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Abstract

We report the first Lu–Hf isotopic data from SNC (Martian) meteorites with high-precision analyses of five shergottites
by plasma sector mass spectrometry. Hf isotopic compositions indicate the presence of both geochemically enriched and
depleted components, reflecting early segregation of Martian crust and mantle. Comparison with Sm–Nd and U–Th–Pb
isotopic systems suggests that the enriched component reflects the extraction of very small-degree melts at depths in
excess of 200 km in the presence of garnet, while the depleted component could correspond to large-degree melts from
mantle already depleted by the extraction of enriched liquids. The general lack of correlation between major element
composition and isotopic properties of SNC meteorites argues against the segregation of the lithophile elements into
Earth-like continents or Moon-like highlands on Mars, although early magma ocean fractionation may explain many of
the primary isotopic properties of SNC meteorites. Recent (0.18–0.33 Ga old) fractionation of Lu=Hf and Sm=Nd in
shergottites is inconsistent with purely magmatic partitioning of these elements and appears more likely to be a product of
metasomatic processes involving the circulation of P2O5-rich fluids, triggered either by distant magmatic activity or, more
probably, by impacts.  1999 Elsevier Science B.V. All rights reserved.

Keywords: shergottite; SNC Meteorites; Mars; hafnium; isotopes; garnet group; fractionation; metasomatism

1. Introduction

Both the Earth and the Moon have evolved a
crust but by entirely different processes. On Earth,
abundant water made it possible for felsic melts,
sediments, and metamorphic rocks to form. Over the
last 3.8 Ga, this light material accumulated on top
of lithospheric plates which were made resistant to
subduction. On the Moon, an early crust of buoyant
plagioclase, made abundant by low gravity, separated
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from a largely molten mantle in the first tens of
million years after the planet formed. With respect
to these planets, crust formation on Mars is poorly
understood, though the presence of ancient cratered
highlands in its southern hemisphere suggests that a
primordial crust did form [1].
The SNC meteorites, which are thought to have

been blasted from Mars by recent impacts and
rapidly delivered to the Earth [2,3], contain evi-
dence for early fractionation of distinct planetary
reservoirs [4–7]. Of the thirteen known SNC mete-
orites, eight have been characterized as shergottites
[8,9]. These unusual achondrites, thought to come
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from a young (ca. 180–330 Ma) igneous province on
Mars [8], are basaltic to ultramafic in composition
and share similar geochemical, isotopic, and miner-
alogical properties suggesting a common evolution
distinct from the other SNCs ([10] and references
therein).
An important rationale for carrying out Lu–Hf

isotopic investigations of the shergottites was to ex-
ploit the special sensitivity of the Lu–Hf isotope
system to the role of ancient melting events in the
presence of residual garnet. With respect to Hf, Lu
fractionates more strongly into garnet than clinopy-
roxene under solid=melt equilibrium conditions [11–
13], so even a small percentage of garnet left as a
residue after melting will dominate the subsequent
Hf isotopic evolution of the source. The positive cor-
relation between Hf and Nd isotopic compositions
observed in terrestrial basalts, known as the mantle
array [14], as well as in crustal material [15], ap-
parently reflects a long history of melt removal from
ancient, garnet-bearing residues in the Earth’s upper
mantle [16].
Although garnet is thought not to have been on

the liquidus of shergottite primary melts [17–19], it
has nonetheless been suggested that this mineral was
present at some point in the evolution of their mantle
source because of highly fractionated rare-earth ele-
ment (REE) patterns, including extreme Sm=Nd frac-
tionation, observed in shergottites [6,19–23]. Models
for Martian mantle mineralogy generally place gar-
net in the upper mantle starting below about 200 km
(2.3 GPa) [19,24,25].
The recent development of magnetic-sector

plasma-source mass spectrometry for high-precision
isotopic analysis has opened up new possibilities
for the investigation of small-volume, low-Hf sam-
ples, particularly those of extraterrestrial origin. The
plasma sector instrument in Lyon (a VG model
Plasma 54) can now routinely achieve high-preci-
sion results on just 25 ng of Hf [26] and, less
routinely, on half that amount. Below, we report the
first Hf isotopic data obtained by this method for five
shergottites. The results display an extreme range of
geochemical and isotopic variations, allowing some
new constraints to be placed on mantle–crust evo-
lution models for Mars, particularly in combination
with other isotopic data available from the litera-
ture.

