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the integral is over the thickness L of the plate or
lithosphere, and u is negative under compression
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described by a series of step functions, the thermal
stress is given by a summation of expressions similar
t o that above with appropriate shifts in the time
since each step change. For the calculations in this
report, the surface temperature variation was approximated by step changes spaced 1 My apart in
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27. G. L. Hashimoto and Y. Abe, Lunar Planet. Sci. 30,
28. Outgassing twice as much SO, and H,O as in the
model of Fig. 2 would result first in the formation of
massive sulfuric acid-water clouds that initially cool
the surface by 30 t o 40 K in the first 150 My (17).
Subsequent loss of the larger atmospheric inventories
of SO, and H,O results in surface temperature excursions that are larger than but qualitatively similar
to those in Fig. 2. Warming by about 100 K occurs
between 150 and 350 My after the start of the

The Age of the Carbonates in
Martian Meteorite ALH84001
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The age of secondary carbonate mineralization in the martian meteorite ALH84001
was determined to be 3.90 k 0.04 billion years by rubidium-strontium (Rb-Sr)
dating and 4.04 1 0.10 billion years by lead-lead (Pb-Pb) dating. The Rb-Sr and
Pb-Pb isochrons are defined by leachates of a mixture of high-graded carbonate
(visually estimated as -5 percent), whitlockite (trace), and orthopyroxene (-95
percent). The carbonate formation age is contemporaneous with a period in martian history when the surface is thought to have had flowing water, but also was
undergoing heavy bombardment by meteorites. Therefore, this age does not distinguish between aqueous and impact origins for the carbonates.

The isotopic dating of martian meteorites
suggests that differentiation of the martian
crust from the mantle occurred no later than
4.53 X 10' years ago (Ga) and was probably
contelnporaneous with the last stages of planetary accretion (1. 2). It also indicates that
there was igneous activity on Mars -4.5 Ga
(3. 4 ) . -1.3 Ga (5, 6 ) , and as recently as
-200 million years ago (7), and suggests that
Mars may be geologically active at present.
However. little is known about the timing of
alteration processes occurring on the martian
surface because of the small amount of secondary alteration products in most martian
meteorites. In contrast to other martian ineteorites, ALH84001 has a substantial amount
of secondary carbonate mineralization. Dating of this carbonate can provide insights into
surficial processes controlling carbonate fornation and cation mobility.
Fro111 Sm-Nd analyses, the age of crystallization of ALH84001 was intelpreted to be
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4.50 -t 0.13 Ga (3). The carbonates in
ALH84001 were interpreted to be substantially younger at 1.39 i 0.10 Ga, on the basis
of Rb-Sr analysis of shock-melted feldspathic
glass and carbonate. and the assumption that
these two phases are in isotopic equilibrium
( 8 ) . Equilibrium between feldspathic glass
and carbonate is supported by textural observations that the carbonates selectively replace
the glass (9. 10). However. the carbonates are
Fe- and Mg- rich (9-12), so that most of their
major cations must be derived from a source
other than feldspathic glass (Fig. 1). As a
result, isotopic equilibrium between carbonate and glass is not assured. Here, we use the
results of Rb-Sr and Pb-Pb isotopic analyses
on numerous carbonate-rich leachates to deternline the age of carbonate formation.
The nlodal milleralogy of ALH84001 is
-90% orthopyroxene. 2% chromite. -2%
shock-produced feldspathic-glass, 1% carbonates, and trace amounts of whitlockite,
augite, olivine, and pyrite (9-13). The carl
and veins along fracbonates f o ~ n globules
tures in the meteorite. Co~npositionalzoning
~from ,Ca-rich centers, to Fe-nch mantles. to
Mg-rich rims is observed in most carbonate
occurrences (9-12). The large chemical variations observed in the carbonates. combined
with silnilar zoning patterils in all occurrencmay be products of
es. Suggest that
precipitation in a nearly closed systeln (13-
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model, and a cooling roughly analogous t o that
shown at 450 My in Fig. 2 occurs instead at 600 My
for the larger eruption. Outgassing half as much SO,
and H 2 0 as in the model of Fig. 2 results in temperature excursions that are slightly smaller in magnitude (the early warming is by 45 K instead of 60 K).
The rapid loss of clouds and subsequent cooling
occurs about 100 My sooner than in Fig. 2.
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15). Thus. carbonates of different composition may be in isotopic equilibrium and be
su~tablefor isotopic dating.
A 1-g chip of ALH84001.170 was
crushed and siebed at 150-~m-diameterparticles. Co~npositegrains containing carbonate
~nineralswere handpicked. yielding a mineral
separate that was -95% orthopyroxene and
-5% carbonate (determined by visual inspection). There was 110 visible feldspathicglass. a potential host for Sr and Pb, in this
mineral separate. The high-graded fraction
was ultraso~licallyagitated in quartz-distilled
water to remove surface containination and
then leached in a series of progressively
stronger reagents (Fig. 1). The leaching procedure was developed from experi~nentsconcalcite, magducted on mixtures of te~~estrial
nesite, siderite, and synthetic whitlockite
(supplementary fig. 1) (16). The goal of the
leach~ngprocedure was to (i) separate soluble
carbonates from less soluble s~hcates,(n)
separate the no st easily soluble igneous components. such as wh~tlockite,from secondary
carbonate components: and (iii) separate carbonate components of various compositions.
Uranium-Pb and Rb-Sr were separated sequentially from the leachate fractio~lsby stantechniques and
dard cation chro~natograpl~ic
analyzed by thermal ionization inass spectrometry (Table 1). Laboratory Rb, Sr. and Pb
procedural blanlts were measured on sa~nples
of leaclnng reagents and apphed to ~ n d i \ ~ d u a l
leachates (17). Small (-1% by volume)
spl~tsfrom each leachate were analyzed for
and P (by
Ca. Pvlg. Fe (by Isotope d~lut~on).
colorimetry) to assess contributio~ls of carbonate, phosphates. and silicates to individual
leachates (Fig. 1. supplementary fig. 1, and
Table 2). Most of the bulk conlpositions of
the leachates (S4 to S8) fall within the range
of carbonate analyses (Fig. 1). consistent with
a large contribution of carbonate in the
leachates. Agree~nent between the proportions of Ca. Fe. Mg, and P dissolved from the
terrestrial carbonates and the proportions of
these elements dissolved from the ALH84001
carbonates (supplementary fig. 1) also suggest that the major phase contributing to the
leachates is carbonate

