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Abstract—There is abundant geomorphic evidence that Mars once had potentially significant amounts of
water on its surface. Bulk martian meteorites are curiously dry, and hydrated minerals found in some of these
rocks are also surprisingly low in water content. We look for evidence of pre-eruptive magmatic water by
analyzing the abundances of Li, Be, and B, light lithophile elements that have proven useful in tracking
water–magma interactions in terrestrial studies because of their solubility differences. We performed second-
ary ionization mass spectrometer (SIMS) analysis of these incompatible elements in pyroxenes of two
nakhlites and two basaltic shergottites, with quite different results. In Nakhla and Lafayette, all three elements
behave as incompatible elements, with increasing abundance with magma evolution from pyroxene cores to
rims. In Shergotty and Zagami, Be increases, but both B and Li decrease from pyroxene cores to rims. From
terrestrial studies, it is known that Be is virtually insoluble in aqueous hydrothermal fluids, whereas B and Li
are quite soluble. We suggest, therefore, that the elemental decreases in the shergottite pyroxenes reflect
dissolution and loss of B and Li in a hot, aqueous fluid exsolved from the magma.

Consistent with our results, recent experimental work proposes that the shergottite parent magmas contained
1.8 wt% water (Dann et al., 2001). We suggest that the pyroxene cores grew at depth (�4 km) where the water
would remain dissolved in the magma. Once the magma began to ascend, the volatile component could
gradually exsolve, removing the soluble species from the melt in the process. Upon eruption, the volatile
component might then be lost through degassing, leaving a B- and Li-depleted magma to crystallize pyroxene
rims and plagioclase. This magmatic water might have derived from the martian mantle or resulted from deep
crustal contamination. If the water contents proposed for the shergottite magmas, and implied by our results,
are typical of basaltic magmas on Mars, this mechanism could provide an efficient method of delivering
substantial amounts of water to the martian surface at later times in martian history.Copyright © 2001
Elsevier Science Ltd

1. INTRODUCTION

The volatile inventory and outgassing history of Mars are
controversial issues. With recent discussions of possible oceans
in middle Mars history (Head et al., 1999, and references
therein), modern near-surface aquifers (Malin and Edgett,
2000), and putative life on Mars (McKay et al., 1996), it has
become particularly important to establish various details con-
cerning this water: how much was on the surface of Mars, when
in martian history, for what duration, and from what source.
Numerous estimates have been made of past martian water
volumes on the basis of surface feature morphologies (flood
channels, outwash plains, erosional features), relative atmo-
spheric gas abundances, and volumetric estimates of volcanic
material with assumed magma water contents (summarized by
McSween and Harvey, 1993). These methods yield water abun-
dance estimates that span a huge range, from globally uniform
layers 10 m to more than 400 m deep.

Assuming most surface water was generated through outgas-
sing during volcanic activity, several authors have focused on
determining the water contents of the igneous martian meteor-
ites. However, the measured bulk meteorite water contents
from high temperature fractions (i.e., magmatic) are quite low,

generally on the order of 130 to 350 ppm (Karlsson et al.,
1992). These abundances seem too low for such rocks to be the
source for all the water that once flowed on the martian surface.
It should be noted, though, that the water content of a volcanic
rock does not necessarily reflect the preeruptive magma water
content. Many terrestrial rocks with measured low water con-
tents have other compositional evidence, such as magmatic
inclusions, which point to water-rich parent magmas (Sisson
and Grove, 1993; Sisson and Layne, 1993). Several martian
meteorites do contain trapped magmatic inclusions containing
daughter minerals typically considered hydrous (kaersutite, bi-
otite, apatite) but the implications of their presence are unclear.
Originally, the identification of these minerals prompted sug-
gestions of significant magma water contents at depth (Floran
et al., 1978; Johnson et al., 1991; McSween and Harvey, 1993).
However, measured H contents of these “hydrous” phases
imply lower than expected water contents (Watson et al., 1994),
and laboratory experiments have since suggested that the kaer-
sutite compositions can be grown under rather dry conditions
(e.g., Popp et al., 1995). On the other hand, King et al. (1999)
suggested that these kaersutitic amphiboles may have experi-
enced oxidation and dehydrogenation and thus may not have
crystallized under low water activity conditions. Studies of
Zagami demonstrate that even if these early-crystallized am-
phiboles did imply the presence of water, late-stage melt pock-

* Author to whom correspondence should be addressed
(rlentz@utk.edu).

Pergamon

Geochimica et Cosmochimica Acta, Vol. 65, No. 24, pp. 4551–4565, 2001
Copyright © 2001 Elsevier Science Ltd
Printed in the USA. All rights reserved

0016-7037/�1899 $20.00� .00

4551



ets suggest late conditions were quite dry (McCoy et al., 1999).
Given these conflicting interpretations, we conclude that the
hydrous minerals do not provide an unambiguous, and thus
reliable, constraint on water in martian meteorite parent mag-
mas.

For this study, we examine the geochemical behaviors of the
light lithophile elements during magma evolution. Lithium,
beryllium, and boron have proven useful in terrestrial studies of
the role of water in subduction zone magmas (e.g., Noll et al.,
1996). Their usefulness is due to their different solubilities in
hydrothermal fluids: Be is virtually insoluble in H2O-rich fluids
(Measures and Edmond, 1983; Ryan and Langmuir, 1988;
Brenan et al., 1998b; Ryan, 2000), B is highly soluble in fluids
�200°C (Seyfried et al., 1984; Ryan and Langmuir, 1993), and
Li is highly soluble in fluids �375°C, showing particularly
strong mobility under high-grade metamorphic conditions
(Seyfried et al., 1984; Ryan and Langmuir, 1987; Brenan et al.,
1998b). In the absence of a hot aqueous fluid, all three elements
behave incompatibly (Table 1), and thus track magma evolu-
tion during mineral growth.

We decided to focus on two basaltic shergottites (Shergotty
and Zagami) and two nakhlites (Nakhla and Lafayette), with
the notion of comparing results from the two distinct crystal-
lization histories of the lithologies (Fig. 1). These four mete-
orites also share the advantage of being falls and have therefore
experienced less terrestrial weathering and contamination than
Antarctic or Saharan martian meteorites. More important, the
meteorites are each characterized by zoned clinopyroxene with
cores and rims interpreted as representing different periods of
mineral growth during crystallization, giving us geochemical
views into two periods of magma evolution.

