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    Introduction:  Shergottites are the most numerous 
of the martian meteorites, and are characterized by a 
variety of mineralogies ranging from olivine-bearing 
primitive basalts and lherzolites (e.g., Y98405, DaG 
476, NWA 1068/1110) to significantly more evolved 
pyroxene-plagioclase bearing basalts (e.g., QUE 
94201, Los Angeles, and Shergotty).  The shergottites 
fall into three groups based on their trace element and 
isotopic compositions.  One group is defined by sam-
ples with light REE-depleted patterns and low initial Sr 
and high initial Nd isotopic compositions (e.g., QUE 
94201), whereas another group is defined by samples 
with light REE-enriched patterns and high initial Sr 
and low Nd isotopic compositions (e.g., NWA 
1068/1110) [1-3; Figure 1].  The third group has cha-
racteristics that are intermediate between the other two.

Figure 1.  Initial 87Sr/86Sr ratios and Nd indicate three separate man-
tle source regions for meteorites of the shergottite suite.

These compositional differences have been inter-
preted to reflect either varying degrees of assimilation 
of the martian crust and fractional crystallization 
(AFC) [4-5], or compositional heterogeneity in the 
mantle sources and variable degrees of fractional crys-
tallization experienced by the mantle melts upon leav-
ing their source regions [1-3].  In order to constrain the 
mechanisms responsible for the observed composition-
al diversity in the shergottite suite, we have begun Rb-
Sr and Sm-Nd isotopic analyses on the primitive, in-
compatible element-enriched olivine-bearing shergot-
tite NWA 4468.  

     Petrology and geochemistry: NWA 4468 is an 
olivine basaltic shergottite and contains 35% Fo59-71
olivine, ~35% clinopyroxene, ~25% maskelynite, and 
minor amounts of chromite, ilmenite, and phosphate
[6].  Bulk major and trace element analysis provide the 
basis for geochemical models in this study.  NWA
4468 has a Mg# of 64 and a flat to slightly LREE 
enriched REE pattern making it one of the more primi-
tive meteorites in the enriched sub-group.
     Rb-Sr and Sm-Nd isotopic analysis.  Rubidium-Sr 
isotopic systematics of NWA 4468 are partially dis-
turbed as a result of terrestrial weathering.  Neverthe-
less, Rb-Sr isotopic analyses on the whole rock and 
maskelynite leached residues (Wr-1 R, Mask-2 R) and 
yield an age of 187 ± 6 Ma (Figure 2).  These fractions 
are likely to be minimally disturbed by alteration be-
cause they either contain large amounts of Sr or were 
strongly leached in 4N HCl.  The initial 87Sr/86Sr of 
NWA 4468 is determined to be 0.722390 ± 19 and is 
in good agreement with values determined on other 
enriched shergottites. 

Figure 2.  Rb-Sr Plag-2-whole rock residue tie-line for NWA 4468 
yielding an age of 187 ± 6 Ma and an initial 87Sr/86Sr of 0.722390 ± 
19.  Insert plots all analyzed data.

Preliminary Sm-Nd isotopic analyses on the whole 
rock residue (Wr-1 R) and 2N HCl leachate (Wr-2L) 
yield an age of 150 ± 29 Ma and an initial Nd value of 
-6.9 ± 0.3 [7].  This age is nearly concordant with the 
Rb-Sr age in Figure 2.  The maskelynite and olivine 
fractions appear to be contaminated with terrestrial Nd, 
and therefore do not constrain the Sm-Nd isochron 
ages any better than we reported previously.  The data 
from NWA 4468 lie within error of the Sm-Nd isoch-
ron defined for NWA 1068 and suggest that these 
samples have similar ages [6, 8].  Note that both NWA
4468 and NWA 1068 appear to be slightly older than 
most other enriched shergottites which are predomi-
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nantly ~165Ma [3].  Further Sm-Nd measurements are 
currently underway on mineral separates from NWA 
4468 and will provide additional constraints on the age 
of this meteorite.