About 7.5 mg of carbonate would have to be
dissolved to account for the Ca, Pvlg, and Fe
abundances o b s e ~ ~ in
e dthe leachates (Table 2).
This is -3% of the mass of the high-graded
fraction, a value that is slightly less than the
-5% carbonate that was estimated to be in the
high-graded fraction by visual inspection. Furthermore, the initial l-g chip of ALH84001
from which the carbonate was separated is expected to yield about 10 nlg of carbonate, given
reported estimates of -1% carbonate in the
meteorite (13). Thus. the abundances of Ca. Fe.
and Mg in the leachates are consistent with
dissolution p~imarilyof carbonates.
As the strength of the leaching acid increases. the amount of silicate dissolution is
expected to increase. Neve~theless,the leaching experiments conducted on texestrial carbonates demonstrate that -60% by volunle
of the siderite was dissolved in the S6 step
and that -55% of the magnesite was dissolved in the S7 step (supplementasy fig. 1).
In addition. carbonate was observed in a control sample of ALH84001 carbonates and
silicates before the S6 leaching step (supplementary fig. 2). Thus. there is experi~nental
and observational evidence that the carbonates contributed to the S6 and S7 leaching
steps. Although most of the material dissolked in the leachates is carbonate. the contl~but~ons
of Rb. Sr. and Pb fiom other sourcCalcite
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Fig. 1. Ternary diagram illustrating the Ca, Fe,
and M g proportions o f the ALH84001 leachates
(51 t o S8), assuming carbonate stoichiometry.
Stippled area is the range o f carbonate compositions determined by (7 7). Open triangle is the
bulk carbonate composition, and the open
square is the composition o f orthopyroxene
determined by (72). The S1 t o 53 leachates do
not fall in the field o f ALH84001 carbonate
microprobe analyses, suggesting that they contain an Fe-poor weathering component such as
hydrated magnesite. The 54 t o 58 leachates
have cation proportions falling within the carbonate field and become progressively more
Mg-rich w i t h increasing strength o f leaching
reagent. The leaching procedure is as follows:
S1 (0.01 N acetic acid, 3 0 min, 23'C), S2 (0.1 N
acetic acid, 3 0 min, 23'C), 53 (0.1 N HCI, 1 0
min, 23'C), 54 (0.5 N HCl, 15 min, 45'C), 55 (1
N HCl, 15 min, 45OC), 56 (4 N HCl, 20 min,
65"C), 57 (4 N HCI, 4 0 min, 65"C), and 58 (8 N
HCl, 1 0 min, 65°C).