Despite the fact that martian meteorites are among the most
comprehensively studied geologic samples, the systematics of
the light lithophile elements in these meteorites are virtually
unknown. Bulk rock samples have not been analyzed, particu-
larly for B and Be, because current techniques require the
destruction of too much material. There are a few bulk Li
values in the literature (compiled by Meyer, 1998), but Li, Be,
and B in minerals have only been measured via secondary

ionization mass spectrometer (SIMS) by Chaussidon and Rob-
ert (1999). Their focus was primarily on the isotopic ratios of
Li and B, and their abstract did not report abundances, except
to note that in the basaltic shergottites, B concentrations in
maskelynite are 5 to 10 times lower than in pyroxene. Here, we
examine the ramifications of the relative abundances of Li, Be,
and B, determined by SIMS, in early and late crystallizing
minerals in basaltic shergottites and nakhlites.

2. SAMPLES AND METHODS

Shergotty and Zagami are characterized by strongly zoned pyroxenes
(augite and pigeonite) and interstitial plagioclase (now shocked to
feldspathic glass; Fig. 1a). The meteorites’ bulk compositions and
crystallization histories are so similar that they are thought to be closely
related magmatically (e.g., Stolper and McSween, 1979; Wadhwa et
al., 1994). Only in grain size are they significantly different, which has
been attributed to a faster cooling rate for Zagami (McCoy et al., 1992).
Several studies have concluded from experiments and petrographic
relationships that, most likely, there were two stages of growth: the
Mg-rich pyroxene cores grew at depth, and the Fe-rich rims crystallized
later, with plagioclase, after a change in crystallization conditions
associated with shallow intrusion or extrusion (e.g., Stolper and Mc-
Sween, 1979; McCoy et al., 1992; Lentz and McSween, 2000).

Nakhla and Lafayette are dominated by zoned augite and olivine,
with plagioclase limited to fine sprays in mesostases pockets (Fig. 1b).

Table 1. Partition coefficients for trace elements.a

Element D cpx/melt D plag/melt

D fluid/melt
(solubility)

Range

Li 0.20 0.23 0.80 2.27
Be 0.011 0.27 0.01 0.01
B 0.016 0.05 1.14 2.08
Ti 0.4 0.04
Y 0.9 0.03
Ce 0.15 0.12
V 1.35
Zr 0.1 0.048
Sr 0.06 1.83

a Pyx/melt coefficients for Li, Be, and B from Brenan et al. (1998a);
plag/melt for Li, Be, and B from Ryan (1989). Fluid/melt coefficients
for Li, Be, B are calculated from cpx/fluid coefficients in Brenan et al.
(1998b). Range due to variable D (fluid/melt) for Al/Si range in
shergottite pyroxenes. All other trace element coefficients are from
Rollinson (1993).

Fig. 1. Images illustrating the textures of the two meteorite types
used in this study. (a) Fe distribution map of Shergotty showing
Mg-rich pyroxene cores (dark gray) with surrounding Fe-rich rims
(light gray) and interstitial plagioclase, now shocked to feldspathic
glass (black). (b) Backscatter electron image of Nakhla with similar
augite zonation, but significantly thinner rims. Plagioclase is restricted
to small mesostasis pockets (black). White grains are Fe-rich olivine.
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These petrographic relationships have been interpreted to reflect an
extended period of augite crystallization, with plagioclase growth com-
mencing only during the very latest stages of crystallization in isolated
melt pockets (e.g., Harvey and McSween, 1992; Friedman Lentz et al.,
1999). During this latest period, thin Fe-rich rims were added to the
pyroxene grains.

One thin section each of Shergotty (USNM 321-2), Zagami (UNM
1019), Nakhla (USNM 426-4) and Lafayette (USNM 1505-2) was used
for this study. For each section, five to seven pyroxene grains were
analyzed, core and rim, with at least one five-point traverse measured
per thin section. In addition, five to seven plagioclase grains (or
feldspathic glass in the shergottites) were measured.

Trace element compositions were analyzed with a Cameca ims-4f
ion probe at the Oak Ridge National Laboratory. Before gold-coating
for SIMS analysis, each thin section was soaked for 2 h in a 1%
mannitol solution and rinsed in B-free distilled water to combat surface
B contamination (a method developed by R. Hervig; R. Hervig, per-
sonal communication), after which the section was promptly coated.
Nakhla, Lafayette, and Shergotty were analyzed sequentially in a
continuous session, whereas Zagami was analyzed several months
later. The samples were bombarded with a 12.5 kV primary beam of
16O� ions at 10 nA and with a beam size of �15 to 20 �m for most
pyroxene analyses. In cases where greater spatial resolution was nec-
essary (to distinguish Zagami rims and to measure the narrow nakhlite
plagioclase laths), the beam was reduced to 5 to 10 �m with the current
lowered to 1.5 to 3 nA; the number of measurement cycles was
increased to compensate for lower counts. Nakhlite pyroxene rims
proved to be thinner and more difficult to measure than had been
anticipated. Thus, the actual “ rim” measurements likely represent an
average rim and core composition acquired by using a beam that was
larger than optimal and that may have penetrated into underlying, less
zoned pyroxene material (see Results).

Positive secondary ions were extracted by the secondary mass spec-
trometer with a mass resolution of �600 and counted by using an
electron multiplier. Energy filtering was used to avoid secondary ion
interference (e.g., 9Be and Al3�). Two sets of elements were measured
at each spot (Al, 30Si, Ti, V, 86Sr, Y, Zr, Ce and Na, K, Li, Be, B), with
the measurement time of the first set acting as sputtering time before
measuring B, in particular.

Calibration curves were derived by using multiple measurements of
standards of natural minerals (Plag B, SanCarlos Olivine, Unknown
Cpx, Wilberforce Augite, and W_A Diop) and glasses (NBS 610, 612,
and 688, W2, QLO, BHVO, AGV, STM1, BIR, RGM, JDF-2,
LUM37). Calibration data fell in linear trends and were fit with both
linear and power law curves, giving correlation coefficients of R2 �
0.97 to 1.0. Power law fits were ultimately chosen for the calibrations
of Li, Be, and B because they supplied better matches for the low
element abundances we expected for our samples. Detection limits
were determined using the calibration equations by calculating the
concentration of each element given a worst-case background rate of
�0.1 counts per second. These limits are all well below measured
values (at lease two orders of magnitude). Measurement precisions
(�no. of counts/no. of counts) are mostly less than 4% relative, with
the exceptions of Zr (�7%), Ce (up to �15%), and Be (�10%). The
useful ion yields of Li relative to Si averaged 14.7 � 3.2, with only a
plagioclase standard producing a large outlier at nearly twice the yield
of the glasses, likely due to matrix effects. Pyroxene standards, how-
ever, fell nicely within the range of the glass standards. Be ion yields
also showed minor variation with an average of 10.7 � 3.9, which are
reportedly similar to those determined for a compilation of three
different SIMS labs (R. Hervig, personal communication). However, B
ion yields did have more variability, averaging 5.2 �2.6, but showed
no correlation between yield and standard concentration, suggesting we
successfully removed any potential B contamination.