Calculated 87Rb/86Sr and 147Sm/146Nd ratios of the 
NWA 4468 source are 0.371 and 0.184, respectively, 
and closely match those calculated for other enriched 
shergottite sources (Figure 2).  By investigating how 
this relatively primitive and unfractionated meteorite 
obtained its enriched incompatible element signature, 
we will be able to constrain the mechanism(s) by 
which incompatible element variability is produced in 
the shergottite suite.
     MELTS models: Northwest Africa 4468 shares 
many trace element and isotopic characteristics with 
other martian meteorites such as Shergotty, Zagami, 
Los Angeles (LA1), NWA 1068/1110, RBT 04262, 
LAR 06319, and NWA 856.  All have relatively ele-
vated incompatible element abundances and initial Sr 
and Nd isotopic compositions that indicate derivation 
from a source with high Rb/Sr and low Sm/Nd ratios 
(Figure 2).  In contrast to the incompatible trace ele-
ment abundances and Sr-Nd isotopic systematics, the 
major element abundances of these meteorites are quite 
variable.  For example, MgO varies from 3.5 wt. % in 
LA1 to 20.8 wt. % in NWA 4468 and 21.6 wt. % in 
RBT 04261.  Similar major element, trace element, and 
isotopic systematics observed in the depleted martian 
meteorite sub-group led Symes et al. [1] to suggest that 
these meteorites could be related to a similar parental 
magma by fractional crystallization.  In order to deter-
mine if the enriched sub-group of martian meteorites 
could be related to a similar parental melts by fraction-
al crystallization, the MELTS algorithm [11] was used 
to assess whether iron-rich, incompatible element-rich 
shergottites, such as Los Angeles, could be produced 
by fractional/equilibrium crystallization from a more 
magnesian parent (i.e. NWA 4468 or NWA 1098).  

The models were run assuming the system was at 1 
kbar pressure with the starting temperature of the host 
magma (NWA 4468) at 1480 ºC.  The results of the 
MELTS calculations are presented in Figure 3.  The 
liquid evolution paths for fractional and equilibrium 
crystallization models based on the MELTS algorithm 
indicate that NWA 4468 is unlikely to be related to 
many of the other meteorites with enriched trace ele-
ment and isotopic characteristics by simple fractional 
crystallization.  This is illustrated on Figure 3 where 
CaO/Al2O3 versus Mg# for several of these meteorites 
are plotted.  Most meteorites do not fall on a single 
array on this diagram and fractionation paths calcu-
lated using MELTS and assuming a parental composi-
tion of NWA 4468 do not intersect NWA 1068, RBT 
04261, Zagami or NWA 856.  .  It is important to note 
that most of these meteorites are cumulates and that 
accumulation of olivine, pyroxene, and plagioclase 

will have significant effects on these models.  This is 
illustrated on Figure 3 by the inset.  The range of po-
tential melt compositions resulting from plagioclase 
and olivine accumulation encompasses most of com-
positions of the suite of enriched shergottites.  Even 
modest (<15%) amounts of accumulation of plagioc-
lase results in significantly higher CaO/Al2O3 ratios.  
These calculations suggest that accumulation of pla-
gioclase and olivine may account for some of the di-
versity of bulk compositions in the incompatible ele-
ment-enriched shergottites. Better estimates of parental 
melt compositions are clearly needed to assess the role 
of accumulation on these models.

Figure 3.  Compositional evolution of liquids during crystallization 
as modeled by MELTS. Olivine-free compositions account for ac-
cumulation and are calculated by subtracting 30% Fo71 olivine.

A few compositions, such as LA1, Shergotty, and 
Dho 376 lie near the fractionation path and could be 
produced from a NWA 4468 -like parent by fractional 
crystallization.  Interestingly, MELTS is also able to 
reproduce the composition of these meteorites from a 
parent with the composition of NWA1068 [Fig. 3; 7].  
These modeled liquids closely mimic the composition 
of LA1 and suggest that NWA 4468-1068 could serve 
as parent compositions of LA1.  This is consistent with 
the observation that these samples have similar REE 
patterns and initial Sr-Nd isotopic compositions.  This 
is also consistent with the suggestion of [1] that the 
trace element and isotopic systematics of the shergot-
tites are derived from their mantle sources, and their 
major element compositions reflect fractional crystall i-
zation of the parental melts upon leaving the mantle.
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