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Abstract—Samarium—neodymium isotopic analysis of the martian meteorite Dar al Gani 476 yields a
crystallization age of 474- 11 Ma and an initiaky value of +36.6 = 0.8. Although the Rb-Sr isotopic
system has been disturbed by terrestrial weathering, and therefore yields no age information, an initial
87SrfSSr ratio of 0.701249 33 has been estimated using the Rb-Sr isotopic composition of the maskelynite
mineral fraction and the Sm-Nd age. The Sr and Nd isotopic systematics of Dar al Gani 476, like those of the
basaltic shergottite QUE94201, are consistent with derivation from a source region that was strongly depleted
in incompatible elements early in the history of the solar system. Nevertheless, Dar al Gani 476 is derived from
a source region that has a slightly greater incompatible enrichment than the QUE94201 source region. This
is not consistent with the fact that the parental magma of Dar al Gani 476 is significantly more mafic than the
parental magma of QUE94201, and underscores a decoupling between the major element and trace element-
isotopic systematics observed in the martian meteorite suite.

Combining thesp e isotopic systematics of the martian meteorites yields a model age for planetary
differentiation of 4.51395 925 Ga. Using this age, the parent/daughter ratios of martian mantle sources are
calculated assuming a two-stage evolutionary history. The calculated sources have very large ranges of
parent/daughter ratio§Rbf°Sr = 0.037-0.374+*"Sm/**Nd = 0.182—0.285*"%Lu/*""Hf = 0.028—-0.048).

These ranges exceed the ranges estimated for terrestrial basalt source regions, but are very similar to those
estimated for the sources of lunar mare basalts. In fact, the range of parent/daughter ratios calculated for the
martian meteorite sources can be produced by mixing between end-members with compositions similar to
lunar mare basalt sources. Two of the sources have compositions that are similar to olivine and pyroxene-rich
mafic cumulates with variable proportions of a Rb-enriched phase, such as amphibole, whereas the third
source has the composition of liquid trapped in the cumulate pile (i.e. similar to KREEP)-~&9©%
crystallization. Correlation between the proportion of trapped liquid in the meteorite source regions and
estimates of5, suggest that the KREEP-like component may be hydrous. The success of these models in
reproducing the martian meteorite source compositions suggests that the variations in trace element and
isotopic compositions observed in the martian meteorites primarily reflect melting of the crystallization
products of an ancient magma ocean, and that assimilation of evolved crust by mantle derived magmas is not
required. Furthermore, the decoupling of major element and trace element-isotopic systematics in the martian
meteorite suite may reflect the fact that trace element and isotopic systematics are inherited from the magma
source regions, whereas the major element abundances are limited by eutectic melting processes at the time
of magma formation. Differences in major element abundances of parental magma, therefore, result primarily
from fractional crystallization after leaving their source region€opyright © 2003 Elsevier Ltd

1. INTRODUCTION of a mixing processes (e.g., Shih et al., 1982; Jones, 1989; Borg
et al., 1997a,b, 2002). The incompatible-element depleted end
The compositions of martian meteorites are paradoxical be- of the mixing array is constrained by meteorites that are char-
cause, on one hand, the parental magmas are basaltic in comyucterized by light-rare-earth element (LREE) depleted REE
position (Stolper and McSween, 1979; Treiman, 1986; Mc- patterns (Fig. 1), and low initial Sr and high initial Nd isotopic
Sween et al., 1988, 1996; Longhi and Pan, 1989; Harvey etal., compositions. The evolved end of the array is more poorly
1993) and therefore have a limited range of major element ., syained, but is thought to be either martian crust (e.g.,

abundances, whereas on the other hand, they display a Veryjones. 1989 Borg et al., 1997a; Herd et al., 2002) or an

Ie.lr.ge range of t.ralc.e element abgndanges and |39Fop|c COMPO- riched component in the martian mantle (e.g., Borg et al.,
sitions. In fact, initial Sr and Nd isotopic compositions deter-

. . . . . 1997b, 2002; Brandon et al., 2000). In either case, the fact that
mined on nine basaltic shergottites define a greater range thanthe martian meteorites define a whole rock Rb-Sr isochron with
almost all terrestrial basalts (Borg et al., 2002). Various trace-

element and isotope-based models suggest that the composif’m age of-4.5 Ga require these reservoirs to have formed near

tional variability observed in the martian meteorites is the result .the time of pIaneF formation and_ to have remained |sqlated until
just before the time of crystallization of the meteorites (e.g.,

Shih et al., 1982).

*Author to whom correspondence should be addressed The basaltic shergottite QUE94201 (QUE) has bulk rock
(Iborg@unm.edu). La/Yb ratio of ~0.1, an initial®’Sr£®Sr ratio of 0.7013, and
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Fig. 1. Chondrite-normalized rare earth element plot of LREE-
depleted martian meteorites DaG 476, Dhofar 019, SaU 005,
QUE94201, ALH77005/LEW88516, and EET79001A. Normalization
to values of Anders and Grevesse (1989). Data from Ma et a. (1982),
Shih et al. (1982), Burghele et a. (1983), Dreibus et al. (1992, 1996,
2000), Taylor et al. (2002), Zipfe et al. (2000).

initial e5% value of +48 (Borg et a., 1997b). Although this
rock has trace element and isotopic systematics that are char-
acterigtic of depleted martian mantle, it has an evolved parental
magma composition (Mg# of ~38; McSween et a., 1996). Dar
a Gani 476 (DaG) has a REE pattern that is very similar to
QUE (Fig. 1), but has a parental magma composition that is
significantly more Mg-rich (Mg# ~68). In fact, DaG is one of
the most mafic basaltic shergottites found so far (Zipfel et al.,
2000). Thus, the Sr and Nd isotopic analysis of DaG is ex-
pected to place additional constraints on the isotopic composi-
tion of martian mantle source regions, as well as help define the
relationship between Sr and Nd isotopic compositions and
parental magma compositions. These relationships can be used
to constrain the processes responsible for the variations in the
trace-element and isotopic compositions of the martian mete-
orite suite. The goals of this study areto: (1) determine the age
and initial Sr and Nd isotopic compositions of DaG, (2) better
constrain the range of depleted martian mantle isotopic com-
positions, (3) better define the age of mantle depletion, and
hence planetary differentiation, on Mars, and (4) determine the
relationship of DaG to the other martian meteorites.