2. Sample preparation and analytical methods

Samples used in this study were obtained from
the Johnson Space Center (JSC) (QUE94201, AL-
HA77005, EETA79001A and B), the Smithsonian
Institution (Shergotty), and Robert Haag (Zagami).
For most samples, a few hundred milligrams of
material were crushed and powdered in the Lunar
and Planetary Laboratory clean lab using an agate
mortar and then sent to Lyon for chemical process-
ing and isotopic analysis. One sample we analyzed,
QUE94201, had been previously irradiated for INAA
studies at the University of Arizona [27]. We there-
fore made a duplicate analysis on unirradiated ma-
terial from a different JSC split of this meteorite
in order to make sure that nuclear effects had not
altered Hf isotopic ratios in any way. The results
showed no significant difference in isotopic values
between the irradiated and unirradiated samples, cor-
roborating our calculations that had already indicated
as much. All the samples, except EETA79001A and
the unirradiated split of QUE94201, were replicated
using separate aliquots of the same powder in order
to monitor the accuracy of our method. Whole-
rock Lu–Hf isotopic analyses were carried out by
multiple-collector magnetic-sector inductively-cou-
pled-plasma source mass spectrometry on the VG
Plasma 54 instrument in Lyon following sample dis-
solution in steel-jacketed Teflon bombs and one- and
two-stage column separations, respectively, for Lu
and Hf using a mixed 176Lu–180Hf spike [26]. The
only modification relative to this procedure consisted
in reducing the abundant Cr in shergottites, as de-
scribed in [28]. Only double-distilled reagents and
new ion-exchange resins were used. Total procedural
Hf and Lu blanks were <25 and <20 pg, respec-
tively, or at least a factor 1000 smaller than the
processed Hf and Lu. For the Hf isotopic analyses,
Table 1 reports within-run two-sigma errors. The
external reproducibility on Hf isotopic compositions
was estimated from replicate analyses of the JMC-
475 Hf standard, but also of terrestrial samples of
various ages and compositions [15,26,28–33], and is
better than 35 ppm. The accuracy of the 176Hf=177Hf
measurements was verified by running the JMC-475
Hf standard in both the static and the dynamic modes
and was found to be consistent with the external re-
producibility. The reproducibility on the 176Lu=177Hf
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Table 1
Lu–Hf whole-rock isotope data for shergottites

Sample Mass Age T Lu Hf Lu=Hf a 176Lu=177Hf a 176Hf=177Hf b !Hf
(g) (Ga) (ppm) a (ppm) a (T) c

Zagami 0.10262 0.18 0.204 1.55 0.1315 0.01866 0:282203" 13 #18.3
Zagami 0.15572 0.18 0.198 1.56 0.1271 0.01804 0:282243" 11 #16.9

Shergotty 0.07253 0.18 0.183 1.77 0.1031 0.01463 0:282199" 7 #18.0
Shergotty 0.05402 0.18 0.182 1.77 0.1028 0.01459 0:282265" 25 #15.7

ALHA77005 0.31870 0.18 0.0988 0.723 0.1367 0.01941 0:283630" 15 C32.1
ALHA77005 0.33233 0.18 0.0982 0.727 0.1350 0.01916 0:283644" 33 C32.6

EETA79001A 0.37954 0.18 0.156 0.936 0.1662 0.02359 0:283703" 20 C34.1

EETA79001B 0.27500 0.18 0.262 2.01 0.1305 0.01852 0:283657" 5 C33.1
EETA79001B 0.25888 0.18 0.302 2.10 0.1437 0.02040 0:283666" 5 C33.2
EETA79001B 0.23353 0.18 0.315 2.29 0.1379 0.01957 0:283554" 5 C29.3
EETA79001B 0.09269 0.18 0.211 1.47 0.1440 0.02043 0:283775" 22 C37.1

QUE94201 d 0.05012 0.33 0.403 2.99 0.1349 0.01915 0:283897" 9 C43.0
QUE94201 d 0.04840 0.33 0.389 3.17 0.1230 0.01745 0:283775" 13 C39.1
QUE94201 e 0.05711 0.33 0.727 4.28 0.1697 0.02408 0:284112" 6 C49.5

a 2! error for Hf concentrations <0.5%. 2! errors for Lu concentrations and 176Lu=177Hf <1.0%.
b Normalized for mass fractionation to 179Hf=177Hf D 0.7325. Average 176Hf=177Hf of multiple runs of JMC-475 Hf standard D
0:28216 " 1 (Hf standard run before and=or after each sample). Uncertainties reported on Hf measured isotope ratios are 2"=

p
n

analytical errors in last decimal place, where n is number of measured isotopic ratios. Replicate analyses are listed in the order they were
measured.
c !Hf values calculated at age T using (176Hf=177Hf)CHUR(0) D 0.282772 and (176Lu=177Hf)CHUR(0) D 0.0332 [62].
d Previously irradiated for INAA studies [27].
e Unirradiated.

ratio is conservatively estimated at one percent [26],
although recent tests [31] suggest that it may be as
good as 2–3‰.
Because we had a relatively large mass of EE-

TA79001B, we also measured its Nd isotopic com-
position. This was considered important to do, given
the known heterogeneity of EETA79001 ([34] and
references therein). The Sm–Nd isotope analysis
was performed in the laboratory of P.J. Patchett
at the University of Arizona using slightly modi-
fied procedures from Patchett and Ruiz [35] for the
whole-rock chemistry and mass spectrometry. Total
Nd and Sm laboratory blanks on acids taken through
the exact same chemistry immediately prior to sam-
ple processing were 93 and 24 pg, respectively, or
approximately 1$ 10#4 of the Nd and Sm processed
for this sample. 143Nd=144Nd ratios were normal-
ized to 146Nd=144Nd D 0.7219 and the La Jolla
Nd standard gave 143Nd=144Nd D 0:511867 " 13
(2 standard deviations of the population for fifteen
analyses) at the time of this study. The results we

obtained for a 350 mg sample (Nd D 2.18 ppm, Sm
D 1.50 ppm, 147Sm=144Nd D 0.4148, 143Nd=144Nd D
0:513773 " 9, "Nd(T) D C17.1 at 180 Ma) are iden-
tical to those reported for both lithologies (A and
B) of EETA79001 ([22]; L. Nyquist, pers. commun.,
1998), indicating little or no Nd isotopic heterogene-
ity in this meteorite. This is consistent with what we
measured for Hf isotopes.