Major element compositions were determined, at approximately the
same locations as the SIMS spots, with a Cameca SX-50 electron
microprobe at the University of Tennessee. An acceleration voltage of
15 keV was used with a beam current of 20 nA, beam size of 1 �m, and
30-s count times. Well-characterized minerals were used as standards,
and all analyses were corrected by using a company-supplied ZAF
routine (P). These results were primarily used to determine pyroxene
type (WoEnFs) and Mg# (Fig. 2).

Because plagioclase was a late crystallizing phase in both meteorite

lithologies, abundances of the light lithophile elements in plagioclase
reveal little about the main stages of magma evolution. In addition,
there is the complication of whether the shock process that converted
shergottite plagioclase to feldspathic glass affected the light lithophile
elements (Chaussidon and Robert, 1999). However, the relative values
are certainly reliable, so for now the plagioclase data have only been
applied to evaluate the quality of the Be pyroxene data.

3. RESULTS

Trace element data are presented in Tables 2 and 3, and
Figure 3 illustrates element behavior in the pyroxenes. Trace
elements are plotted vs. TiO2 rather than Mg# for consistency
because the Ti data were acquired by using the SIMS at the
same time as other trace element data.

For the most part, the nakhlite data exhibit incompatible
element enrichment trends when plotted against TiO2, although
V shows more scatter than do the other elements. Strontium
behaves incompatibly throughout because of the late crystalli-
zation of plagioclase. Note, however, that the “ rim” composi-
tions (open symbols) are quite mixed with the “core” measure-
ments (solid symbols) in many cases. Our data do not seem to
show the full extent of magma evolution previously detected by
pyroxene zoning in these two meteorites, especially Nakhla
(Harvey and McSween, 1992; Friedman Lentz et al., 1999).
This is also apparent in major element data (Fig. 2), where the
rims plot essentially identically to the cores. This is likely due
to the difficulty in analyzing the thin rims and suggests that
what we here labeled “ rim” represents a core/rim mix and not
the fully evolved magma we had hoped to measure (see Meth-
ods).

The shergottite data show much more scatter than the nakh-
lite data, especially in the rim compositions, but there are
discernible trends that are consistent between Shergotty and
Zagami. In both meteorites, Y, Zr, and Sr abundances correlate
with increasing TiO2, consistent with their incompatibility in
pyroxenes (Table 1), and there are no detectable differences
between augite and pigeonite trace element abundances. Only
two of these trace elements stand out with different behaviors

Fig. 2. Pyroxene quadrilateral showing major element compositions
of cores (solid symbols) and rims (open symbols) for Nakhla (squares),
Lafayette (diamonds), Shergotty (triangles), and Zagami (circles) ana-
lyzed by SIMS in this study. Fields show typical compositions in the
literature: stippled area for augite in nakhlites (Friedman Lentz et al.,
1999), hatched area for “Normal Zagami” (McCoy et al., 1999), and
open area for Shergotty (Hale et al., 1999). Note that our nakhlite augite
rim compositions are not as Fe rich as seen in other studies, and the
shergottite cores do not reach the Mg-rich extremes.
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between the nakhlites and shergottites: Ce and V. Cerium
shows a well-defined, expected increase in the nakhlites, but
minimal variation in each shergottite (Fig. 3). When Ce is
normalized to Y, as a proxy for the HREEs (Fig. 4), despite
scatter, there does seem to be a decrease in the ratio between
pyroxene cores and rims. A possible explanation for this is
discussed below.

Vanadium also displays different behavior between the
two lithologies, with a scattered, but definite, increase in the
nakhlites and a decrease in the shergottites (Fig. 3). In this
case, though, the nakhlite increase is unexpected. As re-
ported by Rollinson (1993), V should behave as a compat-
ible element in clinopyroxene (Table 1), which should pro-
duce a decreasing trend. Complicating the matter, however,
the compatibility of V is susceptible to oxygen fugacity
(Rollinson, 1993) and the crystallization of magnetite. The
increase evident in the nakhlites, then, may reflect a differ-
ence in the oxidation state of the magma or in the timing of
magnetite crystallization (i.e., much later crystallization of
magnetite in the nakhlites), possibly making V less compat-
ible than in the shergottites.

When the Li, Be, and B data are similarly plotted against
TiO2, again there are different behaviors between the nakhlites
and shergottites (Fig. 5). Despite the scatter, it is apparent that

there is little variation, at scales comparable to the shergottites,
in any of the three light lithophile elements in nakhlite py-
roxenes. The shergottites, however, display both greater abun-
dances and ranges in the light lithophile elements, with iden-
tifiable trends in the data: Be increases with TiO2, whereas B
and Li decrease.

4. INTERPRETATION OF LITHOPHILE ELEMENT
ABUNDANCES

4.1. Data Quality

Because of the inherent difficulties of measuring and cali-
brating the light lithophile elements, we feel that a few checks
on the quality of the data are warranted. For trace element data
in the shergottites and the nakhlites, we can compare with data
reported in Wadhwa et al. (1994) and Wadhwa and Crozaz
(1995), respectively. The nakhlite data are all the same order of
magnitude as those in Wadhwa and Crozaz (1995), with V, Zr,
and Ce having identical or very similar values. Ti, and Y do
display small offsets in values, with our concentrations being
about twice that of Wadhwa and Crozaz (1995): e.g., Y � 4 to
8 ppm compared with 2 to 4 ppm. However, because the trends
and spreads shown by these two elements are very similar, we
believe the differences are due to interlaboratory variations and

Table 2. SIMS trace element data for augites (unless otherwise noted) in nakhlites.

Specimen and Site TiO2 (wt%) V (ppm) Sr (ppm) Y (ppm) Zr (ppm) Ce (ppm) Li (ppm) Be (ppm) B (ppm)
Be (ppm) in
plagioclase

Nakhla
px 3 Core 0.364 210 37.8 5.3 4.7 4.8 4.77 0.0009 0.47 0.31

Rim 0.258 177 29.0 4.3 4.8 4.3 5.99 0.0033 2.02 0.38
px 4 Core 0.262 193 29.6 4.2 3.3 4.3 4.94 0.0005 0.50 0.48

Midpoint 0.265 193 26.9 4.3 3.3 4.3 5.59 0.0006 0.45 0.42
Rima 0.359 224 40.9 6.4 5.5 6.8 3.76 0.0265 0.70 0.55
Midpoint 0.314 193 31.2 5.2 4.0 4.6 5.48 0.0006 0.51 0.59
Rim 0.288 189 31.6 4.8 3.6 4.5 5.55 0.0007 0.47 0.55
Rim 0.344 191 36.9 5.1 3.9 4.7 5.40 0.0010 0.46

px 5 Core 0.308 176 32.8 4.9 3.6 4.6 5.52 0.0007 0.44
Rim 0.383 212 39.2 5.7 5.0 5.1 3.86 0.0057 0.50

px 6 Core 0.418 193 44.7 6.6 5.1 5.5 5.34 0.0023 0.54
Rim 0.320 216 31.2 5.1 3.9 4.7 5.46 0.0007 0.51

px 7 Core 0.452 198 46.4 7.5 5.8 5.9 4.64 0.0019 0.66
Rim 0.309 174 30.3 4.8 3.6 4.5 4.60 0.0013 0.77

px 8 Core 0.390 213 37.0 5.8 4.1 4.7 3.85 0.0008 0.68
Rim 0.288 168 28.5 4.5 3.3 4.4 4.89 0.0009 0.81