2. PETROLOGY AND COMPOSITION OF DAR AL GANI
476

Dar al Gani 476 is abasaltic shergottite that was found in the
Saharan desert in Libya in 1998, and has been described by
Zipfel et a. (2000), Mikouchi et al. (2001) and Wadhwa et al.
(2001). The meteorite has a porphyritic texture in which a fine
grained ground mass of clinopyroxene and maskelynite sur-
round euhedral to subhedral megacrysts of olivine and orthopy-
roxene. The olivine megacrysts range in size up to 5 mm,
whereas orthopyroxene megacrysts are smaller and average
approximately 0.3 mm in size. Dar a Gani contains approxi-
mately 58—65% pyroxene, 10-24% olivine, 12-17% maskel-
ynite, with minor amounts of chromite, ilmenite, sulfides and
phosphates. The pyroxene consists primarily of pigeonite, al-
though 1-13% of the mode is orthopyroxene and augite. In

addition to these igneous phases, DaG contains approximately
4—7% impact melt glass and 2-3% secondary alteration prod-
ucts.

Secondary ateration products in DaG include: calcite, gyp-
sum, barite, an amorphous silica phase, and phyllosilicates
(Crozaz and Wadhwa, 2001; Zipfel et al., 2000; Edmunson et
a., 2001). Weathering of DaG is also manifest by its bulk rock
composition. The main compositional evidence for weathering
is elevated K/La ratios. The K/La ratio of DaG ranges from
2630-4610 depending on how near the analyzed aiquot was
from the surface of the meteorite (Zipfel et al., 2000). These
ratios are higher than both Antarctic shergottites (560—1200)
and other basaltic shergottites from desert environments such
as SaU 005 and Dhofar 019 (1465-1770; Dreibus et a., 2000;
Taylor et a., 2002). Comparison of samples derived from the
interior and exterior portions of DaG led Zipfel et al. (2000) to
conclude that K, Ca, Ba, As, and U were added to the sample
by weathering in a hot desert environment, whereas REE were
not.

The DaG pyroxenes and olivines have high Mg# sindicating
that it is one of the most mafic basaltic shergottites (Zipfel et
al., 2000; Mikouchi et a., 2001; Wadhwa et al., 2001). The
Mg# of DaG is 68 and is only slightly lower than the Mg# s of
70—71 of the lherzolitic shergottites (Banin et al., 1992; Drei-
bus et a., 1992). Although DaG and the Iherzalitic shergottites
are cumulates, the relatively high Mg#'s of their whole rocks
and madfic silicates, suggest that these meteorites have under-
gone minimal amounts of differentiation. This is supported by
low incompatible element abundances in DaG relative to the
other shergottites. The measured whole rock La abundance is
0.09-0.12 ppm, whereas the Yb abundance is 0.73-0.81 ppm
(Zipfel et al., 2000). Therefore, the whole rock REE pattern for
DaG is very strongly depleted in LREE (Fig. 1). In conclusion,
DaG appears to have undergone a relatively minor amount of
differentiation since leaving its mantle source region, and be
derived from a source that is strongly depleted in incompatible
elements. Thus, DaG probably has an isotopic composition that
reflects the composition of its mantle source region.

3. ANALYTICAL TECHNIQUES

The mineral separation and leaching procedures were designed ac-
cording to two observations. First, preliminary petrographic examina-
tion of DaG led to the conclusion that the extremely large size of the
olivine megacrysts could indicate a xenocrystic origin (Mikouchi,
1999). As a result, the mineral separation procedure needed to com-
pletely separate the olivine megacrysts from the finer grained ground
mass. Second, DaG has been extensively weathered in the Libyan
desert (e.g., Crozaz and Wadhwa, 2001) so that the leaching procedures
needed to remove as much terrestrial secondary alteration as possible.

The mineral separation procedure is presented in Figure 2. An initial
1.3 g sample of DaG was coarsely crushed in a boron carbide mortar
and pestle and then sieved at 500 um. Aliquots of this material were
dispensed to D. Bogard and D. Mittlefehldt for noble gas and neutron
activation analysis, leaving 640 mg for Rb-Sr and Sm-Nd chronology
studies. The remaining 640 mg sample was sieved at 44 um to remove
the finest material. From the 44-500 um materia, the large olivine
megacrysts were removed by hand-picking with tweezers. This was a
fairly efficient process because the olivines were not easily crushed and
yielded a 109 mg olivine separate. The olivine yield represented ~17%
of the sample and was consistent with petrographic estimates of the
olivine mode (10—24%). The olivine megacrysts were leached in an
ultrasonic bath in 2N HCI at 25°C for 10 minutes. The remaining
sample, consisting primarily of pyroxene and maskelynite, was crushed
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Fig. 2. Schematic representation of the mineral separation procedure
used in this study for Dar al Gani 476. Shaded areas represent samples
analyzed for Rb-Sr and Sm-Nd isotopic compositions.

to <150 um and then leached in an ultrasonic bath in 0.1N, 0.5N, and
4N HCI for 10 minutes each. The 0.1N HCI leaching was completed at
25°C, whereas the 0.5N and the 4N HCI leaching steps were compl eted
at 45°C. The sample was washed in quartz distilled water and centri-
fuged between leaching steps. Approximately 27.5 mg, 15.0 mg, and
88.6 mg of material were dissolved in the 0.1N, 0.5N, and 4N HCI
leaching steps and represented dissolution of 5%, 3%, and 17% of the
remaining sample, respectively. Microscopic examination revealed that
no olivine remained in the sample after the 4N HCI leaching step. The
remaining material was then sieved at 74-150, 44—74 and <44 pum.
Maskelynite, Mg-rich pyroxene, and Fe-rich pyroxene were separated
from the coarse (74—-150 pwm) size fraction using the Frantz isodynamic
separator. Fina purification of the minerals separates was completed by
hand-picking.

Both minera fractions and leachates were analyzed for Rb-Sr and
Sm-Nd isotopic compositions. Mineral fractions analyzed include: oli-
vine (Ol), maskelynite (Mask), Mg-rich pyroxene (Mg-Px), and Fe-rich
pyroxene (Fe-Px). The leachates analyzed include: the 0.IN HCI
leachate (Wr-(L1)), the 0.5N HCI leachate (Wr-(L2)), the 4N HCI
leachate (Wr-(L3)), and the olivine leachate (Ol-(L)). The sample
digestion, chemical separation procedures, and procedural blanks were
reported in Borg et a. (2002).

4. RESULTS

4.1. Sm-Nd Isochron

The results of Sm-Nd isotopic analyses are presented in
Table 1 and on an isochron diagram (Fig. 3a). The Sm-Nd
isotopic system yields an age of 474 £ 11 Ma and an initial
ers value of +36.6 = 0.8. This age is defined by the maske-
lynite, olivine, Fe-pyroxene and Mg-pyroxene mineral frac-
tions. This isochron yields a MSWD of 0.8, indicating a good
fit of the isotopic data to the regressed isochron. The leachates
are not used to define the age of DaG. Nevertheless, an age of
459 + 26 Mais defined by all mineral and leachate fractions,
indicating that the leachates lie very near the isochron defined
by the mineral fractions (inset, Fig. 3a).