3. Lu–Hf isotopic results

Lu–Hf isotopic results for the five shergottites, in-
cluding repeat analyses, are shown in Table 1. Age-
corrected "Hf values range from #18.3 (Zagami)
to C43.0 (QUE94201; or C49.5 for the unirradi-
ated split) relative to a bulk chondritic reference of
zero. For Zagami, Shergotty, ALHA77005, and EE-
TA79001A and B, we have corrected the results to
an age of 0.18 Ga [36,37]. Similar ages are recorded
in the internal isotopic systematics for most of the
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shergottites by the Sm–Nd, Rb–Sr, and U–Pb sys-
tems [6,21,22,38–42], indicating a major isotopic
resetting event at around this time. The exception is
QUE94201, determined by Borg et al. [6] to have a
Rb–Sr and Sm–Nd internal isochron age of 0.33 Ga,
which we adopt here.
One of the more remarkable aspects of the present

data set is the relatively narrow range of Lu=Hf
ratios among the shergottites (Table 1). Though this
was known before from neutron activation data, the
highly precise isotope dilution results reported here
show an even smaller range in Lu=Hf ratios (0.1028
to 0.1697) than what had been reported earlier. Four
out of the five shergottites have Lu=Hf ratios of
0.1230–0.1440, while Lu=Hf ratios for two duplicate
analyses of Shergotty (0.103) and Lithology A of
EETA79001 (0.1662) and the unirradiated split of
QUE94201 (0.1697) are slightly outside of this range
to both sides. The narrow range in Lu=Hf ratios
means that the dispersion in Hf initial isotopic ratios
calculated for the shergottites is relatively insensitive
to the age chosen. For example, "Hf calculated at 1.3
Ga instead of 0.2–0.3 Ga will range from #7 to C53
(or C56 for the unirradiated split of QUE94201).
Thus the absolute values will shift with time relative
to the chondritic reference, but the total range of
values remains fixed.
Replicate Lu–Hf isotope analyses and calculated

Fig. 1. Lu–Hf isochron diagram for the shergottites. Shergottites fall within a narrow range of Lu=Hf whole-rock values, resulting in
near absence of isochronous relationships. The samples clearly distribute themselves into two main isotopic groups: less radiogenic
(Shergotty and Zagami) and more radiogenic (EETA79001A and B, ALHA77005, QUE94201) than CHUR (chondritic uniform
reservoir). 176Hf=177Hf-error bars for all samples are smaller than the symbols. The 4.56 Ga chondrite reference isochron [62] appears in
the lower right-hand corner of the diagram; irr D irradiated (from a previous experiment); un-irr D unirradiated.

initial ratios are within error for ALHA77005, nearly
within error for Zagami and Shergotty, but not
within error for all four EETA79001B analyses or
QUE94201 (Table 1). Initial Hf isotopic ratios for
terrestrial rocks of all ages and types are normally
precisely duplicated by the method used here [15,26,
28–33]. We attribute the small discrepancies in some
of our replicate analyses of the shergottites to hetero-
geneities in the powders analyzed, the small sample
size, and lack of internal isotopic equilibration of the
shergottites. The first two reasons may explain the
ca. 2.5 Ga errorchron defined by the triplicate anal-
yses of QUE94201 (Fig. 1), especially since these
analyses represent two different splits of the mete-
orite, while the latter reason may have contributed
to the absence of any isochronous relationships for
the four aliquots of EETA79001B (Fig. 1). This is
further reinforced by extensive Rb–Sr and Sm–Nd
isotope studies that demonstrate considerable inter-
nal isotopic heterogeneities in all of the shergot-
tites [6,21,22,38,40,41]. Nonetheless, regardless of
the discrepancies in replicate analyses reported here,
they are small enough relative to the overall large
isotopic variation we are observing that they do not
affect the key observations and conclusions to follow.
The Lu–Hf isotope data for the shergottites are

shown in an isochron diagram in Fig. 1. Two
features stand out: first, the general lack of any
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clear isochronous relationship among the shergot-
tite whole-rock samples as a group; and second,
the presence of two isotopically distinct groups.
The first feature is not surprising given the uni-
form Lu=Hf ratios. This is in distinct contrast to
the Rb–Sr and Sm–Nd systems which show a suf-
ficiently large spread in Rb=Sr and Sm=Nd ratios
to yield apparent whole-rock isochron ages of ap-
proximately 4.5 Ga and 1.3 Ga, respectively, for the
shergottites [4,21,36,43]. The second feature con-
firms the isotopic heterogeneity of the shergottites
and their sources, already known to a lesser or
greater extent from Sr, Pb, and Nd isotope studies
depending on which age one adopts for the man-
tle separation event [6,21,37,39,41]. Leaving aside
the slightly older QUE94201, the existence of two
isotopic groups may indicate that the samples were
perturbed less than a few hundred million years ago.
At 1.3 Ga most of the shergottites converge at the
same "Nd of #13 [21], while at 4.5 Ga all SNC mete-
orites have an initial 87Sr=86Sr close to BABI [36,43].
Pb isotopic data for the shergottites plot close to the
Pb–Pb geochron, indicating (like the Rb–Sr system)
formation of distinct reservoirs on Mars at about
4.5 Ga [4,39,42]. The relative significance of the
whole-rock isotope data for these systems in combi-
nation with the Hf isotope data is discussed below.
Here we emphasize that, because the small range of
parent=daughter ratios makes the Hf isotopic disper-
sion among the shergottites less sensitive to assump-
tions on their age, the Lu–Hf system demonstrates in
a very robust manner that the shergottites as a group
were just as isotopically heterogeneous at the time
they formed on Mars as they are now.