Lafayette
px 1 Core 0.469 217 43 7.7 6.4 5.9 5.67 0.0025 0.93 0.74

Midpoint 0.457 197 47 7.2 6.0 6.0 6.20 0.0015 0.81 0.72
Rima 0.345 190 42 7.4 12.9 5.4 4.51 0.067 1.90 0.26
Midpoint 0.271 165 29 4.6 3.7 4.4 5.85 0.0021 0.83 0.45
Rim 0.264 161 31 4.2 3.4 4.3 6.69 0.0019 1.02 0.39

px 3 Core 0.373 184 43 5.7 5.2 5.2 5.42 0.0024 1.02 0.74
Rim 0.273 170 32 4.4 4.0 4.2 6.44 0.0062 0.90 0.54

px 5 Core 0.439 193 53 7.1 5.5 5.5 6.06 0.0013 0.97
Rim 0.301 184 33 4.9 4.2 4.6 5.38 0.0071 2.01

px 6 Core 0.328 177 36 5.1 4.3 4.8 5.59 0.0009 0.92
Rim 0.304 180 29 4.6 4.0 4.5 5.95 0.0015 0.98

px 7 Core 0.446 190 46 7.9 6.3 5.7 5.39 0.0019 0.93
Midpoint 0.263 158 29 4.8 3.7 4.3 6.21 0.0011 0.87
Rim 0.277 167 40 4.4 3.8 4.5 6.51 0.0020 1.14
Midpoint 0.306 168 35 5.1 4.2 4.6 5.88 0.0013 0.89
Rim 0.303 163 37 5.3 5.2 5.0 5.52 0.012 1.69

a Outliers were not considered for averages shown in Table 4 and Figures 4,6,7, and 8.
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that the data are reliable for examining general element behav-
ior. For the shergottite data, Wadhwa et al. (1994) present only
graphical presentations of the Ti, Y, and Zr data and averages
of their Ce data. Again, we find offsets in Ti, Y, and Zr but with
similar trends and overlaps in values: e.g., Y � 5 to 15 ppm
compared with 1 to 6 ppm (Wadhwa et al., 1994). Our Ce data
show the most difference, with values an order of magnitude
higher than the average in Wadhwa et al. (1994). Our measure-
ments show that Zagami trace elements are roughly equivalent
to those in Shergotty (same order of magnitude), as Wadhwa et
al. (1994) also found.

The Li data seem reasonable when compared with the few
bulk rock Li analyses in the literature (compiled by Meyer,
1998). We can generate a rough estimate for bulk Li by
combining our average measurements with average modal
abundances of pyroxene and plagioclase for Nakhla (Friedman
Lentz et al., 1999), Shergotty (Hale et al., 1999), and Zagami
(McCoy et al., 1992). We find that weighted sums of our Li
analyses (4.5, 3.9, and 5.1 ppm, respectively) match well with
previously reported bulk meteorite values (3.8, 3.3 to 5.6, and
3.8 ppm, respectively). There are no data in the literature with
which to compare the B analyses, although we do find the same
10-fold difference between Shergotty pyroxene and maskel-
ynite that Chaussidon and Robert (1999) reported. In addition,
the lack of any serious spikes in B abundance, combined with
our ion yield data, suggests that our anticontamination method

was successful and that those measured abundances, although
slightly higher than expected, are reliable.

The other concern is Be, which has unexpectedly low abun-
dances. The derived SIMS detection limit falls well below
measured values, but to test the reliability of the data, we
compared relative Be contents between plagioclase and pyrox-
ene. If plagioclase and pyroxene had co-crystallized, their rel-
ative Be contents should reflect the Be distribution coefficients
(Table 1): DBe (plag/melt)/(cpx/melt) �0.27/0.011 � 25. It
should be noted that there is a degree of imprecision in this
ratio because distribution coefficients reported for Be are vari-
able. For example, Brenan et al. (1998a) give a range of DBe

(cpx/melt) of 0.0025 to 0.021; we have chosen to use 0.011,
which they report for a run involving Di composition.

In Shergotty and Zagami, the most similar conditions to
equilibrium crystallization should have existed during the con-
current growth of pyroxene rims and interstitial plagioclase
(Stolper and McSween, 1979). Shergotty and Zagami have
similar average Be pl:px-rims ratios (2.1 and 2.4, respectively;
see Table 4, Fig. 6), but these values are lower than the
expected distribution coefficient ratio. Even the Be pl:px-cores
(13 and 6, respectively; Table 4) are lower than the theoretical
value, which is particularly unexpected. The core ratios should
be higher than the theoretical value because the pyroxene cores
grew well before plagioclase crystallization and would there-
fore have had less Be to incorporate than would have been

Table 3. SIMS trace element data for pyroxenes (unless otherwise noted) in basaltic shergottites.

Specimen and site TiO2 (wt%) V (ppm) Sr (ppm) Y (ppm) Zr (ppm) Ce (ppm) Li (ppm) Be (ppm) B (ppm)
Be (ppm) in
plagioclase

Shergotty
px 1 Core (a)a 0.297 412 16.0 6.8 4.8 3.9 5.50 0.0013 3.64 0.062

Midpoint (p)a 0.438 218 42.6 8.0 5.6 3.7 2.90 0.0031 2.80 0.063
Rim (a) 0.774 54 50.7 8.5 34.2 3.6 1.89 0.0387 1.70 0.068
Midpoint (a) 0.588 393 30.0 12.6 10.2 4.0 3.63 0.0032 2.65 0.062
Rim (a) 0.798 75 49.4 8.6 24.0 3.6 2.45 0.0228 1.87 0.086

px 2 Core (p) 0.258 238 25.4 6.0 5.8 4.1 4.80 0.0058 7.24 0.055
Rim (p) 0.671 164 51.4 8.7 21.7 3.7 2.64 0.0331 5.46

px 3 Core (p) 0.436 236 32.8 8.3 7.2 3.9 5.19 0.0139 3.80
Rim (p) 0.628 61 51.3 8.0 17.9 3.5 1.98 0.0230 2.14

px 4 Core (a) 0.304 425 17.3 7.0 4.6 4.0 8.15 0.0011 12.36
Rim (a)b 0.743 90 53.5 8.4 103.0 3.6 2.00 0.1623 3.36

px 6 Core (a) 0.386 515 19.8 9.3 6.8 4.2 5.02 0.0026 9.75
Rim (p)b 0.599 41 61.8 6.2 31.8 3.5 1.68 0.1844 6.29
Rim (a) 0.675 67 49.1 7.8 15.5 3.6 1.78 0.0421 2.97