es. such as terrestrial contamination. phosphates. and silicates. must be assessed for
each individual leachate.
The leachates become progressively more
Mg-rich with increasing acidity of the leaching reagent, as expected fro111 the experiments with terrestrial carbonates in which
progressive dissolution of calcite, then siderite. and then ~nagnesitewas observed (Fig.
1 and supplementasy fig. 1). However, the
initial three leachates (S1 to S3) have compositions that do not match carbonate compositions determined by electron microprobe
(11). Leachates S 1 and S2 contained no Fe or
P (Table 2) and lie on the magnesite-calcite
join (Fig. 1). The corresponding leaching
agents were weak (0.01 to 0.1 N acetic acid)
and probably re~novedmainly surface coatings and weathering products, such as hydrated magnesite. that were not removed in the
initial water wash. As a result, the S1 to S3
leachates are not used to define the age of the
carbonates in ALH84001.
Phosphorous abundances in the S3 and S4
leachates indicate that they contain -0.16 mg
of dissolved whitlockite: -0.09 mg in the S3
leachate and -0.07 mg in the S4 leachate.
Therefore. whitlocltite may contribute to the
isotopic systematics of the S4 leachate despite the fact that this leachate has a major
element colnposition that is similar to the
bulk carbonate composition estimated by
(12). A ~nininlalwhitlockite contribution is
suggested by the observation that the
leachates have low abundances of Nd (Table
2) even though Nd abundances in ALH84001
phosphates range from 150 to 209 parts per
million (18). Mass balance calculations suggest that -6% of the Sr in the S4 leachate is
derived from whitlockite. assuming 100 ppm
Sr in whitlockite. Although Pb abundances in
~nartianphosphates are not known, unreasonably high concentrations of 1 ppm would
result in -5% of the Pb in the S4 leachate
being derived from phosphates. It is therefore
unliltely that phosphates contribute appreciably to the Sr or Pb isotopic systematics of the
S4 leachate. The S5 to S8 leachates have no
measurable P. indicating that their isotopic