4. Discussion

4.1. Mantle and crustal components

Comparing Hf isotopic data for planetary sam-
ples of different ages is most conveniently done
by calculating the integrated (single stage) source
176Lu=177Hf ratio at the age defined by internal
isochrons. This is done assuming that the source
had a chondritic initial 176Hf=177Hf ratio starting at
4.56 Ga. The same principle can be employed for
the Sm–Nd isotopic data by calculating the inte-

grated source 147Sm=144Nd ratio. In Fig. 2 we have
combined these two sets of results for terrestrial, lu-
nar, and Martian samples into a diagram essentially
equivalent to the conventional "Hf–"Nd plot. Fig. 2,
however, has the advantage that a consistent set of
age corrections has been applied to the data. As dis-
cussed above, the precise mantle extraction ages of
the shergottites are in doubt, but if it is assumed that
they are fairly young, the exact choice of ages has
little effect on Fig. 2.
Fig. 2 shows the modern terrestrial mantle array

as reference to lunar and Martian basalts. As pointed
out by Unruh et al. [44] and Nyquist and Shih [45],
the low-Ti Moon basalts plot well above this array
with significantly higher "Hf="Nd ratios, whereas the
high-Ti Moon basalts show no correlation between
Nd and Hf isotopes but display a wide range in Nd
isotopic compositions for a small range in Hf iso-
topic compositions. A striking feature to notice from
Fig. 2 is that Mars and the Moon are isotopically
much more heterogeneous than the Earth, likely a
function of long-term vigorous mantle convection
and plate tectonic recycling, which have efficiently
reduced the isotopic dispersion in the Earth com-
pared with these other planets [41]. This observation
is in agreement with the presence of 142Nd anomalies
in some SNCs, which require that their source re-
gions were not efficiently homogenized [5,6]. Using
Earth as a reference, Zagami and Shergotty both plot
slightly below the terrestrial Hf–Nd field towards
less radiogenic, enriched crustal-type compositions,
whereas EETA79001A and B plot along an extension
of the terrestrial trend in the other direction, towards
values significantly more radiogenic than MORB
(Fig. 2). ALHA77005 plots close to but slightly
above the most radiogenic terrestrial MORB values.
QUE94201 is the most radiogenic of the shergottites,
falling among the high-Ti lunar samples. Clearly, the
shergottites as a group do not form a clear linear
trend in Hf–Nd isotope space, suggesting a much
different mantle evolution on Mars compared to that
on Earth.
The time-integrated properties of the Lu–Hf and

Sm–Nd systems are consistent with those inferred
from the U–Th–Pb and Rb–Sr systems (Table 2). We
have evaluated the time-integrated #1 (238U=204Pb)
and $1 (232Th=238U) of the shergottites up to the
time of the recent event from the data of Chen
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Fig. 2. Time-integrated Lu=Hf vs Sm=Nd ratios for Martian, lunar, and terrestrial basalts, normalized to chondrites. Parent=daughter
ratios were calculated for a source that differentiated at 4.56 Ga and evolved with radiogenic ingrowth at a constant parent=daughter ratio
until the sample being measured was extracted from the mantle. Appearance of diagram is the same as the standard "Hf–"Nd diagram,
except that the data have all been age corrected. Mars is much more heterogeneous than Earth and does not show the same linear array
among the shergottites. The same enriched and depleted reservoirs identified in Fig. 1 are represented here, with Zagami and Shergotty
falling just off the terrestrial array towards crustal values. QUE94201 plots close to high-Ti (Hi-Ti) lunar basalts, though SNCs have low
Ti abundances. Lunar data are from [44,63] and Nd isotope data for shergottites from [6,21,22,40,41]. Data sources for terrestrial basalts
are too numerous to reference here. Error bars for the shergottites are smaller than the symbols. Lo-Ti D low-Ti lunar basalts; irr D
irradiated; un-irr D unirradiated; CHUR D chondritic uniform reservoir.

and Wasserburg [42]. Although µ1 shows a wide
range of variations with no correlation with the
other isotopic systems [36,37], Zagami and Sher-
gotty show significantly higher time-integrated Th=U
ratios ($1 D 4:1) than either ALHA77005, EE-
TA79001, or LEW88516 ($1 D 3:8–4:0) (Fig. 3
and Table 2). This pattern is fairly reminiscent of
the Th=U fractionation between the terrestrial mantle
and the continental crust [46]. The (87Rb=86Sr)1 eval-
uated from the literature data also distinguish Zagami
and Shergotty (0.36) from the rest of the shergot-
tites (0.04–0.21) (Fig. 4 and Table 2). The isotopic
signature of Zagami and Shergotty therefore mir-
rors that of an ‘enriched’ crust with parent=daughter
ratios reflecting higher concentrations in the most
incompatible lithophile elements, whereas the other
shergottites represent a ‘depleted’ or residual mantle.