The leachate and pyroxene mineral fractions have *”Sm/
144Nd ratios that are similar to ratios determined by ion micro-
probe on phosphates and pyroxenes from DaG (Wadhwaet a.,
2001). For example, Wadhwa et al. (2001) determined that
merrillite in DaG has a **’Sm/**Nd ratio of 0.47, which isin
good agreement with the *4”Sm/***Nd ratios determined for the
leachates (0.45-0.49). Pyroxene mineral fractions are com-
posed of a variety of pyroxene types and therefore cannot be
directly compared to ion microprobe analyses of individua
pyroxene grains. However, the Sm and Nd abundances of a
bulk minera fraction calculated using the compositions and
pyroxene mode (pigeonite:orthopyroxene:augite = 76:4:20) re-
ported by Wadhwa et a. (2001) are similar to the abundances
determined on our mineral fractions. The calculated Sm and Nd
abundances are 0.056 ppm and 0.046 ppm, respectively,
whereas the average Sm and Nd abundances of the pyroxene
minera fractions are 0.069 ppm and 0.043 ppm, respectively.
The calculated #”Sm/**“Nd ratio is 0.74, which is somewhat
lower than the value of ~0.95 determined on the pyroxene
mineral fractions. However, the **’Sm/***Nd ratios, and Sm
and Nd abundances calculated for the mineral fraction, are
strongly dependent on the augite mode and the REE abun-
dances in the augite. The mode of DaG determined by Zipfel et
al. (2000) contained significantly less augite yielding a *4"Sm/
199Nd ratio that is higher (0.83) than the ratio calculated with

Table 1. Sm-Nd isotopic analyses of Dar a Gani 476.

wt. Sm Nd

Fraction (mg) (ppm/nm) (Ppm/nm) 147Sm/ 4N 19BN/ 44NgP
Mask (R) 25.58 0.0587 0.0435 0.81489 *+ 163 0.515624 + 26
Olivine (R) 84.82 0.0759 0.0709 0.64795 + 65 0.515122 + 11
Fe-Px (R) 59.87 0.0683 0.0417 0.96017 + 96 0.516110 £ 24
Mg-Px (R) 66.03 0.0697 0.0449 0.93813 + 103 0.516000 + 29
Wr (L) (0.027) (0.037) 0.45455 + 45 0.514424 = 61
Wr (L2)° (0.040) (0.053) 0.47302 + 47 0.514543 = 34
Wr (L3) (0.037) (0.048) 0.49090 + 49 0514685 + 24
Olivine (L) (0.110) (0.146) 0.47840 + 48 0.514673 = 18

AMES Nd Std (N = 51)°

0.511098 + 24

Note. Wr = wholerock, Px = pyroxene, Mask = maskelynite, L = leachate, R = residue, ppm = parts per million for minera fractions and whole

rocks, nm = nanomoles for leachates in parentheses.

2 Error limits apply to last digits and include a minimum uncertainty of 0.5% plus 50% of the blank correction for Sm and Nd added quadratically.
b Normalized to 8Sr/%8Sr = 0.1194. Uncertainties refer to last digits and are 20, calculated from the measured isotopic ratios. 20, = [S(m, —

w)?/(n(n — 1))]¥2 for n ratio measurements m; with mean value m.

¢ Uncertainties refer to last digits and are 20,,. 20, = [Z(M; — m)2(N — 1)]¥2 for N measurements M, with mean value ar. Isochron is calculated

using either ZaE
9 Run as Nd™. All other samples run as NdO™.

(from standard runs) or 2o, (from measured isotopic ratios), whichever is larger.
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Fig. 3. Samarium-neodymium isochron plots for Dar a Gani 476.
Ages calculated using the method of York (1966). (a) Isochron plot of
fractions analyzed in this study. An age of 475 + 11 Maand e35 value
of +36.6 = 0.8 is defined by the silicate mineral fractions (filled
circles). Although the leachates (open circles) lie near the isochron
(inset) they are not used to define the age. (b) Isochron plot of fractions
analyzed in this study (circles) and by Jagoutz et a. (1999; open
triangles). The composition of Saharan clays (open squares) is from
Grousett et al. (1988) and the composition of Libyan desert glass (open
diamonds) and sandstones (filled diamonds) from Schaaf and Muller-
Sohnius (2002). Note that leachates lie on a mixing line defined by
Saharan clays and igneous phosphates. The phosphate end-member is
assumed to have the Sm and Nd abundances determined for phosphate
by ion microprobe by Wadhwa et a. (2001) and the Nd isotopic
composition of the leachates analyzed in this study. Tick marks repre-
sent 10% mixing intervals. The model suggests that the leachates
completed by Jagoutz et al. (1999) contained ~40% Nd derived from
Saharan clays.

the mode of Wadhwa et al. (2001). Also, the **’Sm/***Nd
ratios of the augite are quite variable (0.57—1.14). Thus, there
appears to be good agreement between the Sm and Nd abun-
dances calculated for the minera fractions and the abundances
measured for the mineral fractions.

In contrast to the leachates and pyroxene mineral fractions,
the maskelynite and olivine mineral fractions have Sm and Nd
abundances and *4"Sm/***Nd ratios that differ substantially
from the ion microprobe analyses of Wadhwa et al. (2001), as
well as from values predicted from igneous partitioning (Ed-
munson et al., 2001). Edmunson et al. (2001), however, found
numerous olivine and maskelynite grains with Sm and Nd
abundances and **’Sm/***Nd ratios similar to the mineral frac-
tions. They speculated that the high REE abundances and low

147Sm/1*“Nd ratios observed in the olivines and olivine mineral
fractions could result from redistribution of melt inclusions
within the olivines as a result of shock processes. Edmunson et
a. (2001) also observed some melt inclusions with relatively
high **7Sm/**“Nd ratios and noted that a minor contribution
from inclusions with similar compositions in the maskelynite
fraction could shift the **"Sm/***Nd ratios to its measured
values. Note that inclusions associated with plagioclase may
have relatively high *#"Sm/**“Nd ratios because they crystal-
lized from alate-stage liquid after the stabilization of merrillite.