systematics are not effected by phosphates.
The low abundances of Rb. Sr, and Pb in
mafic silicates preclude substantial cont~ibutions of orthopyroxene or olivine to the isotopic
systematics of the leachates. For example. the
Sr abundance in an o~thopyroxenefiaction (Px1R: Fig. 2) was determined to be -1 ppm.
Thus, o~thopyroxenecould account for a maxi ~ n u nof~ -30% of the Sr in the S6 and S7
leachates. assuming that all of the Ca, Fe, and
Mg in these leachates is derived fro111pyroxene.
Dissolution of this ~nuchpyroxene in the S6
and S7 leaching steps is unreasonable, given
that the experiments on te~restrialcarbonates
demonstrate that the bulk of the carbonate
(-60% of the siderite and -55% of the magnesite) is dissolved in these two leaching steps
(supplementa~yfig. 1) and therefore do~ninates
the Fe and Mg budget of the leachates.
Feldspathic glass has higher Sr and Pb
abundances than orthopyroxene or olivine. so
that dissolution of small amounts of glass has a
greater potential to alter the isotopic systematics
of the leachates. However, feldspathic glass
was not o b s e ~ ~ eind the high-graded ininera1
fraction. so that a ~ninimalcontsibution from
this component is expected. This expectation is
supposted because the leachates that are most
likely to dissolve silicates (S6 to S8) tend to
have low relative abundances of ele~nentsthat
are enriched in the feldspathic glass, such as Ca.
Sr. and K (Table 2).
The calculated Rb-Sr age of the carbonates is relatively insensitive to the leachates
chosen to define the isochron (Fig. 2), as
long as they have major-cation cornpositions within the carbonate field (Fig. 1).
The calculated age range for two (S4. S5:
3.89 i 0.05 Ga; S5, S6: 3.93 i 0.02 Ga).
three (S4 to S6: 3.90 i 0.04 Ga), four (S4
to S7: 3.93 i 0.04 Ga), or five (S4 to S8:
3.94 i 0.04 Ga) data points is 3.89 to 3.94
Ga. Our prefel~edRb-Sr age of 3.90 ? 0.04
Ga is that determined by the S4 to S6 leachates.
This isochron has the chrons considered above.
We also prefer the age defined by the S4 to S6
leachates because the isochron is defined by
leachates of intermediate strength that are
therefore least likely to contain either sur-

Table 1. Isotopic analyses of ALH84001 leachates. 54 to 58 Rb-Sr analyses are weighted averages of t w o

independent runs. Error estimates refer t o last digits.

"Errors limits include minimum uncertainty o f 0.5% plus 50% o f the blank correction for Rb and Sr added
$Uncertainties are 2um calculated from the measured
+Normalized t o 86Sr/88Sr = 0.1 194.
quadratically.
$Fractionation correction for Pb is 0.1% per atomic mass unit. Corrected for 9 pg o f laboratory blank
isotopic ratios.
w i t h 206Pb/204Pb = 18.30 and 207Pb/204Pb = 15.55.
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face conta~llillantsor dissolved silicates.
Several of the leachates (S6 to S8) have high
"RblMSr ratios (Table 1 and Fig. 2). The "Rb:'
"9ratios measured in the leachates are higher
than the S7Rb:'ShSrratios measured in any silicate mineral fractions by (3) or the hand-picked,
leached Px-1R fraction that was recently analyzed to verify the earlier pyroxene analyses
and provide a direct comparison to the carbonate data (Fig. 2). It is therefore unlikely that the
ratios reflect dissolution of
elevated "Rb!"Sr
either pyroxene or feldspathic glass. The high
"Rb!"Sr
ratios in the S6 to S8 leachates are
due to low Sr concentrations in these leachates
and not to high Rb concentrations (Table 2)
because Rb abundances decrease by a factor of
about 10 fsom the S1 though S8 leachates.
whereas the Sr abundances decrease by a factor
of about 50.
The Sr concentrations in the carbonate fractions calculated with the S4 to S8 leachates

range from 3 to 65 ppm and agree with Sr
concentration data measused on the bulk carbonates. which range from 23 to 85 ppm (19).
A general correlation between Sr and Ca abundances in the leachates suggests that the low Sr
in the S6 to S8 leachates may reflect smaller
cor~tributionsfrom Ca carbonates in the later
leaching steps. The Rb conceiltsations in the
carbonate fractions. calculated with the S6 to S8
leachates. range from 1 to 6 ppm and are lower
than in most of the previous leachates characterized by lower X7Rb/XhSr
ratios.
One potential problem affecting the Rb-Sr
age is the possibility of differential leaching
leading to laboratosy-induced fractionation of
Rb and Sr. Fortunately, the Pb-Pb ages of the
carbonates are unaffected by parent-daughter
fractionation during leaching. The Pb-Pb data
define a near-linear array on a 207Pb/204Pb206Pb!204Pb isochron (Fig. 3). If all of the
leachate data are considered. an age of