4.2. Fractionation of the Martian mantle and crust

Figs. 2–4 show that the enriched group formed
by Shergotty and Zagami contrasts with the de-

Fig. 3. Th=U vs Lu=Hf integrated source ratios for shergottites
(from Table 2). The high-Th=U component in Shergotty and
Zagami is highly suggestive of small-volume partial melts re-
moved from a garnet-bearing source. This combined with the
negative correlation between Th=U and Lu=Hf for the inferred
mantle and crustal sources imply that early Martian crust frac-
tionated from garnet-bearing mantle. Solar and CI Th=U ratios
from [64]. CHUR D chondritic uniform reservoir.
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Fig. 4. Lu=Hf vs Rb=Sr integrated source ratios and measured
ratios for shergottites (from Table 2). Tie-lines with arrow heads
connect the calculated source Rb=Sr with the measured Rb=Sr of
the rock. Lu=Hf shows strong fractionation between source and
rock, whereas Rb=Sr shows little fractionation except for Zagami
and Shergotty that both display a slight decrease in Rb=Sr be-
tween source and rock. Both systems record the same evidence
for enriched and depleted reservoirs. BSM is the Bulk Sili-
cate Mars value estimated by [6]. CHUR D chondritic uniform
reservoir.

pleted group formed by ALHA77005, EETA79-
001, QUE94201, and LEW88516 (on some plots
QUE94201 and=or LEW88516 do not appear for the

Fig. 5. mg# and P2O5 vs µ1Pb (from Table 2) for shergottites. Pb isotopes do not correlate with Hf, Nd, or Sr isotopes in SNCs;
however, #1Pb (source) shows a strong correlation with differentiation indices of shergottites, represented by mg# and P2O5 (data from
[65]). Also shown are the least-square hyperbolae drawn through the data. The position of the asymptotes (equations shown) indicate that
the high-mg#, low-P2O5 cumulate was mixed recently with a P2O5-rich component with a #1 of about 6.4 and a mg# of about 40.

lack of relevant data). This contrast is not visibly as-
sociated with any differentiation parameters, such as
the mg#. One noticeable exception is the hyperbolic
relationship between #1 (238U=204Pb) and both P2O5
and the mg# (Fig. 5). This plot indicates that Pb
from the shergottites reflects the mixing at a time of
recent disturbance of two components with separate
histories. The low-#1, high-mg# cumulate appears to
have been invaded by a high-P2O5, low-mg#, higher
#1 component. Least-square hyperbolae through the
data points suggest that the P2O5-rich component
had a #1 of about 6.4 and a mg# of about 40. This is
not consistent with a magmatic phase.
Because the mineralogy and major element chem-

istry of all the shergottites are relatively similar
[47,48], the large fractionations observed for the
Rb–Sr, Sm–Nd, Lu–Hf, and Th–U systems can be
held as evidence that the source of the depleted
group lost a melt component. Although it would fit
the Sm=Nd and Lu=Hf source fractionation pattern
(Fig. 2), a model in which the depleted shergottites
would simply be considered as residues left by melts
with the composition of Zagami and Shergotty fails
to explain the Th=U fractionation between the two
groups (Fig. 3). Just as for terrestrial basalts [49], the
fractionation of Th from U in a Zagami- and Sher-
gotty-type component requires instead very small
melt fractions in the presence of residual garnet. The
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Fig. 6. Hf=Sm vs Sm=Nd for Martian, lunar, and terrestrial
samples. Terrestrial and most lunar igneous rocks show con-
stant Hf=Sm close to the chondritic value. Although low in Ti
content, shergottites plot closer to lunar high-Ti (Hi-Ti) basalts
(1.5 $ chondritic Hf=Sm), but with a much greater range in
Sm=Nd than either lunar or terrestrial samples. HFSE=REE dis-
tinction between nakhlites and shergottites was previously noted
by Longhi [18]. Lunar data from [44] and SNC data from [65].
Data sources for terrestrial basalts too numerous to reference
here. Lo-Ti D low-Ti lunar basalts; CHUR D chondritic uniform
reservoir.

one-sigma range of DTh=DU values determined by
Salters and Longhi [12] is 0.58–1.48 for clinopy-
roxene and 0.27–0.46 for garnet, in good agreement
with the data of van Westrenen et al. [13]. These ex-
periments indicate that U is more efficiently retained
by residual garnet than by clinopyroxene. Fractions
of melt of the same magnitude as the bulk partition
coefficients, most likely in the fraction of a percent
range, produced at great depth best account for the
origin of the Th=U enrichment in the parent magma
of Shergotty and Zagami. The negative correlation
between time-integrated Th=U and Lu=Hf for these
reservoirs (Fig. 3) is a strong indication that gar-
net affected the fractionation of the other isotopic
systems as well.
It has been pointed out elsewhere [29] that the

Hf=Sm ratio of the vast majority of magmatic rocks
from the Earth and the Moon is nearly constant
and close to chondritic in composition, and therefore
seems to be essentially unchanged by later magmatic
processes. Mars appears to be an exception (Fig. 6)
in that the nakhlites (plus Chassigny) and the sher-

Fig. 7. Lu=Hf vs Nd=Sm integrated source ratios for shergottites.
Assuming that Sm=Hf remained constant during the magmatic
processes that produced the shergottites (Fig. 6), any mixing re-
lations on this diagram should be near-linear. This figure demon-
strates the complementarity of shergottite ‘crust’ and ‘mantle’
components, which can be recombined into a chondritic com-
position. The melting model curves (essentially linear on this
diagram) are from Fig. 5 of Blichert-Toft and Albarède [62],
with the residue compositions slightly modified. They show that
most of the shergottite compositions are consistent with the pres-
ence of long-term garnet-bearing residues in the Martian mantle.
CHUR D chondritic uniform reservoir.