Zagami
px 1 Core (a) 0.390 529 22 9.0 8.1 5.6 7.87 0.017 3.23 0.117

Rim (a)b 0.867 139 45 8.0 58.7 4.9 3.14 0.343 4.86 0.128
px 2 Core (a) 0.410 559 24 10.4 9.9 5.9 7.36 0.013 3.69 0.087

Rim (a)b 0.641 333 41 9.8 35.3 5.3 6.21 0.199 4.72 0.095
px 3 Core (a) 0.422 505 29 10.4 10.1 5.5 7.16 0.019 3.68 0.075

Rim (p)b 0.759 185 62 17.2 245.6 7.4 6.70 0.288 7.02 0.088
px 4 Core (a)b,c 0.815 208 46 13.5 95.7 6.3 4.09 0.111 4.64

Rim (p) 0.618 184 43 9.0 10.1 4.5 3.83 0.029 2.81
px 8 Core (a) 0.362 417 28 8.4 9.4 5.4 6.92 0.019 5.90

Rim (p) 0.376 192 42 7.1 8.4 4.3 4.07 0.037 1.80
px 10 Core (a) 0.379 506 21 8.9 7.3 5.0 6.99 0.013 3.13

Rim (a) 0.779 343 36 14.3 16.6 5.1 4.83 0.047 2.97
px 13 Core (a) 0.328 432 33 7.5 11.4 6.2 8.00 0.012 8.81

Rim (a) 0.543 387 37 10.8 15.4 5.3 6.00 0.052 5.78

a a � augite, p � pigeonite, with an arbitrary boundary at Wo � 20 mol%.
b Outliers were not considered for averages shown in Table 4 and Figures 4, 6, 7 and 8.
c Plotted as open “ rim” symbol in Figures 3 and 5 because compositionally they are more like rim material.
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Fig. 3. Pyroxene trace element data (including outliers; see Table 3) for the nakhlites and basaltic shergottites. The
expected incompatible and compatible trends are seen when plotted against TiO2, except for Ce in the shergottites and V
in the nakhlites. See text for discussion.
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available later. This expected late Be concentration is well
displayed in the nakhlite data. In these meteorites, plagioclase
grew very late with respect to pyroxene, within highly evolved
melt pockets. Due to this magma evolution and incompatible
element concentration, Be plagioclase to pyroxene ratios (both
cores and rims) are quite high (Table 4, Fig. 6): �100 to 400.

Although the nakhlite Be data fit our expectations, the sher-
gottite data do not very well. One reason for this may be that we
had to mix derived distribution coefficients from two sources:
Brenan et al. (1998a) for pyroxene and Ryan (1989) for pla-
gioclase. As such, there may be some discrepancies between
the methods applied in the different studies, perhaps resulting
in a higher DBe (plag/melt) relative to DBe (cpx/melt). Alter-
natively, the fact that the shergottite ratios are too low may be
evidence of minor loss of Be during the shock-generated con-
version of plagioclase to feldspathic glass. Despite the mixed
results of this test, the Be data do show a distinct increase in
abundance from pyroxene cores to rims to plagioclase, reflect-
ing incompatible behavior. Because of this and the fact that the
Be counts were well above the detection limit, we will proceed
with the assumption that the data are sufficiently reliable for
our examination of relative abundances of these light lithophile
elements.

4.2. Elevated B Abundances and B/Be Ratios

A particularly interesting ratio to consider is that of B to Be.
Because the ratio of distribution coefficients for B and Be in
clinopyroxene is approximately equal to one (DB(cpx/melt)/
DBe(cpx/melt) � 0.016/0.011 � 1.5), the pyroxene core ratios,
with only a minor adjustment, should approximate the starting
ratios of those elements in the parent magmas. Our data (Table
4) show that the martian magmatic values are very high when
compared with terrestrial basalt values (Fig. 7). For example,
typical ocean island basalts (OIBs) have magmatic B/Be values
of �1 to 5 (Ryan et al., 1996), whereas nakhlite and Zagami
core ratios average �300 to 500. Shergotty has even higher
pyroxene core B/Be ratios, averaging �1500 (Table 4).

Elevated B/Be values in ocean island basalts have previously
been attributed to low degrees of mantle melting that would
enrich the B (Ryan et al., 1996). This mechanism seems un-
likely here, though, as the very high martian values would
require extremely low degrees of melting, given a starting
composition similar to the terrestrial mantle. This would also
run contrary to expected degrees of melting for shergottites and
nakhlites on the basis of other trace elements (Wadhwa et al.,
1994).

We suggest two other explanations, or possibly a combina-
tion of them. The B and Be contents of the martian mantle may
simply be different from those of the Earth’ s mantle, with
higher B relative to Be. Considering that B is much more
volatile than Be, this would be consistent with the model of
Dreibus and Wänke (1987), which suggests Mars was more
volatile-rich after accretion.

Alternatively, contamination of magmas by surface materials
could supply more B. The highest B/Be values (�200) found
on Earth are in subduction zone arc lavas and have been
attributed to addition of B from melting and dehydration of
B-enriched ocean sediments on downgoing slabs. Because
there is no evidence of such well-developed crustal recycling
on Mars (Carr and Wänke, 1992), there would have to be some
other mechanism than plate tectonics to mix crustal and mantle
material. Two possibilities are crustal assimilation by the as-
cending magmas, or a well-developed groundwater system, to
leach the crustal rocks and enrich the mantle magmas.

4.3. Boron and Lithium Depletions

Regardless of the source of the unexpectedly high B abun-
dances, the relative differences that we see between pyroxene
cores and rims in B and Li are of themselves intriguing (Fig. 8).
In the nakhlites, Be, Li and B show minor increases (note
scales), all behaving as incompatible elements would. This
suggests that for most of the pyroxene crystallization, the three
elements showed normal distribution behaviors.

The shergottite data are quite different. Be still increases
from pyroxene cores to rims (Fig. 8), but both B and Li
decrease from core to rim, on average. These decreases are
more apparent in the Shergotty data, even considering 1�
errors, with the average values declining by more than 60%.
The Zagami data are not as clear, especially the B, but there is
a decided decrease, on average by �30% (Fig. 8, Table 4).
These trends suggest that between the time of pyroxene core
and rim growth, B and Li were removed from the crystallizing

Fig. 4. Plots of Ce/Y vs. TiO2 for shergottite pyroxenes (excluding
outliers; see Table 3), with Y acting as a proxy for the HREEs, to
illustrate an apparent Ce depletion from cores (gray filled symbols) to
rims (open symbols). Larger symbols, connected by arrows, are aver-
ages for cores and rims.
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magma. Because both B and Li are soluble in H2O-rich hydro-
thermal fluids and Be is not, it seems reasonable to suggest that
the loss of B and Li from the shergottite magmas occurred by
a fluid-mediated process (i.e., exsolution and loss of a fluid
from the melt during ascent).