The age defined by the minera fractions reported here is
significantly different from the age of 726 = 27 Mareported by
Jagoutz et al. (1999). The 726 Ma age is defined by leachates
and residues from whole rock samples of various sizes (Fig.
3b). The whole rock (Wr) and fine-grained whole rock residue
fractions (Wr-F (R)) fall near the leachate and maskelynite
mineral fractions reported here, whereas the |eachates from the
fine and medium-grained whole rocks, Wr-F (L) and Wr-M (L),
fal below the 474 Ma isochron. The whole rock leachates of
Jagoutz et al. (1999) lie on aline between the leachates reported
in this study and Saharan clays analyzed by Grousset et al.
(1988). Sandstone and desert glasses found in the Libyan desert
have the same i sotopic compositions as the clays and fall on the
same line in Figure 3b (Schaaf and Muller-Sohnius, 2002). A
line regressed through average Saharan clay and the leachates
from both studies has a correlation coefficient (R®) of 0.999,
suggesting that Nd from the Saharan desert soils and rocks have
been incorporated into the leachates. Binary mixing models
support this conclusion (Fig. 3b). One end of the mixing lineis
defined by the average composition of Saharan clay, whereas
the other is defined by igneous phosphate. The *4"Sm/***Nd
ratio used for the phosphate was determined by ion microprobe
(Wadhwa et al., 2001), whereas the ***Nd/***Nd ratio used is
the average of the leachates from this study. The model indi-
cates that 30—45% of the Nd in the leachates of Jagoutz et al.
(1999) are derived from terrestrial sources.

The mixing models indicate that the proportion of Nd in the
leachates derived from phosphate versus ateration products
from the two studies is different. This could reflect a greater
proportion of phosphate in the sample analyzed in this study.
Alternatively, it could be a function of the relative freshness of
the various samples analyzed for isotopic compositions. A final
possihility is that the composition of the leachates is dependent
on the relative grain size of the material analyzed. Our
leachates were from relatively coarse grained material, whereas
the leachates of Jagoutz et al. (1999) were from the finest size
fractions. In this scenario, the fine-grained fractions analyzed
by Jagoutz et al. (1999) contained a greater proportion of
atered material.

In addition to completing a Sm-Nd isochron study, Jagoutz et
al. (data reported in Brandon et al., 2000) also determined a
e value of +0.75 = 0.29 on a whole rock fraction. This
value is similar to values measured on QUE, Chassigny, and
the Nakhlites by Borg et al. (1997b) and Harper et a. (1995).
The fact that the Wr fraction of Jagoutz et al. (1999) falls near
the 474 Ma isochron reported here suggests that the sz value
is probably not significantly lowered by the addition of terres-
trial alteration products. As aresult, thisvalue isused in alater
section to constrain the age of source formation.
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Table 2. Rb-Sr isotopic analyses of Dar a Gani 476.
wi. Rb Sr
Fraction (mg) (ppm/nm) (ppm/nm) 8’Rb/8egra 87r/85grP

Mask (R) 25.58 0.208 13.55 0.04434 + 22 0.701538 + 12
Olivine (R) 84.82 0.410 7.728 0.15366 + 77 0.705646 *+ 18
Fe-Px (R) 59.87 0.138 3.910 0.10181 + 51 0.703162 + 13
Mg-Px (R) 66.03 0.143 4.664 0.08858 + 44 0.702688 *+ 14
Wr (L1) (0.023) (10.2) 0.00637 + 3 0.708674 *+ 18
Wr (L2) (0.040) (5.64) 0.01985 + 10 0.707593 *+ 15
Wr (L3) (0.067) (6.11) 0.03082 + 15 0.705800 =+ 16
Olivine (L) (0.023) (2.84) 0.02368 + 12 0.708572 = 12
NBS-987 (N = 46)° 0.710248 + 27

Note. Wr = whole rock, Px = pyroxene, Mask = maskelynite, L = leachate, R = residue, ppm = parts per million for mineral fractions and whole

rocks, nm = nanomoles for leachates in parentheses.

2 Error limits apply to last digits and include a minimum uncertainty of 0.1% plus 50% of the blank correction for Sm and Nd added quadratically.
b Normalized to ¥®Nd/***Nd = 0.72414. Uncertainties refer to last digits and are 20, calculated from the measured isotopic ratios. 20, =

[S(m-w)?(n(n — 1))]Y2 for n ratio measurements m; with mean value m.

¢ Uncertainties refer to last digits and are 20,,. 20, = [E(M; — m)%(N — 1)]¥* for N measurements M; with mean value . Isochron is calcul ated
using either 20, (from standard runs) or 20, (from measured isotopic ratios), whichever is larger.

4.2. Rb-Sr Isochron

The results of Rb-Sr isotopic analyses are presented in Table
2 and on an isochron diagram (Fig. 4), but yield no age
information. A line regressed through the mineral fractions has
a slope corresponding to an age of 2.6 = 1.4 Gawith an initial
87Sr/%8Sr ratio near 0.7. This demonstrates that the Rb-Sr
isotopic systematics of most of the minera fractions are dis-
turbed. The leachates also demonstrate evidence of isotopic
disturbance and plot near the modern sea water 87 Sr/8Sr ratio
of ~0.709. The leachates have Sr isotopic compositions similar

i
0.712; PN, * o
07101 o o %
oz0s] OO0 T issarseavater
. O w2
[ i " T =474 Ma ref. line Ol
g’ 0.706- w3 O I, =0.701249:33 | @
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Fig. 4. Rubidium-strontium isochron plot for Dar a Gani 476.
Symbols and data sources same as Figure 3. Although this plot yields
no age information, and initial &"Sr/%°Sr ratio of 0.701249 + 33 for Dar
a Gani 476 is defined using the maskelynite mineral fraction and the
Sm-Nd age of 474 Ma. Decay constant (A\) = 0.01402 Ga ! (Bege-
mann et al., 2001) is used in age calculations. Leachates have & Sr/6Sr
ratios near the modern seawater value of ~0.709, reflecting the addi-
tion of terrestrial calcite to the meteorite. Despite leaching, the mafic
silicate fractions also appear to contain terrestrial Sr as suggested by
Crozaz and Wadhwa (2001).

to Libyan sandstones analyzed by Schaaf and Mller-Sohnius
(2002) suggesting that rocks and soils in the Libyan desert are
the ultimate source of Sr in the secondary alteration products
observed in DaG. Much of the disturbance of the Rb-Sr isotopic
systematics of DaG is due to formation of calcite veins in the
Libyan desert. Calcite makes up approximately 2% of the
mode, has a high abundance of Sr, and is easily soluble in the
acids used to leach DaG. Furthermore, despite leaching in
strong acids, calcite has been observed in the interiors of
olivine mineral fraction grains (exposed by polishing) with a
scanning electron microscope. Calcite is therefore expected to
control the Sr isotopic composition of the leachates and mineral
fractions. In addition, Crozaz and Wadhwa (2001) suggest that
secondary alteration can add Sr to the pyroxenes and olivines,
and may therefore also affect the Rb-Sr isotopic systematics of the
mafic silicates in DaG, even if cacite is removed by leaching.
Although the Rb-Sr isotopic systematics of DaG appear to be
disturbed through the addition of radiogenic Sr, most mineral
fractions have ®Sr/®8Sr ratios that are lower than terrestrial
rocks (Table 2). The 8 Sr/28Sr ratio of this source region can be
estimated using the 474 Ma Sm-Nd age and the #Rb/®®Sr and
875r/88Sr ratios of the maskelynite minera fraction. This cal-
culation yields an initial 3 Sr/%8Sr ratio for DaG of 0.710249 +
33 (Fig. 4). This represents a maximum initial 87Sr/®¢Sr ratio
for DaG because secondary ateration is expected to raise the
87Sr/%5gr ratio of the maskelynite. Nevertheless, maskelynite
has high abundances of Sr and therefore has a Sr isotopic
composition that is less susceptible to alteration. Crozaz and
Wadhwa (2001) support this contention and argue that Sr
abundances measured in maskelynite by ion microprobe have
not been disturbed by wesathering. It is therefore likely that the
initial 87Sr/%Sr ratio of DaG estimated from the maskelynite
minera fraction is near the actual value. The relatively low
initial 87Sr/88Sr ratio of DaG is consistent with the high initial
exed value, requiring this meteorite to be derived from an
incompatible-element-depleted source.