gottites form two distinct groupings, each with non-
chondritic Hf=Sm ratio, indicating extreme Hf=Sm
fractionation on Mars [18]. Nonetheless, given that
the shergottites as a group have extremely constant
Hf=Sm (Fig. 6), we can consider the parent=daughter
ratios of the shergottites in the Lu=Hf and Sm=Nd
time-integrated source reservoirs in such a way that
Hf and Sm form the respective denominators. The
advantage gained by this representation is that mix-
ing relationships in Lu=Hf vs Nd=Sm plots are nearly
linear. The time-integrated source ratios are plotted
in this way in Fig. 7, which strongly suggests that
the enriched and depleted components can be re-
combined into a chondritic composition. The com-
plementary character of the shergottites with respect
to the chondritic composition can be understood if
two groups of magmas (enriched and depleted) col-
lect most of the incompatible element inventory of
a primordial (chondritic) mantle source. A first class
of liquids are small-degree, high-Th=U melts which
produce the enriched component (crust) found in
Shergotty and Zagami, whereas a second class of
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liquids are larger degree melts that essentially collect
the remaining incompatible element inventory left
behind by the first melting event. Melts from these
depleted sources form the shergottite primary mag-
mas that mix with the crust [4,18,36,37,41]. Resid-
ual garnet is present during early melting events
(Fig. 7).
An early age of mantle–crust differentiation on

Mars has recently been confirmed on the basis of
182W [7] and 142Nd [5,6] anomalies in SNCs. In
addition, an ancient mantle–crust fractionation event
on Mars was inferred from the Rb–Sr and Pb–Pb
isotope systematics [4,21,39]. The SNCs form a 4.5
Ga whole-rock isochron in the 87Rb–87Sr isochron
diagram indicating that the major fractionation of Rb
from Sr into crustal and mantle reservoirs happened
on Mars at this time [6]. Likewise, the major frac-
tionation of U from Pb apparently occurred within
the first few hundreds of millions of years on Mars,
based on the close fit of SNC whole-rock initial
values to the Pb–Pb geochron. 143Nd=144Nd iso-
topes yield more conflicting information. Several of
the shergottites fit along a 1.3 Ga Sm–Nd whole-
rock isochron which was at one time interpreted
to be their crystallization age, consistent with con-
cordant 1.3 Ga crystallization ages determined for
the nakhlites and Chassigny [21,22,50]. However,
the nahklites, Chassigny, and at least three of the
recently measured shergottites fall significantly off
this isochron [6,51,52]. Its more recent interpretation
[36,37,41] as a shergottite ‘mixing line’ (now more
an implied mixing relationship) is consistent with
recent mixing between early fractionated mantle–
crust reservoirs, as indicated by Pb and Sr isotopes,
but with less complete fractionation of Sm=Nd dur-
ing the early event [6]. As pointed out by Jagoutz
[4], this is similar to the crude 2 Ga correlation
for oceanic basalts on Earth, which is almost cer-
tainly an artifact of more efficient mixing of different
components in the terrestrial mantle–crust system
through time. Unlike on Earth, however, the U–Pb
and Rb–Sr systems of shergottites still preserve a
record of the earliest differentiation events. The Lu–
Hf whole-rock systematics are consistent with the
observations from other isotopic systems that sher-
gottites comprise at least two different components,
one enriched and one depleted, created shortly after
the planet formed.

Lee and Halliday [7] have argued on the ba-
sis of correlation of 182W and 142Nd anomalies in
SNC meteorites that core formation and silicate–
liquid fractionation occurred early and simultane-
ously in Mars’ history. The shergottites are all nearly
chondritic in their 182W isotopic composition, with
epsilon values ranging from 0 to C2 (in contrast, the
eucrites have anomalies in excess of C20, while the
nakhlites and Chassigny have anomalies of C2 to
C3). Similarly, with the exception of QUE94201, the
shergottites all have close to chondritic 142Nd, while
the nakhlites and Chassigny have positive 142Nd
anomalies ranging from 0.6 to 0.9 (QUE94201 has a
142Nd anomaly of 0.92 [6]). Notably, both Shergotty
and Zagami (which contain the strongest evidence
for an early crustal component) and the SNC-related
meteorite ALHA84001 (which is inferred to be a
sample of ancient Martian highlands crust [48]),
all have chondritic 182W and 142Nd isotopic val-
ues [5,7,43]. According to the model of Lee and
Halliday [7], these meteorites formed from a late
fractionated chondritic reservoir that did not lose
its metal to a core, or undergo Sm=Nd fractiona-
tion, until after about 4.50 Ga. A late chondritic
veneer to explain this reservoir has been ruled out
by siderophile element data [53,54]. We propose an
alternative scenario, whereby the crust was fraction-
ated early, but because the small-percentage melts
that produced it were highly enriched in Nd rela-
tive to Sm, the amount of radiogenic ingrowth of
142Nd prior to 146Sm extinction was very small,
barely distinguishable from the ingrowth in chon-
drites. If the crust was also enriched in W relative
to Hf, the same reasoning would apply to the de-
cay of 182Hf to 182W. This is illustrated in Fig. 8,
which shows the correlation of Hf=W and Sm=Nd in
SNCs. The nakhlites and Chassigny, which are de-
rived from highly LREE-enriched melts that formed
from long-term LREE-depleted mantle ("Nd D C16
at 1.3 Ga) [18], would have been least susceptible to
contamination by an anomaly-free crustal Nd and W
component, and therefore retained their small 142Nd
and 182W anomalies inherited from their source.
The shergottite primary magmas (as evidenced by
QUE94201) apparently carried such anomalies be-
fore interacting with Martian crust. Only shergottite
EETA79001, which shows minimal evidence from
other isotopes for a crustal component, retains a
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Fig. 8. Hf=W vs Sm=Nd for shergottites. Relationship between
different groups of depleted (mantle) and enriched (crustal)
groupings plus nakhlites and Chassigny suggests a scenario
for producing slightly different 182W and 142Nd anomalies in
samples derived from sources with the same early differentiation
histories (see text). Data from [7,65].

measurable W anomaly (QUE94201 has yet to be
measured). We therefore suggest that the 142Nd and
182W data are consistent with very early separation
of Mars into enriched crustal and depleted mantle
reservoirs, followed by later removal of melts from
the same sources to produce the shergottite primary
liquids.