Fig. 2. A Rb-Sr isochron diagram
of mineral fractions and whole
rocks (open triangles) from (3)
and the S1 to 58 leachates (circles). Age calculations use a decay constant of 1.402 X 10F1'
0.80 year-'. An age of 3.90 t 0.04
Ga (MSWD = 0.67) is defined by
mz
the 54 to 56 leachates (solid line; W
,
0.75 filled circles) with an initial 87Sr/
ratio of 0.70205 i 0.00007
with the program of (33). The
MSWD is analogous to a chisquared statistic and indicates
1
I
l
l
l
i
l
l
I
I
I
I
I
the probability that analytical
1
2
3
0
uncertainty will cause the ob87~b/86~r
served amount of scatter of the
data about the isochron. The 54 leachate lies on our preferred isochron, suggesting that the
whitlockite contribution to its Rb-Sr systematics was small. Those leachates having compositions
unlike those of the carbonates (S1 and SZ), a high P/Sr ratio (S3), or a very low abundance of Sr
(S8) are not collinear with the 54 to 56 leachates. The 57 and S8 leachates appear to lie on a mixing
line between the S6 leachate and the previous pyroxene analyses (3), suggesting that they may
contain a contribution from pyroxene leached by the strong reagents used. On the other hand,
these deviations may simply reflect analytical uncertainties associated with analyzing very small
amounts of Rb (0.3 to 7 ng) and Sr (0.7 to 9 ng). The 57 leachate has high abundances of major
elements and probably contains a large contribution from the carbonate. An age of 3.93 i 0.04 Ga
(MSWD = 4.3) is defined by the 54 to 57 leachates, and an age of 3.94 t 0.04 Ca (MSWD = 5.8)
is defined by the 54 to 58 leachates. The silicate mineral and glass analyses fall near a 4.5-Ga
reference line (dashed) defined by the Sm-Nd age (3), and the whole rocks lie near the 54 to 56
isochron (inset).

4.08 2 0.06 Ga is defined. However, the S1
to S3 leachates have compositions that are
unlike those of the carbonates. fall off the
Rb-Sr isochron, and are excluded from the
Pb-Pb isochron on this basis. The S8 leachate
contains only 40 pg of Pb and is pa~ticularly
susceptible to laboratory Pb contamination.
An age of 4.04 i 0.10 Ga is defined by the
S4 to S7 leachates and has a MSWD of 59. If
the S5 leachate is excluded, a more precise
Pb-Pb age of 4.03 i 0.06 Ga (MSWD of 2.2)
is defined by the S4, S6, and S7 leachates.
Although the isochron defined by the S4,
S6. and S7 leachates has a lower error and
MSWD than the age defined by the S4 to S7
leachates. there is no physical reason to exclude the S5 leachate. The Pb abundance in
thls leachate 1s about the same as that of the
S6 leachate and higher than the S7 leachate.
so that laboratory contamination 1s unlikely
to produce the deliation from the isochron.
Thus. the S5 leachate is included in the red
age of
gression to obtain our p r e f e ~ ~ ePb-Pb
the carbonates of 4.04 i 0.10 Ga.
It is apparent that the S1 to S3 leachates
fall toward the terrestrial Pb composition defined by modem ocean sediments (20) and to
the right of the isochrons defined by the
remaining samples. It is possible that these
fractions contain a component of terrestrial
Pb. Terrestrial Pb contamination could have
occurred during residence of the meteorite in
Antarctica or during sample preparation and
chemical separation in the laboratory. Low
laboratory procedural blanks of 6 to 11 pg
suggest that the tesrestrial Pb observed in the
S 1 to S3 leachates is derived from residence
in Antarctica. Lugillair and Galer (21) have
argued that Pb colltainination observed in
Antarctic meteorite LE'lli86010 has an isotopic composition that is similar to that of
modem ocean sediments, \vhich in hlrn is
similar to the value used for the laboratory
blank composition (Fig. 3 and Table 1). It is
therefore not possible to distinguish between
contamination in the laboratory and in Antarctica on the basis of Pb isotopic composition. Nevertheless, the presence of Antarctic

Table 2. Cation analyses of ALH84001 leachates. All analyses were determined by isotope dilution with the exception of P, which was analyzed by colorimetry.