5. TIMING OF PLANETARY DIFFERENTIATION

The timing of planetary differentiation is most precisely
defined by short-lived chronometers with half-lives less than
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~100 Ma. These provide the relative time at which parent/
daughter nuclides were fractionated from an initially chondritic
source region. To obtain an age, however, the parent/daughter
ratio of the source after differentiation must be assumed. One of
the most powerful aspects of the Sm-Nd isotopic system is the
fact that it is comprised of both a long-lived chronometer
(*'Sm — *3Nd; t. = 106 Ga) and a short-lived chronometer
(***sm — 2Nd; t. = 103 Ma). These chronometers can be
used in conjunction to uniquely define the time of source
formation for individual meteorites that is not dependent on an
assumption about the **’Sm/***Nd ratio of the source region
after differentiation. This stems from the fact that both the age
and the **"Sm/***Nd ratio of the source can be solved for using
independent decay equations for each isotopic system. To apply
the dual chronometer technique the meteorite must be derived
from a source that has had a relatively simple two-stage evo-
lutionary history. The first stage corresponds to the time be-
tween planet formation and source differentiation, the second
stage corresponds to the time between source formation and the
partial melting event that produced the sample. Evidence for a
two stage evolutionary history for the martian meteorites comes
from the fact that they define a ~4.5 Ga Rb-Sr whole rock
isochron (e.g., Shih et al., 1982; Jagoutz, 1991; Borg et d.,
1997b). Thisisfurther supported by Pb-Pb isotopic systematics
of Shergotty, Zagami, EET79001A (EETA), and Y 793605
(Y79) in which the upper intercept intersects concordiaat ~4.5
Ga (Chen and Wasserburg, 1986; Misawa et a., 1997).

Previoudly determined ages for martian silicate differentia-
tion have been based on &%*? values of nakhlites and Chassigny
(NC) by Harper et al. (1995) and on sp2-e4% values of QUE
(Borg et d., 1997b). Harper et a. (1995) determined an age
range of 4.46—4.57 Ga, but were not able to place tighter
constraints on the age because the NC source appears to have
had a multi-stage history (see below). The age determined
previoudy for martian differentiation using the two chronom-
eter approach was 33 Ma(i.e., 4.525 Garelativeto the 4.558 Ga
Pb-Pb age of the angrite LEW86010; Lugmair and Galer, 1992)
and was based on the analysis of QUE by Borg et a. (1997b).
Model ages determined on single samples suffer from: (1) large
uncertainties because they are based on a single data point, (2)
the inability to use samples with near chondritic efZ values to
congtrain the age of differentiation because of the large analyt-
ical uncertainties associated with ep measurements, and (3)
the required assumption that Mars initialy had chondritic
Sm-Nd systematics. This assumption has been called into ques-
tion in the case of the Moon (Shih et al., 1993) and may not be
valid for Mars given the extreme LREE/HREE fractionations
observed in the meteorites (e.g., McSween, 1994).

An isochron approach to dating source differentiation using
the Sm-Nd isotopic system is presented in Figure 5. Model
isochrons are produced by plotting the initial X values of the
meteorites against their present-day X+ values. For compari-
son, theinitial sﬁf values of meteorites DaG, QUE, and NC are
recalculated to 175 Ma, the average age of the other shergottites
such as Shergotty, Zagami, Los Angeles 1, EETA/B,
ALH77005 (ALH), LEW88516 (LEW), and Y793605. The
model isochrons represent the age of parent/daughter fraction-
ation (i.e., differentiation), in the source region. The present-
day 5% values, as well as initial e values, for the martian
meteorites are from whole rock and isochron measurements by

Initial g4'** at 175 Ma

Shergotty

: T T
-0.5 0 0.5 1 1.5
Present-day g, '%?

Fig. 5. Two-stage Nd isotope evolution model for the martian me-
teorites. Shaded area represents compositions that are consistent with a
two-stage evolutionary history in which an initially chondritic source
evolves (stage 1) and then undergoes differentiation (stage 2). Dashed
straight lines are calculated isochrons. Dashed (near horizontal) lines
represent constant *4”Sm/***Nd ratios of the source regions. Circles are
shergottites and the square is the average of nakhlites and Chassigny
(NC). Filled symbols are used to define the age of source formation. An
age (solid isochron) of 45135927 Ga is defined by Zagami,
EET79001A (EETA), EET79001B (EETB), Dar a Gani 476 (DaG),
and QUE94201 (QUE). The fact that NC lies out of the two-stage
evolutionary field indicated that they have had a more complex evo-
Iutionary history. Datafrom Wooden et a. (1982), Harper et al. (1995),
Jagoutz (1996), Borg et a., 1997b, 2002, this study), Nyquist et al.
(2001a,b), Shih et al. (1998, 1999), Brandon et al. (2000).

Wooden et al. (1982), Harper et a. (1995), Jagoutz (1996;
unpublished data reported in Brandon et al., 2000), Borg et al.,
(1997b, 2002; this study), Nyquist et al. (2001a), and Shih et al.
(1998, 1999). Samples that lie in the shaded field on Figure 5
have isotopic systematics that are consistent with a two-stage
isotopic evolution. Samples that lie significantly above the
chondritic point have Nd isotopic compositions that are con-
sistent with derivation from L REE-depl eted reservoirs, whereas
samples that lie below the chondritic point have Nd isotopic
compositions that are consistent with derivation from LREE-
enriched reservoirs. The #7Sm/**“Nd ratios of the sources
intersect the isochrons so that both the age and the 4" Sm/***Nd
ratio of the source can be derived from this plot. Mixing
relations are linear on this plot so that meteorites derived from
a mixture of contemporaneous sources with variable *’Sm/
144Nd ratios will define an age of differentiation. This is im-
portant because it has been argued that the isotopic systematics
of the martian meteorites reflect mixing of magmas derived
from ~4.5 Ga depleted and enriched sources (e.g., Shih et al.,
1982; Jones, 1989; Jagoutz, 1991; Borg et a., 1997b, 2002).
Thus, recent mixing with, or assimilation of, an ancient evolved
component will not cause individual points to deviate from the
isochron, but instead will dictate their position aong the iso-
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chron. Therefore, athough the array of data on Figure 5 most
likely reflects mixing processes, the slope reflects the age of
source formation.