4.3. Nature of the young isotopic disturbance

By ‘young’, we mean to qualify events or se-
quences of events that took place less than 0.5 Ga
ago, after (and including when) shergottite magmas
were presumably produced. There has been consid-
erable confusion over the chronology of the sher-
gottites (e.g., [4,8,10,21]), an issue which can now
be re-addressed to a certain extent with the Lu–
Hf whole-rock data. The isochronous relationships
among coexisting minerals are difficult to assess
for most of the chronometric systems (Rb–Sr, Sm–
Nd, U–Th–Pb) because many of the ages retained
in the literature are established using either a se-
lection of particular mineral fractions, replicates of
mineral analyses, or leachate=residue pairs [6,21,39–
41]. In the latter case, it is assumed that phosphates
are quantitatively dissolved with no parent=daughter
fractionation during leaching [41]. Consistency is of-

ten used as the key criterion to substantiate dates
in these normally complex age patterns. Since the
exposure ages of the shergottites are less than 15
Ma [3], it is common practice to consider the ‘ages’
of the rocks, normally a few hundreds of million
years, as those reflected by the internal or leaching
isochrons. Although these very young events (ca.
180–330 Ma) are widely believed to represent an
eruption=intrusion age [8,36], the magmatic model
for shergottites appears inadequate. Ar in feldspars
and clinopyroxenes from Shergotty and Zagami is
incompletely outgassed, which indicates that temper-
atures during the young events did not exceed by
much the closure temperature of Ar in feldspars of
ca. 400ºC [55]. Assuming conservatively that a min-
imum temperature of 800ºC is necessary to achieve
dry melting, the diffusion data on the plagioclase
fraction of shergottites shown in fig. 2 of [55] and
fig. 8 of [21] indicate that all K–Ar age memory
of ancient events should disappear from plagioclase
within a few days (a few hours at 1000ºC). Such a
short time seems incompatible with the crystalliza-
tion of cumulates lacking prominent undercooling
textures. The presence of Ar that was not completely
outgassed during the recent events is a feature of
most shergottite mineral separates, even those free
of impact glass, regardless of the range of 40Ar=36Ar
in the trapped atmospheric component [56]. In ad-
dition, the range of whole-rock #18O values ob-
served for shergottites (3.9–5.0) [57] is too broad
to be of purely magmatic origin and indicates in-
stead mineral–mineral or mineral–fluid fractionation
at temperatures well below the solidus of dry mag-
mas. Finally, the presence of maskelynite on the 180
Ma isochron of Zagami leaves the relationship be-
tween magmatic crystallization and the shock event
unexplained [21].
It is therefore possible that most mineral iso-

chrons or linear arrays observed for all the chrono-
metric systems and giving young ages carry a strong
metasomatic imprint induced by fluid circulation
rather than reflecting magmatic ages. In a classic
work, Zindler and Jagoutz [58] established that a
substantial fraction of the Sm–Nd inventory of ter-
restrial peridotites is located in fractures and along
grain boundaries. Pressurized groundwater, CO2, or
hydrothermal fluids are suitable leaching agents ca-
pable of rapidly remobilizing this interstitial inven-
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tory without perturbing the igneous textures in a
visible way. Whitlockite, which carries a substan-
tial part of the whole-rock Hf and REE inventory
of shergottites [66,67], is normally considered as a
late-stage magmatic phase because high P2O5 con-
tents must be reached before saturation. It is, how-
ever, also known to have been deposited by vapor
phases in vugs occurring in Apollo 14 breccias [59].
We suggest that fluids forcefully infiltrated through
the grain boundaries of the shergottites, dissolved
most of the interstitial mineral assemblages, includ-
ing magmatic phosphates, and leached the surface
of igneous grains without resetting isotopic equi-
librium among the major phases. By some type of
dissolution–precipitation process, phosphate precip-
itated upon cooling, depleting whole-rock Lu with
respect to Hf and light REE with respect to heavy
REE. Our preferred model is therefore essentially
similar to that of Jagoutz and Wänke [40]. Jones
[36] argues against a metamorphic disturbance in
shergottites and concludes that the young ages date
magmatic crystallization. His two main observations,
that no hydrothermal alteration minerals (e.g., chlo-
rite, epidote) are present and that REE are essentially
immobile, are only relevant to H2O-dominated fluids
at temperatures below 400ºC. Petrographic evidence
of well-preserved igneous minerals is not strong
enough to rule out metasomatic or hydrothermal ef-
fects given that it is well established that even the
most delicate magmatic patterns, such as oscillatory
zoning in plagioclase, may survive extensive fluid–
rock interaction [60]. Fig. 5 strongly supports the
circulation of a P2O5-rich fluid in the cumulate as a
result of the latest events.
The metasomatic character of these events is fur-

ther warranted by Sm=Nd and Lu=Hf fractionation
in the shergottites being distinctly inconsistent with
the known solid–liquid distribution coefficients of
these elements between silicate and melt. The time-
integrated (176Lu=177Hf)1 ratios calculated from the
origin of the planet up to the recent events (0.7N–
1.4N, where the subscript indicates normalization to
the chondritic value) contrast with the (176Lu=177Hf)2
ratios in the rocks themselves for both their range
and the relative fractionation of the elements (0.5N–
0.6N). From Fig. 9a it is apparent that some recent
process produced a convergence in and a lower-
ing of (176Lu=177Hf)2 ratios among the shergottites.