Removal of Li and B in a fluid may be supported by a similar
subtle decrease in Ce abundance, noted above (Fig. 4). Cerium
is an unusual rare earth element (REE) in that it can exist in two
oxidation states, Ce�3 and Ce�4. In a basaltic magma, Ce�3

should predominate because the presence of abundant Fe�2

will reduce any Ce�4 (Neal and Taylor, 1989). Trivalent Ce has
been suggested to be more soluble than other trivalent REEs in
hydrothermal fluids, and much more so than Ce�4. This leads
to negative Ce anomalies in hydrothermally altered subduction
zone lavas (e.g., Ludden and Thompson, 1979) and positive Ce
anomalies in nodules precipitated from oxidized fluids (e.g.,
Elderfield et al., 1981). The depletion seen in Ce, then, when

compared with Y (as a heavy REE proxy), may be consistent
with the scenario of an exsolving hot fluid removing particu-
larly soluble species from the magma and being lost, between
the times of pyroxene core and rim growth. However, it should
be noted that Ce data for Shergotty and Zagami presented by
Wadhwa et al. (1994) contradict this finding, showing an in-
crease from pyroxene cores to rims.

5. DISCUSSION

5.1. Eruption Scenario

Previous studies of shergottite pyroxene compositions and
crystal size distributions (e.g., Stolper and McSween, 1979;
McCoy et al., 1992; Lentz and McSween, 2000) have con-
cluded that Shergotty and Zagami had multistage crystalliza-
tion histories. Most likely, Mg-rich pyroxene cores formed at
depth, and the compositional shift to Fe-rich rims occurred

Fig. 5. Light lithophile element data (including outliers) for shergottite and nakhlite pyroxenes. Nakhlites show flat
patterns (note scales for Be and B compared with those of the shergottites). Shergottites, despite scatter, show a general
increase in Be, but decreases in Li and B, with increasing TiO2.
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upon eruption of the magma or its injection as a shallow sill.
Our interpretation of water loss between these two growth
periods seems to fit well with this hypothesis. However, for this
water loss to be a valid explanation of the Li and B decreases,
we must explore the likelihood of such a scenario.

We envision the following eruption scenario for the case of
a wet parent magma. At depth, the water component would
remain in solution in the magma due to the confining pressure.
The Mg-rich cores growing at depth would thus reflect the
starting B and Li abundances of the magma (Fig. 9a). During
magma ascent, material with the Mg-rich composition could

continue to crystallize (Lentz and McSween, 2000), but at some
critical depth, with a drop in confining pressure, the volatile
component would begin to exsolve from the magma. A gradual
exsolution of the volatile phase during ascent would progres-
sively dissolve the soluble species from the magma, leaving
less B and Li for incorporation into crystallizing pyroxene (Fig.
9b). This would explain the incremental depletion we see in a
traverse of a Shergotty pyroxene grain (Fig. 10).

Where would the volatile component go? With exsolution of
a significant volume of volatiles and continued magma ascent,
a magma will often reach the point where the confining pres-
sure is no longer sufficient to contain the volatile bubbles, and
disruption of the magma will occur (e.g., Wilson and Head,
1981). Depending on the volatile contents and the magma
ascension rate, this may occur at the surface or at some shallow
depth, in which case overlying country rock may also be

Table 4. Pyroxene and plagioclase averages and ratios.

Sample TiO2 (wt%) Ce (ppm) Li (ppm) Be (ppm) B (ppm) Plagioclase Be/px Be Average B/Average Bea

Nakhla
px Cores 0.37 5.0 4.8 0.001 0.55 392 472
px Rimsb 0.31 4.6 5.1 0.002 0.79 234
Plagioclase 0.13 7.8 1.1 0.45 5.1

Lafayette
px Cores 0.41 5.4 5.6 0.002 0.95 301 527
px Rimsb 0.29 4.5 6.1 0.005 1.29 106
Plagioclase 0.17 25 0.6 0.54 6.4

Shergotty
px Cores 0.34 4.0 5.7 0.005 7.4 13.4 1495
px Rimsb 0.71 3.6 2.1 0.032 2.8 2.1
Plagioclase 0.134 4.16 6.0 0.07 0.50

Zagami
px Coresb 0.38 5.6 7.4 0.016 4.7 6.3 303
px Rimsb 0.58 4.8 4.7 0.041 3.3 2.4
Plagioclase 0.134 4.51 4.7 0.10 0.59

a These values were divided by 1.5 in Figure 7 to better approximate magmatic values.
b Selected averages not including outliers identified in Tables 2 and 3.

Fig. 6. Ratios of Be abundances in plagioclase (or plagioclase glass)
and pyroxene (note log scale) for the martian meteorites analyzed.
Dashed line represents the ratio expected, from relative distribution
coefficients, if plagioclase and pyroxene grew in equilibrium. Solid
symbols show average ratio with pyroxene core values; open symbols
show average rim data. Shergottite ratios fall below expected ratio,
despite nearly concurrent growth of plagioclase and pyroxene rims,
perhaps indicating minor losses of Be during shock-generated conver-
sion of plagioclase to feldspathic glass. Nakhlites, with late stage
plagioclase growth, show very high ratios due to concentration of Be in
the evolved melt pockets. Errors are smaller than symbols.

Fig. 7. Boron to Be ratios for pyroxene cores in martian meteorites,
with averages (larger symbols). Because clinopyroxene B and Be
distribution coefficients are nearly equal (DB/DBe � 1.5), slightly
adjusted core ratios approximate magmatic ratios. Note the high mar-
tian ratios compared with typical terrestrial ocean island basalt values
(Ryan et al., 1996).
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disrupted. Devolatilization would be accentuated on Mars, rel-
ative to Earth, due to the planet’ s lower gravity and thus lower
confining pressure (Mouginis-Mark et al., 1991). However,
there is no petrographic evidence, such as incorporated
quenched fragments, that the Shergotty or Zagami magmas
underwent a disruptive phase (e.g., fire fountaining). We can
speculate, though, that the accumulated volatile contents could
have risen more quickly through the low-viscosity magma
column and ultimately disrupted only the uppermost levels of
the magma body (Fig. 9c). If such were the case, then the rocks
we now examine, with the telltale B and Li depletions, could
have crystallized from magma originating deeper within the
column. This remaining volatile-depleted magma would have
continued to rise and eventually erupted less violently onto the
surface (Fig. 9d). Plagioclase and Fe-rich pyroxene rims
thought to have grown postemplacement would then display
depletions in the soluble species (Table 4).