Cation abundances are in moles (m). One pm
wt.*
4(mi?)
- l

Cat
4( -

l

Fe
4( -

Mg
l

(

m, 1 nm

=

=

P

K

(pm)

(nm)

m, 1 pm
Rb
(pm)

=

lo-'* m, 1 ppm

Sr
(pm)

Nd
(pm)

glg, 1 ppb

=

Pb
(pm)

=

K8
(PP~)

lo-' g/g.
Rb
(PP~)

Sr
(PP~)

Pb
(PP~)

"Weight of carbonate (1 m g =
g) estimated by using Ca, Fe, and Mg abundances and assuming carbonate stoichiometry.
+Adjusted for whitlockite contribution by using
P abundances.
$Sums of absolute quantities and mass-weighted averages for concentrations.
$Concentrations estimated by using estimated weight of carbonate.
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Pb in the S1 to S3 leachates is not unexpected, given the relative weakness of these
leaching reagents and the Pb contamination
measured in some Antarctic meteorites (21).
The near-linear variation in Pb isotopic
compositions of the leachates is probably not
the result of mixing between an Antarctic
contamillant and phases leached from the meteorite. Although the C-Pb system is disturbed, there is a general positive cowelation
between UiPb ratios and Pb isotopic compositions of the leachates (Table 1). This positive correlation suggests that old components,
mith varying UiPb ratios and Pb isotopic
compositions, mere leached from the rock.
Multicomponellt mixing between meteoritic
components with variable Pb isotopic compositions and a terrestrial contaminant added
in Antarctica may not be linear unless (i) the
compositioll of terrestrial Pb lies on the PbPb isochron, or (ii) the amount of tei~estrial
contamination varies proportionally mith the
Pb isotopic composition of the meteoritic
component ill the individual leachates. In the
first case, the age defined by the Pb-Pb isochron would be unaffected by the addition of
Antarctic Pb. The second case is unlikely,
given the linearity of the S4 to S7 Pb isotopic
data. Concordant, although at the limits of
analytical uncertainty, Rb-Sr (3.90 i 0.04
Ga) and Pb-Pb (4.04 i 0.10 Ga) ages also
suggest that the Pb data define an isochron
and not a lnixiug line.
The estimated age of the carbonates is 500
to 600 million years younger than the 4.50 F
0.13 Ga age of silicate crystallization (3). The
resolved difference between the age of silicate clystallization and carbonate precipita-

Fig. 3. A Pb-Pb isochron plot of the ALH84001
leachates (circles). An age of 4.08 i 0.06 Ga
(MSWD = 279) is defined by all of the leachates,
an age of 4.04 i 0.10 (MSWD = 59) is defined by
the 54 t o 57 leachates (solid line; filled circles),
and an age of 4.03 ? 0.06 Ga (MSWD = 2.2) is
defined by the 54, S6, and 57 leachates. A 4.5-Ga
reference line (dashed) passes through the primordial Pb value o f (34). Terrestrial Pb (filled oval)
is represented by marine sediments (20) and best
reflects the Pb composition of Antarctic contamination (27). Addition of Antarctic contamination
probably causes the S1 t o 53 leachates t o fall off
this isochron. Low Pb abundances in 58 make this
leachate particularly susceptible t o contamination in the laboratory.