Despite large uncertainties associated with the ey values,
the Nd isotope systematics of most shergottites form a linear
array on Figure 5. Solution of the decay equations for the
1465m-12Nd and **’Sm-"**Nd chronometers demonstrate that
the slope of the line regressed through the QUE, DaG, EETA,
EETB, and Zagami data points corresponds to an age of 45,35
Ma (i.e., 4.513; 3527 Garelative to the 4.558 Ga Pb-Pb age of
the angrite LEW86010; Lugmair and Galer, 1992). The uncer-
tainty in the age represents the 95% confidence level as calcu-
lated following Y ork (1966). The low value for the uncertainty
underscores the fact that the sxiz-er s values of the sampleslie
very near asingle line on Figure 5. The MSWD of the regres-
sionis 0.1, reflecting large uncertaintiesin the e values. The
isochron has a y-intercept of i = +0.5 = 1.7 (1 sigma),
indicating that it passes through the value for CHUR (chon-
dritic uniform reservoir) and suggests that bulk Mars has chon-
dritic Sm-Nd isotopic systematics.

Although many of the martian meteorites fall along an indi-
vidual isochron on Figure 5, several meteorites do not. Sher-
gotty, ALH77005 (ALH), and NC dl lie off the two-stage
model isochrons suggesting that these meteorites may have had
amore complicated history. Note, however, the large analytical
uncertainty associated with the &% measurement for ALH,
which permits the ALH source to be derived by a two-stage
growth between 0 and 4.49 Ga. In contrast to ALH, Shergotty
and NC lie to the right of the 4.558 Ga isochron. Differences
between the isotopic systematics of Shergotty and Zagami
suggest that the Shergotty 2 analysis could be in error. The
NC point, however, isthe weighted average of analyses of three
different nakhlites, as well as Chassigny. It therefore seems
likely that the sources of NC (and Shergotty) must have un-
dergone multiple stages of evolution.

The Sm-Nd isotopic systematics of the nakhlites are prob-
lematic because they indicate that these meteorites are derived
from LREE-depleted sources, whereas their bulk rock REE
patterns indicate derivation from LREE-enriched sources. This
has generally been attributed to formation of the nakhlites by
small degrees of partial melting (e.g., Longhi, 1991; Borg et a.,
1997b; Shih et a., 1999). In this scenario, however, the nakh-
lites would fall on atwo stage model isochron in Figure 5. The
fact that they do not, suggests instead, that their source region
has been modified through the addition of a LREE-enriched com-
ponent. The composition of the LREE-enriched component
present in the NC source can be constrained with binary mixing
calculations. The mixing event ismodeled at 1.3 Ga, the age of the
nakhlites and Chassigny. The depleted mantle source is assumed
to have the Sm-Nd isotopic systematics of the QUE source at 1.3
Ga (Fig. 6a) and thus have **'Sm/***Nd = 0.285, e = +35,
and e = +0.92. Theresults of the calcul ations are dependent on
the 147Sm/l““Nd ratio that the LREE-enriched component is as-
sumed to have. For example, if the LREE-enriched component has

a¥"Sm/**Nd ratio of 0.09, then it must aso have a sy = +7
and an ep2 = +0.58, whereasiif it has a **"Sm/***Nd ratio of
0.13, then |t must have ael = +12 and an ef2 = +0.64. The
eri2 and ex%2 values of the LREE-enriched component must be
more posmve if the enrichment event occurred before 1.3 Ga.
Thus, in al cases the ey values of the LREE-enriched com-
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Fig. 6. Age (T) versus initial Nd and Sr isotopic compositions (1)
diagrams. Ages are preferred ages of Nyquist et a. (2001b) and initial
isotopic compositions of the martian meteorites were determined by
Nyquist et a. (1979, 1995, 2000, 2001a), Wooden et al. (1982), Jagoutz
(1996), Borg et a. (1997b, 2002), Shih et al. (1998, 1999), Morikawa
et al. (2001). The initial isotopic compositions of meteorites plotted
with solid diamonds are determined from their internal isochrons,
whereas the initia isotopic compositions of meteorites plotted with
open diamonds are calculated from their whole rock isotopic compo-
sitions and either their Rb-Sr or Sm-Nd ages. (a) Plot of age versus
initial £X% values. The %7Sm/**Nd ratios are calculated for the source
regions assuming differentiation from a chondritic reservoir at 4.513
Ga and range from 0.182 (Shergotty) to 0.285 (QUE94201). (b) Plot of
age versusinitial 7Sr/%5Sr ratio. The 8’Rb/®®Sr ratios are calculated for
the source regions assuming differentiation from a reservoir with the
composition estimated for bulk Mars (’Rb/®®Sr = 0.16) at 4.513 Ga
and range from 0.374 (Shergotty) to 0.037 (QUE).

ponent are required to be positive, requiring this component to
be derived from an ancient LREE-depleted source. A possible
origin of this component is incompatible-element-enriched flu-
ids or melts derived from a depleted mantle source.

6. PARENT/DAUGHTER RATIOS OF MARTIAN
METEORITE SOURCES

Both short and long-lived isotopic systems demonstrate ev-
idence for a differentiation event early in martian history. This
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Table 3. Parent/daughter ratios of martian meteorite sources.®

Age Mg#

(Ma) parent LalYb 8’Rb/%esr 1479m/14Nd 176w/ Hf 187Re/1880s 180 /183y
Shergotty 165 32 1.26 0.374 0.182 0.0279 134
Zagami 177 1.16 0.357 0.187 0.0276 0.512 144
LAl 170 1.40 0.349 0.186
EET79001A 173 54 0.33 0.209 0.224 0.0444 0.390 244
EET79001B 173 0.37 0.215 0.226 0.0441 0.394
ALH77005 179 71 0.58 0.183 0.217 0.0439 0.477 134
LEWS88516 178 61 0.51 0.178 0.212 0.475
Y 793605 172 0.50 0.180 0.456
DaGA76" 474 0.15 0.037 0.267 0.420
DaGA476? 474 0.533
QUE94201 327 38 0.11 0.037 0.285 0.0482
Nakhla 1270 2644 6.37 0.074 0.236 1.148 290
Governador Vaadares 1330 5.54 0.072 0.239
Lafayette 1320 4.89 0.077 0.238 0.371
Chassigny 1340 41 4,92 0.076 0.236 0.296 240

