water (2), an amount that is less than the
total water budget inferred on the basis of
geomorphological features (7, 8, 17). The
amount of exchangeable water has changed

on planetary time scales (7, 8) and may

change episodically on time scales of 10° to
107 years as a result of orbital changes and
concomitant mobilization of water trapped
in the polar caps and of injection of juve-
nile waters by floods and volcanic activity
(32). The atmospheric D/H ratio would
undergo secular variations if the size of the
exchangeable H,O reservoir changed by an
equal or greater amount than itself on time
scales <10° years. Because there is more
oxygen in the atmosphere than hydrogen,
atmospheric A”O is more difficult to
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change than the D/H ratio but may also
have been influenced by changes in the
size of the exchangeable oxygen-bearing
reservoir.

Suggestions to explain the evolution of
atmospheric A’O include an atmosphere
that originated as a late cometary or mete-
oritic veneer (heterogeneous accretion), an
atmosphere whose composition evolved as a
result of escape processes, and an atmo-
sphere that evolved as a result of photo-
chemical reactions (5, 6, 27). No direct
tests exist to support the possibility that
atmospheric A7O was produced by hetero-
geneous accretion.

Oxygen isotope fractionations produced
by gravitational separation above the ho-
mopause, followed by escape at the exobase,
raise atmospheric 8'%0, 87O, and A0
(5). Given the range of atmospheric param-
eters determined for Mars (1, 5), isotopic
fractionations produced by this process pre-
dict an increase in 8!80 of ~15 to 50%o for
a A0 enrichment of 0.5%o. The 880 of
H,O and carbonates in ALH 84001 do not
support an enrichment of ~50%o in atmo-
spheric CO,. Smaller 3'®0 enrichments are
not supported unless the balance of ex-
changeable H,O is much smaller than even
the H,O/CO, ratio'in the present-day mar-
tian atmosphere and polar caps, because
H,0-CO, exchange can account for the
81%0 enrichments observed in ALH 84001

REPORTS

carbonates.

Oxygen isotope fractionations produced
by atmospheric gas-phase mass-independent
chemistry on Earth produce positive A"O
values in stratospheric CO, (6, 33). For the
martian atmosphere, the requirements for
production of positive A7O values are the
presence of ultraviolet (UV) radiation, Oj
chemistry, CO,-O('D) chemistry, and a neg-
ative A’ sink. Because of the thinness of
the martian atmosphere, UV radiation has
been sufficient to cause O; chemistry
throughout the martian atmospheric column
throughout martian history. CO,-O('D)
chemistry follows from photodecomposition
of O; and CO,, with net production of }’O-
enriched CO, and "O-depleted O,.

Many reactions may have contributed to
the observed A'7O values of martian mete-
orite waters and carbonates. We suggest
that the predominant reactions responsible
for producing the observed anomaly are as
follows: al: CO, + hv — CO + O(°P),
wavelength (\) < 227.5 nm; a2: — CO +
O('D), A < 167 nm; bl: O(3P) + O(P) +
M—M + O,; b2: OCP) + OH — H +
0,; b3: O(P) + NO, = NO + Oy c: O,
+OCP) + M— 0% +M;d: 0% + hv—
O*('D) + O,, N\ < 310 nm; e: O*('D) +
CO, = CO**; = CO*, + OCP), ex-
change reaction; f: CO*, + H,O0 =
H,CO*, = CO, + H,0% exchange reac-
tion, where hv denotes the energy of a
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Fig. 1. Plot of maximum values of D/H versus A'7O for martian meteorite H,O (M) extracted by pyrolysis
(74, 27) and carbonate () A'7O data versus pyrolysis D/H data from (74). Note that D/H and A0 were
collected in different sets of experiments. The H,O and the carbonate data form a negatively sloped
array. Assuming the martian atmosphere has elevated D/H and A'7O, positively sloped arrays would be
predicted by simple mixing with terrestrial waters (terrestrial contamination arrays), hydrothermal ex-
change, or mixing of juvenile and evolved martian reservoirs. Variable atmospheric D/H ratios would
produce horizontal arrays, and variable atmospheric A0 would produce vertical arrays. The primordial

D/H field is from (713).
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photon of frequency v, # denotes isotopical-
ly anomalous oxygen, and #* denotes elec-
tronically excited states. Reactions al and
a2 are CO, photodissociation reactions. Re-
actions bl through b3 are responsible for
production of O, in the martian atmo-
sphere. Reaction ¢, an ozone formation re-
action, has an associated mass-independent
fractionation of ~100%o in 87O and §'50.
Reaction d, an ozone photodissociation re-
action, may transfer this mass-independent
anomaly to O('D). Reaction e is the ex-
change reaction between O(*D) and CO,
but may have a mass-independent fraction-
ation associated with the CO*; transition
state, which would only require the pres-
ence of O(!D), such as in reaction a2. Re-
action f is the CO,-H,O oxygen exchange
reaction. Two possible sources of the isoto-
pic anomaly in CO, include the combined
action of reactions ¢ and d, or a2, and
reaction e.

Photochemical production of O(*D) by
ozone or CO, photolysis and subsequent
exchange with CO, provides a mechanism
for generating a 0.5%o increase in A'’O in
the martian atmosphere with only a ~1%o
increase in 8'0. A requirement of this
model is that there be a corresponding sink
for a negative A'’O atmosphere-surface sys-
tem. O, is the atmospheric species that
acquires negative A0, but in the martian
atmosphere there is only sufficient O, to
accommodate a A'’O enrichment of 0.1%o
(assuming a CO,-O, exchange value for
A0 of ~50%o). Another possibility is that
a sink for O, with negative A7O exists. An
oxidized sink of ~100 mg/cm? in the mar-
tian regolith (ferric? oxides and hydroxides)
with AY"O ~ —0.5%0 would accommodate
atmospheric A0 of ~ 0.5%o.

We suggest that mass-independent
chemistry and oxidation of the martian re-
golith may be the principal reason for the
positive AO of the martian atmosphere at
the time of carbonate growth in ALH
84001. A 0.5%o0 contribution to positive
atmospheric A by escape processes is not
supported by the 380 of ALH 84001 car-
bonates. Models that explain positive atmo-
spheric AO by heterogeneous accretion
are not required and cannot be tested di-
rectly. Operation of the former processes
permits temporal variations of atmospheric
A0 if the size of exchangeable O reser-
voirs varied. Temporal changes in martian
atmospheric A0 and D/H may explain
the negative correlation between the D/H
ratio and A7O of martian meteorite car-
bonate and H,O extracted by (14, 27).
Tests of these hypotheses include oxygen
isotope and D/H analyses of additional sec-
ondary phases in martian meteorites and
samples of atmosphere, soil, and ice to be
returned from Mars.
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