tion is consistent with fomlation of the carbonate by an alteration process. The initial
"7Sri"Sr ratio of the carbonates is 0.70205 i
0.00007 (Fig. 3) and requires growth in a
reservoir with a "RbimSr ratio of 0.35 from
ratio is about
4.56 to 3.94 Ga. This "Rb!"hS
double the "Rb/"Sr ratio of 0.16 estimated
for bulk Mars (1). Thus, the initial 87Sd8hSr
of the carbonates is consistent mith a cmstal,
rather than a mantle, source region. The 87Rb/
86Sr ratio correspolldillg to the initial "Sri
"Sr ratio of the carbonates is similar to the
"Rb/"Sr ratio measured for the basaltic martian meteorites Shergotty and Zagami, which
are thought to have assimilated crustal material to dominate their Rb-Sr systematics (1).
However, the 87Rb/86Srratio of 0.35 is greater than the measured 87RbPhSrratio for the
lherzolitic nlartian meteorites, which are
mantle-derived rocks. Furthermore, the initial
8 7 ~ ~ 1Sr
8 6ratio of the carbonates appears to be
similar to that of the host rock at -3.9 Ga
because the whole-rock points fall on or near
the carbonate isochron (Fig. 2). This suggests
that the carbonates formed from a source that
mas isotopically similar to the silicate host
rock and are therefore of probable local derivation. Models of carbonate formation that
require the import of cations from large distances are less probable because the fluids
involved would not be expected to have the
same "Sr/"Sr ratio as the host rock.
During the period in \vhich the carbonates
formed, Mars is argued to have been wetter and
warmer than at present (22-24). At the same
time Mars may have ulldergone heavy bombardment by meteorites [for example, (25,26)].
Thus, the old age of the carbonates is consistent
with models of carbonate forn~ationby precipitation from fluids at low temperature (13, 27,
28), as well as with models in which carbonates
are produced by impact-driven metasomatism
(11) or impact melting of preexisting carbonates (14, 29).
The Ar-Ar ages detem~iiledon ALH84001
whole rocks are within error of the Rb-Sr and
Pb-Pb ages of the carbonates. The Ar-Ar ages
have been interpreted to range from 3.8 to 4.3
Ga (30. 31) and reflect the time of Ar outgassing by impact metamorphism. Concordance
between the Ar-As age of ALH84001 and the
Rb-Sr and Pb-Pb age of the carbonates is consistellt with the
that the
could have been produced by impact processes
(11, 14, 29). However, there is a significant
amoullt of time represellted by he allalq.tical
carunce*aillties of the various ages, Thus,
bonate formation aee and the aee of the llnvact
event might be analytically illdistinguishable
and yet be separated by tens to hundreds of
millions of years.
A direct causal relationship between impact and carbonate folmation is consistent
a high-tenl~erature
origin the
ates and would not suppolt the hypothesis of
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(32) that relicts of ancient martian life are
preserved in the carbonates of ALH84001.
However, carbonate precipitation at low temperature might be indirectly impact-related.
For example, an impact could shock the host
rock, resetting the As-Ar age, melt surficial
ice, and/or create a basin that collects water
for the precipitation of the carbonates. In this
scenario, the carbonates mould be deposited
in a single event, as required by isotopic
equilibrium between the various leachates.
This event must be relatively sholt-lived, as
suggested by the absence of secondary hydrous phases observed in ALH84001 (14,
28). Impact release of water from the frozen
subsurface could also facilitate rock and lvater interactions producing a fluid that contained high concentrations of Ca, Fe, and Mg
with which to form the carbonates. The
agreement between the Sr isotopic systeinatics of the carbonate and silicate phases places
some constraints on the source of the carbonate cations. The fluids could have equilibrated lvith either local surface rocks isotopically
similar to ALH84001 or with surface rocks
that are isotopically homogeneous over a
large portion of the martian surface.
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The Gravity Field of Mars:
Results from Mars Global
Surveyor