a Parent/daughter ratios of meteorite source regions are calculated from initial Sr, Nd, Hf, and Os isotopic compositions, and whole rock e, *®?
vaues assuming differentiation at 4.513 Ga. Initial Sr and Nd isotopic compositions are determined from mineral isochrons except for EETB (Nd)
and DaG (Sr). Initial Hf and Os are cal culated from whole rock isotopic compositions using preferred ages of Nyquist et a. (2001b) and the Y 793605
age of Morikawa et al. (2001). Two 8’Re/*®0s ratios are calculated for DaG using data from (1) Brandon et al. (2000) and (2) Walker et al. (2002).
The calculations assume that undifferentiated source regions had chondritic Sm-Nd, Lu-Hf, Re-Os, and Hf-W isotopic systematics and Rb-Sr isotopic
systematics estimated for bulk Mars (see text). Decay constants used in modeling are: A(]’Rb) = 0.01402 (Ga)~%; A(**’Sm) = 0.00654 (Ga) %,
A*"Lu) = 0.0193 (Ga) *; A(**'Re) = 0.01666 (Ga) *; A(*82Hf) = 0.077 (Ma) L. Data from Blichert-Toft et al. (1999); Borget a. (1997b, 2002,
this study); Brandon et al. (2000); Jagoutz (1996); Lee and Halliday (1997); Morikawa et a. (2001); Nakamura et al. (1982a,b), Nyquist et al. (1979,
1995, 2000, 2001a); Papanastassiou and Wasserburg (1974); Shih et al. (1998, 1999); Walker et al. (2002); Wooden et al. (1979, 1982). Parent magma
Mg# from Stolper and McSween (1979), Treiman (1986), McSween et al. (1988, 1996), Longhi and Pan (1989), Harvey et al. (1993). La/Yb whole
rock data from Schmitt and Smith (1963), Shih et a. (1982), Nakamura et al. (1982a,b), Burghele et a. (1983), Dreibus et al. (1992), Mittlefehldt
et al. (1997), Rubin et al. (2000), and Zipfel et a. (2000).

is evident in the Rb-Sr isotopic system by the fact that the
meteorites define a 4.5 Ga whole rock isochron (e.g., Shih et
al., 1982; Jagoutz, 1991; Borg et a., 1997b) and in the Sm-Nd
isotopic system by the two-stage model Nd isochron age of

the source regions for the martian meteorites display a large
range of time-averaged **"Sm/***Nd ratios, consistent with
~55 epsilon units of variation of initial e values. The Sher-
gotty source is the most LREE-enriched and is calculated to

~451 Ga (Fig. 5). That these isotopic systematics are pre-
served in relatively young rocks indicates that their source
regions have not been significantly modified by geochemical
processes since they formed (e.g., Borg et al., 1997b). It also
indicates that the that isotopic compositions of the meteorites
directly reflect the composition of their sources at the time of
source formation. As a result, the isotopic compositions of the
meteorites can be used to constrain the long-term parent/daugh-
ter ratios of their sources.

6.1. Sm-Nd and Rb-Sr Isotopic Systematics

Figure 6aisaTime versus Initia (T-I) eyq diagram in which
the ages of martian meteorites determined from their Sm-Nd
isochrons are plotted against their initial X% values. In cases
where only Rb-Sr data is available, the initial Nd isotopic
composition is estimated using the whole rock composition and
the age of the meteorite (open symbols). Growth curves depict-
ing time averaged *"Sm/**“Nd ratios of the source regions
have been cal culated assuming the sources formed at 4.513 Ga.
The first stage of isotopic evolution occurs in an undifferenti-
ated (chondritic) reservoir, whereas the second stage of growth
occurs in a differentiated reservoir.

The calculated **"Sm/***Nd ratios in Figure 6a are the same
as those plotted on the 452 2% model isochron diagram (Fig. 5)
and are presented along with other source region parent/daugh-
ter ratios in Table 3. It is apparent from Figures 5 and 6a that

have a **"Sm/**“Nd ratio of 0.182, whereas the QUE source is
the most L REE-depleted and has a *#"Sm/***Nd ratio of 0.285.
Only afew of the meteorites analyzed fall on the same growth
curve in Figure 6a, indicating that they could be derived from
the same source. Examples of these include the nakhlites and
Chassigny, as well as EETA and EETB. All of the other
meteorites have initial et values that differ enough to pre-
clude them from being derived from the same source regions.
The DaG source region is similar to the QUE source region,
having a **’Sm/***Nd ratio of 0.267, but is not as LREE-
depleted. Thus, athough DaG and QUE have similar REE
patterns, they must be derived from distinct source regions.
Furthermore, despite having a more mafic parental melt com-
position, DaG appears to be derived from a less incompatible-
element-depleted source region than QUE.