Fig. 9. (a) Two-stage Hf evolution diagram and (b) two-stage
Nd evolution diagram for shergottites. The circled numbers 1
and 2 correspond to the two stages, source (calculated) and sher-
gottite (measured), respectively, calculated in Table 2. Sm=Nd
and Lu=Hf ratios normally fractionate in the same way during
magmatic processes. A recent event produced opposite fraction-
ation of these ratios in shergottites, suggesting some additional
non-magmatic process causing convergence of the Lu=Hf ratios
in shergottites, on the one hand, and Sm to appear more incom-
patible than Nd, on the other hand (see text). Sources for Nd
isotope data as in Fig. 2. irr D irradiated; un-irr D unirradiated;
CHUR D chondritic uniform reservoir.

This behavior is the exact opposite to that seen in
the Sm–Nd systematics (Fig. 9b). The measured
(147Sm=144Nd)2 ratios in the shergottites themselves
are higher and their range broader than the time-inte-
grated (147Sm=144Nd)1 calculated for the period up to
the recent events (0.9N–1.4N). It is well established
that with respect to crystal–liquid fractionation, Sm
is more compatible than Nd and Lu more compatible
than Hf for all the mineral phases thought common in
the Martian mantle (olivine, pyroxenes, spinel, gar-
net). The ubiquitous character of this fractionation
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pattern is further substantiated by the strong pos-
itive correlation observed between the 176Hf=177Hf
and 143Nd=144Nd ratios of terrestrial basalts (e.g.,
[15]). When reverse directions of Sm=Nd and Lu=Hf
fractionation occur in basalts, it suggests that the
recent processes controlling the fractionation of the
parent and daughter isotopes were not purely mag-
matic, but involved fluid-driven remobilization of
these elements. In addition, there is extensive ev-
idence for hydrothermal=groundwater precipitation
of secondary minerals in SNC meteorites, includ-
ing clay minerals, sulfates, carbonates, and salts,
although many of them may have precipitated un-
der sub-surface conditions [47]. Pyrrhottite, which
forms at medium (sub-igneous) temperatures, is also
ubiquitous in shergottites [48]. Some of these phases
appear to release a substantial fraction of the radio-
genic isotope inventory into leached fractions (e.g.,
[6]) and therefore may have a strong influence on the
ages determined from the internal systematics.
Groundwater and CO2 heating, pressurizing, and

circulation events could have been triggered by ei-
ther remote magmatic activity or impacts. The pres-
ence of maskelynitic glasses apparently unaltered by
further hydrous disturbances (A. El Goresy, pers.
commun., 1999) strongly suggests that powerful im-
pacts were the last events experienced by shergottites
before their ejection from the planet. Impact-driven
metasomatism of SNCs has also been strongly advo-
cated in the context of the significance of carbonates
in ALHA84001 [61]. Regardless of which process,
deep magmatic activity or impacts, triggered the
metasomatic processes, the case for shergottites rep-
resenting young igneous rocks must be reexamined.

5. Conclusions

Hf isotopic data on the shergottites preserve evi-
dence of enriched and depleted reservoirs on Mars.
Combining evidence from all the isotopic systems
suggests that the crustal component in Shergotty and
Zagami is ancient enriched crust derived from small-
volume partial melts in equilibrium with garnet at
depths below 200 km on Mars. Later removal of
melts from the same sources could have produced
the depleted sources from which shergottite primary
melts were eventually derived. Mars likely went

through an early magma ocean stage, during which
the earliest mantle–crust segregation took place. Co-
herent petrologic and isotopic evidence indicates
that the most recent events that reset chronological
systems 180 to 330 Ma ago probably involved fluid-
driven metasomatic processes. Impacts rather than
magmatic activity are thought to have triggered these
metasomatic events.
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[62] J. Blichert-Toft, F. Albarède, The Lu–Hf isotope geochem-
istry of chondrites and the evolution of the mantle–crust
system, Earth Planet. Sci. Lett. 148 (1997) 243–258.

[63] B.L. Beard, L.A. Taylor, E.E. Scherer, C.M. Johnson, G.A.
Snyder, The source region and melting mineralogy of high-
titanium and low-titanium lunar basalts deduced from Lu–
Hf isotope data, Geochim. Cosmochim. Acta 62 (1998)
525–544.

[64] H.E. Newsom, Composition of the solar system, planets,
meteorites, and major terrestrial reservoirs, in:, T.J. Ahrens
(Ed.), Global Earth Physics, A Handbook of Physical Con-
stants, AGU Reference Shelf 1, AGU, 1995, pp. 159–189.

[65] K. Lodders, A survey of shergottite, nakhlite and chassigny
meteorites whole-rock compositions, Meteorit. Planet. Sci.
33 (1998) 183–190.

[66] L.L. Lundberg, G. Crozaz, G. McKay, E. Zinner, Rare earth
element carriers in the Shergotty meteorite and implications
for its chronology, Geochim. Cosmochim. Acta 52 (1988)
2147–2163.

[67] M. Wadhwa, H.Y. McSween Jr., G. Crozaz, Petrogenesis
of shergottite meteorites inferred from minor and trace
element microdistributions, Geochim. Cosmochim. Acta 58
(1994) 4213–4229.