5.2. Solubility Issues

The likelihood of this suggested sequence of events is de-
pendent on the dissolution of the soluble elements in an aque-
ous fluid. In calling upon this mechanism, we must consider a
couple of factors. First, we must assume that the conditions
during exsolution of the volatile phase were appropriate for the
aqueous component to exsolve as a fluid, rather than a vapor. If
water were the only component, this would be a reasonable
assumption. The likely pressure and temperature conditions at
the time of volatile exsolution would have been well above the
critical point for H2O, suggesting an aqueous component would
exsolve for a considerable period as a supercritical fluid. Only
late in the ascent process would the confining pressure drop to
the point of causing the supercritical fluid to become a true
vapor. An observation that may support this idea is the fact that
late-stage pyroxene rims and plagioclase, both thought to have

Fig. 8. Li and B pyroxene data plotted vs. Be (excluding outliers), to emphasize the differences between the nakhlites and
shergottites. Note that the scale on B nakhlite graphs is half that of the shergottite graph. Large symbols are average values.
Be increases in all cases from cores to rims. In the nakhlites, Li and B increase marginally, but in the shergottites, they
decrease substantially, and consistently, within each meteorite, as noted by percent decreases. 1� error bars are included for
average values. Where not visible, error is smaller than symbol.
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grown postemplacement, do still contain some amounts of the
soluble species: at shallow depths, the remaining volatile com-
ponent might have exsolved in the vapor state, hampering
dissolution of the remaining B and Li in the magma. However,
it should be noted that there may well have been other volatile
species involved, such as CO2 or SO2, that could have had an
affect on the phase state of the aqueous component and on its
solubility in the magma. Because we do not know how much
of which other volatile species were present, we can not
know for certain whether most of the water exsolved as a
fluid phase.

Another aspect relevant to the solubility issue is the coordi-
nation state of the boron. All B bound in silicate materials is
tetrahedrally coordinated, serving as a poor substitute for Si. In
hydrous fluids, B speciation is a function of pH (Kakihana et
al., 1977), with trigonal coordinated B favored as pH declines.
In the case of the shergottites, the magmas were probably quite
acidic, and any exsolved fluid would likely have been acidic as
well. Therefore, the removal of B from the acidic melt to the
acidic volatile component need not have involved any change
of coordination state, so probably did not affect B solubility.
On the other hand, leaching of B from already crystallized

Fig. 9. Schematic depicting a scenario of volatile exsolution during ascent and degassing at the surface to explain the loss
of soluble elements in the shergottites between pyroxene core crystallization at depth and rim growth near or on the surface.
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pyroxene would probably have been hampered by the neces-
sary coordination state change and thus be less likely to occur.

In evaluating the likelihood of our dissolution scenario, we
must also consider the fact that the depletions of Li and B are
in about the same proportion (�60% in Shergotty, �30% in
Zagami). This is unexpected when their solubilities are exam-
ined (Table 1). On the basis of the distribution coefficients of
the elements between a melt and fluid, one would expect much
greater concentrations of Li to have been removed, compared
with B. A possible explanation for this lies in the fact that
diffusion rates of Li in alkali feldspars are quite high (Giletti
and Shanahan, 1997). Although pyroxene has a different crystal
structure than feldspars, Li may still have the tendency to
diffuse readily in other silicates, like pyroxene. In such a case,
more Li may actually have been removed from the melt,
generating a steeper profile across pyroxene grains. During
postemplacement cooling, however, a degree of diffusive equil-
ibration could have smoothed out the core–rim discrepancy in
Li to a level similar to that of B.

5.3. Depth Calculations

If dissolution and removal by water is the source of the B and
Li depletions, the relative decrease of each element suggests a
significant amount of water was lost, although quantifying this
amount with our data alone is not possible. However, recent
experimental work (Dann et al., 2001), supports our hypothesis
of a wet parent magma for Shergotty, suggesting that there may
have been �1.8 wt% dissolved water at depth. Dann et al.
(2001) focused on experimentally reproducing Shergotty py-
roxene compositions and found that the conditions that yielded
the best match for co-crystallizing pigeonite and augite core
compositions were at water pressures of 40 to 50 MPa. With
this information and the two-stage growth models, we can use
water solubility information to constrain rough estimates of the
depths of crystallization for pyroxene cores and rims.

In calculating the depth of H2O exsolution, we employed two
different water solubility estimates, both assuming that water is
the only volatile in question. (If other volatile species were
present this would, of course, affect the solubility curves, but
with no constraints on these other species we present this as a
first-order estimate.) The first uses an empirical equation pre-
sented by Wilson and Head (1981) for water solubility in
basalt, which is based on experimental data of Mysen (1977).
The second is a more recent, and complex, relationship derived

by Moore et al. (1998), based on their own experimental results
and depending on the specific melt composition as well as
pressure, temperature, and water fugacity. Both methods give a
solubility reflecting pressure (in bars), which we convert into
depth by using the relationship

Pressure � �crust � g � h

where we use appropriate values for Mars (�crust � 3000 kg/m3,
gMars � 3.728 m/s2).

Both solubility calculations show that there is a progressive
decrease in dissolved water over a depth interval of several
kilometers (Fig. 11). This seems consistent with our findings of
a gradual depletion of Li and B in measured profiles (Fig. 10).
Because neither Shergotty nor Zagami contain vesicles, and
both meteorites are quite dry now, for the purposes of this
calculation, we will assume that virtually all the water exsolved
by the time of eruption. This would imply that the water began
to exsolve at �4 to 6 km, which would define minimum depths
for the crystallization of the pyroxene cores. Furthermore, if we
equate the relative amounts of element lost to water lost, the
solubility curves suggest that the Shergotty rim compositions,
with losses of well over half the B and Li, crystallized at depths
of 	0.5 km. This would be consistent with previous interpre-
tations of shallow or surface growth of pyroxene rims (e.g.,
McCoy et al., 1992; Lentz and McSween, 2000).

5.4. Source of Magmatic Water

If these magmas did contain, and then lose, substantial
amounts of water, the source of that water is important. Would
its presence imply a mantle source region containing significant
quantities of water? The conventional view of a volatile-rich
but dry martian mantle was developed by Dreibus and Wänke

Fig. 10. Shergotty pyroxene traverse of Li (open squares) and B
(filled circles) abundances illustrating gradual depletion of these solu-
ble elements from core to rim. Mg#s for analyzed spots are shown
below the graph.