Marineris, and Isidis impact basin are resohed
as individual gravitational anomalies in the
areoid. Of particular note is the apparent circularity of the Tharsis areoid feahlre, in contrast to
the colnplex topography of the region (12). The
central portion of the Tharsis areoid encompasses the three Tharsis Montes in a single large
anolnaly and isolates Olympus Moils to the
David E. Smith,'* William L. Sjogren,' G. Leonard Tylern3
northwest. The Alba Patera volcanic construct
Georges balm in^,^ Frank G. Lemoine,' Alex S. Konopliv2
also appears as a subtle feature separated fro111
Observations of the gravity field of Mars reveal a planet that has responded
the ma111 Tharsis areoid feature Tlie separatio~~
of Olympus and Alba *om the inall1 dome of
differently in its northern and southern hemispheres to major impacts and
Tliarsis is siliiilar to the topographic separatio~~
volcanic processes. The rough, elevated southern hemisphere has a relatively
featureless gravitational signature indicating a state of near-isostatic compen(12) and indicates that these prominent volcanic
sation, whereas the smooth, low northern plains display a wider range of
shields have distinctive source regions in the
mantle tliat may explain the topography.
gravitational anomalies that indicates a thinner but stronger surface layer than
in the south. The northern hemisphere shows evidence for buried impact basins,
The zonal variation of gravity anolualies
(Fig. 3) shows differences between the southe111
although none large enough to explain the hemispheric elevation difference.
and northern liemispheres: the lack of gravity
The gravitational potential signature of Tharsis is approximately axisymmetric
anomalies beloxv major topographic features
and contains the Tharsis Montes but not the Olympus Mons or Alba Patera
over most of the southern liemispliere, as well
volcanoes. The gravity signature of Valles Marineris extends into Chryse and
provides an estimate of material removed by early fluvial activity.
as substantial anomalies that lack topographic
expression in the nol-tl~e~nhe~ii~sphereThe
smooth character of the gravity ind~catestliat
The gravity field of Mars reflects internal and
itational po\ver (Fig. 2) is indicative of tlie
the topography in the southern latitudes is isoexternal processes over several billion years:
ability of the planet's lithosphere to support
large stresses associated with surface and subas are highland
statically compensated mn~~cli
siiuilar to the moon's. Ho~vever.the magniterraills 011 tlie moon (14).
surface loads (11). The thick litliospliere on
tude of the variations on Mars indicates stress
Mars is a consequence of the more rapid loss of
The range of gravity variation from sout11
differences of about six times those in tlie
to nortli (Fig. 3A) increases to as large as
Moon. The radio science investigation on tlie
accretional and radiogenic heat from tlie mar-160 mgal. This suggests a latih~de-depenMars Global Surveyor (MGS) 1nissio11( I ) has
tian interior as compared ~vithEarth's. A strikdent variation in compensation that i~iaybe
developed global high-resolution gravitationing feahlre of the field is the limited range of
associated xvit11 Mars' pole-to-pole 0.036"
anomalies (? --100 mgal) over a large fiaction
al field ll~odels(Fig. 1) for Mars from trackslope in topography (12) that 1nig11t be exof the planet. Anomalies with substantial aming data (Table 1) (2, 3) and provides new
plained by a systematic variation of crustal
insight into the manner in which Mars has
plitudes are limited to the Tharsis. Isidis. and
thickness ~vithlatitude. The longitudi~~al
variElysium regions in the eastern and western
evolved througli time in response to major
ation of gravity anomalies bet~veenlatitudes
impacts, surficial geological processes. and
hemispl~eres.A broad high of 100 mgal in tlie
20°N to 7j0N (Fig. 3B). and 20"s to 75"s
internal dynamics.
midlatitude eastem hemisphere sulrounds the
(Fig. 3C) also emphasizes the difference beHellas basin and appears to be associated with
Tracking of the Mariner-9 and Viking- 1 and
material excavated from this str-t~chlre(12).
tween the t\vo hemispheres. The uniform
-2 orbiters had limited coverage and lo~veracgravity field over most of the southern 11einiMars' gravitational potential, or areoid
curacy data (2, 4-6) than MGS. The largest
free-air gra~.ityanomalies on Mars (Fig. 1A) (13) (Fig. lB), displays t\vo hemispl~eric- sphere in colnparison wit11 the much liigl~er
associated with Olympus Mons and the Tharsis
scale quasi-circular features with a d y ~ ~ a m i c amplitude variation seen in the north is the
antithesis of the topography. which is sl~lootli
Montes (Ascraeus. Pavonis, and Arsia volcarange of more than 2 k111, an order of magniin the north and rugged in the south. This
tude greater than that obse~vedfor Earth. The
noes) exceed 3000 mgal(3). more than an order
points to a quantitative difference in the evoTharsis Montes. Olympus Mons, Valles
of lnagnitude greater than those on Earth (9) for
similar wavelengths (10). The substantial grav-

-

Table 1. Summarv o f spacecraft tracking data
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