Fig. 11. Calculated water exsolution profiles for 2 wt% water in a
basaltic magma on Mars. The two governing equations for water
solubility (Wilson and Head, 1981; Moore et al., 1998) are based on
different experimental data sets, but show the same gradual exsolution
of water with decreasing depth. Shergotty cores would have formed
below the depth where water began to exsolve, whereas the rims
probably formed at some depth shallower than �0.5 km, if not on the
surface.
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(1987). In their model, a mantle water content of 36 ppm was
determined from the abundances and relative solubilities of
H2O and Cl in basaltic magma. However, Lodders and Fegley
(1997) argued that this method does not hold for the terrestrial
mantle, underestimating water abundances in the mantle be-
cause of the concentration of Cl in the Earth’ s crust. They
suggested that Cl may likewise have been sequestered in the
martian crust, an idea bolstered by the high measured concen-
trations of Cl in martian soils (Rieder et al., 1997). In fact,
Lodders and Fegley (1997) derived a bulk Mars Cl abundance
eight times higher than that of Dreibus and Wänke (1987), with
a correspondingly higher mantle water content.

However, it seems more likely that any water in the Sher-
gotty and Zagami magmas would have derived from the crust.
Leshin (2000) recently determined that D/H values measured in
an apatite grain of QUE 94201 suggest a martian crust two to
three times wetter than previously thought, providing a good
source for the water. Different degrees of crustal contamination
in the martian meteorites have been suggested on the basis of a
trend of trace element and radiogenic isotope values, with
Shergotty and Zagami falling at one end. The measured LREE
enrichment, high initial 87Sr/86Sr and low initial 143Nd/144Nd
isotopic compositions (Jones, 1989; Longhi, 1991), and rela-
tively high oxidation states (Herd and Papike, 2000) of these
meteorites suggest modification from mantle values, as typified
by the QUE 94201 shergottite (Borg et al., 1997). Whether this
crustal contaminant was a fluid or a hydrated rock is unknown,
but either would tie in well with our speculations on the high B
values discussed above. In addition, if our calculated depths of
�4 km for pyroxene core growth are correct, this may imply
deep circulation of groundwater to hydrate the crust to such
depths.

5.5. Shergotty vs. Zagami

The overall scenario we propose for Shergotty is likely
similar for Zagami, as it shows the same depletions in soluble
elements as Shergotty. However, where Shergotty has lost
�60% of B and Li between growth of pyroxene cores and rims,
Zagami has lost only �30%. To what is this difference attrib-
utable?

The simplest explanation may be that the cores we analyzed
in Zagami were not the innermost core material. It is unlikely
that cuts directly through pyroxene cores were made, especially
with the smaller pyroxene grains in Zagami. The Zagami py-
roxene cores analyzed in this study had Mg#s ranging from 42
to 52, whereas those analyzed by McCoy et al. (1999) and
Stolper and McSween (1979) ranged from 66 to 71. This would
imply that the most primitive core compositions were not
measured, resulting in an apparently smaller decrease in light
lithophile elements between pyroxene cores and rims.

However, the finer grain size of Zagami suggests that there
must have been some difference in the crystallization histories
between the two shergottites, and this may also have influenced
the loss of soluble elements. Grain size data (Lentz and Mc-
Sween, 2000) show that the average size of Zagami pyroxene
grains, cores plus rims, is nearly identical to the average size of
Shergotty pyroxene cores. Those authors speculated that the
Mg-rich cores in Shergotty actually represent two phases of
growth: one at depth in a magma chamber, and the other as the

magma ascended. To generate the smaller Mg-rich cores in
Zagami, then, perhaps only one of these growth phases oc-
curred: either crystallization at depth with no further core
growth during a faster ascent than Shergotty, or no crystalliza-
tion at depth but nucleation and growth of the cores during
ascent. In either case, Mg-rich cores of similar composition to
those in Shergotty were still produced but did not grow as large
before conditions changed to crystallization of Fe-rich rims.
Faster cooling at (or near) the surface may also have been a
factor in producing thinner rims and smaller overall grain sizes.
As regards the light lithophile elements, in either scenario (core
growth at depth with a rapid ascent or core growth en route),
Zagami would have experienced a shorter period of exsolution
and thereby less removal of B and Li.

6. CONCLUSIONS

We have examined the relative abundances of the light
lithophile elements Li, Be and B in minerals of martian mete-
orites, which until now have been virtually unstudied. In Na-
khla and Lafayette, the elements show increases, even if min-
imal, as we would expect for incompatible elements,
suggesting little, if any, magmatic water interaction. Shergotty
and Zagami, on the other hand, display a loss of soluble Li and
B between growth of pyroxene cores and rims, where other
incompatible elements like Be, Y, Zr, Sr, and Ti show the
expected increases with fractional crystallization. In conjunc-
tion with new experimental petrology results (Dann et al.
2001), this leads us to suggest that the parent magmas for
Shergotty and Zagami may have had significant water contents
that were lost by exsolution during ascent and degassing upon
extrusion.

Magmatic B/Be ratios in these four martian meteorites are
uniformly higher than any terrestrial basaltic values, consistent
with a volatile-rich martian mantle. However, whether this
indicates a wet mantle is still unclear. Although the source of
any water for the shergottite parent magmas could be the
mantle, trace element and isotopic evidence suggests Shergotty
and Zagami contain a significant component of crustal contam-
ination, implying that magmatic water could also have been
derived by assimilation of crustal materials. Such contamina-
tion could also explain the elevated B values we measured.

Regardless of the ultimate water source, solubility calcula-
tions suggest that if the shergottite magma was wet, the pyrox-
ene cores may have crystallized at depths of �4 km where
water would have been dissolved in the magma. During ascent
of the magma, water could gradually exsolve, removing soluble
elements from the melt. Upon eruption, this H2O-rich volatile
component could have degassed, leaving the B- and Li-de-
pleted magma to crystallize pyroxene rims and plagioclase.
Zagami shows similar compositional trends to Shergotty, with
depletions of the soluble elements in pyroxene rims and pla-
gioclase, but only by half as much. This lesser depletion,
combined with smaller pyroxene core and overall grain sizes,
suggests the Zagami magma either ascended more rapidly, or
core growth actually began at shallower depths once the
magma was ascending. In either case, the Zagami magma
would have undergone less volatile exsolution and loss of
soluble elements.

This work presents a possibility for reconciling geochemical
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evidence for magmatic water in martian volcanic rocks with
geologic evidence for surface water in middle and late martian
time. Extrapolation of the Shergotty and Zagami results to
global martian volcanism is debatable, although visible/near-
infrared spectra suggest that shergottite-like basalts may be
common on the planet’ s surface (Mustard et al., 1997). Cer-
tainly, the possibility of significant magmatic water, combined
with the young (�175 Ma) crystallization ages (Jones, 1986) of
these meteorites, raises a compelling mechanism for delivering
water to the martian surface during recent volcanism.
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