The first stage of Sr isotopic growth in an undifferentiated
martian meteorite reservoir cannot be modeled without an
estimate of the bulk ®Rb/®Sr ratio of the planet. However,
variations in volatile element abundances in the terrestrial
planets prevents chondritic 8Rb/®®Sr ratios from representing
bulk Mars. Borg et al. (1997b) estimated the 8Rb/®®Sr ratio of
bulk Marsto be 0.16 by dividing the martian Rb/Caratio by the
terrestrial Sr/Ca ratio determined by Jagoutz et al. (1979),
Wanke and Dreibus (1988), and Longhi et al. (1992). This
approach assumes that martian and terrestrial Sr/Caratio isthe
same. This value is dlightly higher than the value of 0.13
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Fig. 7. Plots of parent/daughter ratios calculated for martian meteorites sources. Symbols same as Figure 5. Diamonds
represent lunar sources. (a, b) Plots of 8Rb/®®Sr versus **Sm/***Nd and *#"Sm/***Nd versus *"SLu/*""Hf ratios cal cul ated
for the martian meteorite source regions. Parent/daughter isotope ratios of sources are calculated from theinitial Sr, Nd, and
Hf isotopic compositions of the martian meteorites (data same as Fig. 7; Blichert-Toft et al., 1999) assuming derivation by
two stage evolution (see Fig. 7 and Table 3). Mafic lunar mantle source compositions estimated by Snyder et al. (1992,
1994) are plotted along with the values for KREEP estimated by Warren and Wasson (1979). Horizontal arrows represent
range of values postulated for lunar cumulates (see text). These compositions are used as end-members of mixing models
(coarse dashed lines). The depleted lunar mantle source is estimated by Snyder et al. (1992) to have Rb = 0.05 ppm, Sr =
7.8 ppm, &Rb/®sr = 0.018, Sm = 0.27 ppm, Nd = 0.52 ppm, **’Sm/***Nd = 0.328, Lu = 0.24 ppm, Hf = 0.58 ppm,
and YSLw*""Hf = 0.057. KREEP is estimated by Warren and Wasson (1979) to have Rb = 37 ppm, Sr = 200 ppm,
87Rb/®Sr = 0.52, Sm = 49 ppm, Nd = 180 ppm, **’Sm/***Nd = 0.172, Lu = 5 ppm, Hf = 38 ppm, and *"6Lw/*""Hf =
0.018. Fine dashed line in Figure 8a is a mixing line between KREEP and the mafic cumulate with a 10 times greater Rb
abundance (Rb = 0.5). Note that the isotopic variability of the martian meteorite source regions is consistent with mixing
between these end-members. Note that a better fit of the shergottite data on Figure 7b would be attained if the lower
176 wA""Hf ratios calculated for depleted mantle sources by Beard et al. (1998) are used in the place of the val ues estimated
by Snyder et al. (1992). (c) Plot of 8’Rb/®8Sr versus *8°Hf/*83W ratios calculated for the martian meteorite source regions.
The *8°Hf/*83W ratios of sources are calculated from the present-day ei? values of the martian meteorites (Lee and
Halliday, 1997) assuming derivation by two stage evol ution (see text). Correl ation between 8" Rb/®8Sr and *&°Hf/*&3W ratios
of martian meteorite sources suggest that Hf and W were fractionated in the silicate portion of Mars when *82Hf was still
actively decaying. The *8°Hf/*83W ratio of the mafic lunar mantle source is estimated to be the same as low-Ti mare basalt
15545 and 15546 (*¥°Hf/*®W = 618) analyzed by Neal (2001) and have the same Hf abundance as modeled in Figure 7b
(Snyder et al., 1992). The *8°Hf/*83W ratio and Hf and W abundances for KREEP ratio is from Warren and Wasson (1979).
The mixing model (coarse dashed line) is able to reproduce most of the martian meteorite source compositions, but unable
to reproduce the *8°Hf/*®3W ratios of the EET79001A/B sources. Like the models presented in Figures 7a,b, EET79001A/B
lies above the mixing line in this figure suggesting that it is derived from a mafic cumulate source region that has a higher
Rb/Sr ratio than the cumulates sources of the other shergottites.
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calculated by Shih et al. (1999) using K/Laratios of the martian
meteorites. However, the 8’Rb/®°Sr ratios calculated for the
sources, assuming source formation at 4.513 Ga are not
strongly affected by the ’Rb/®®Sr ratio assumed for bulk Mars.
This stems from the fact, that there is a very limited amount of
time (~45 Ma) for bulk Mars to evolve before planetary
differentiation and source formation. For example, the ®Rb/
8gr ratios calculated for the meteorite source regions are
changed by <0.6% if bulk Mars had a ®Rb/®°Sr ratio 0.5
instead of 0.16. The 8’Rb/®Sr ratios of the sources, presented
in Table 3 and Figure 6a and used throughout the manuscript,
are calculated assuming source formation at 4.513 Ga using a
8’Rb/®®Sr ratio of bulk Mars of 0.16.

The meteorite sources display a very large range of 8Rb/
865 ratios that correlate inversely with the *#7Sm/***Nd ratios
caculated for the meteorite sources (Fig. 7a). The most de-
pleted martian sources have a ®Rb/®Sr ratio near 0.04,
whereas the most enriched sources have a 8’Rb/®®Sr ratio of
0.37. Figure 6b demonstrates that DaG and QUE appear to lie
on a single growth curve, consistent with derivation from a
single source. The #Sm/**Nd ratios calculated for their
source regions, however, differ outside analytical uncertainty.
This inconsistency is typical of the martian meteorites. For
example, the lherzolitic shergottites ALH and LEW have very
similar initial Sr isotopic compositions and therefore are de-
rived from sources with similar 8Rb/®8Sr ratios, whereas their
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initial efs values differ by ~3 epsilon units and fall on
different growth curves (Figs. 6ab). Ultimately, this must
reflect a greater fractionation of **’Sm/***Nd ratios in the
sources compared to the 8’Rb/®°Sr ratios.

The range of *4’Sm/***Nd and &Rb/®®Sr ratios cal culated for
the martian sources are similar to source regions estimated for
the Moon. For example, the range of #"Sm/***Nd ratio esti-
mated for the source region for KREEP basalts and various
Mg-suite rocksis 0.169—0.175 (Shih et a., 1992; Snyder et al.,
1992, 1994) and is similar to the ratio of 0.18 estimated for the
Shergotty source. The range of **’Sm/**“Nd ratios estimated
for depleted mare basalt sources is 0.26—0.33 (e.g., Unruh et
a., 1984) and is similar to the ratio estimated for the DaG and
QUE source region of 0.27—0.29. These similarities suggest
that the sources of the martian meteorites and lunar samples
may have undergone a similar amount of Sm-Nd fractionation.
The ®"Rb/®®Sr ratios for the martian and lunar sources are not
directly comparable because the Moon is thought to have lower
volatile element abundances than Mars (e.g., Dreibus and
Wanke, 1985). However, if the calculated 8’Rb/®®Sr ratios of
the sources are adjusted for planetary differencesin Rb (~two-
fold increase; see above), similarities between some of the
ratios become clearer. For example, the 8Rb/®Sr ratio for
KREEP has been estimated to be 0.23 (Warren and Wasson,
1979; Snyder et al., 1994) and is lower than the value of 0.37
estimated for the Shergotty source by afactor of ~1.6 (Fig. 6b).
However, the depleted lunar mantle is estimated to have a
8’Rb/®®Sr ratio of 0.002—0.009 (e.g., Nyquist, 1977; Paces et
a., 1991; Nyquist and Shih, 1992) and is below the value
estimated for the QUE source region of 0.036. Increasing the
Rb abundance in the depleted lunar mantle component in
proportion to the estimated differences in bulk Rb abundancein
Moon and Mars yields a source that still has a 8’Rb/®Sr ratio
that islower than the ratio estimated for the QUE source region.

6.2. Lu-Hf Isotopic Systematics

The YSLuw*""Hf ratios for the martian meteorite sources
have been calculated from the present-day whole rock *7°Lu/
L77Hf and *"Hf/*"Hf ratios determined by Blichert-Toft et al.
(1999) using the preferred isochron ages of Nyquist et al.
(2001b), assuming differentiation from a chondritic source
(CHUR(0) = Y®Hf/*""Hf = 0.282772; *"®Lu/*""Hf = 0.0332;
Blichert-Toft and Alberede, 1997) at 4.513 Ga (Table 3). Al-
though the Hf isotope data set is limited, it does include
shergottites that exhibit the entire range of REE patterns and
initial Sr and Nd isotopic compositions. The calculated *"6Lu/
77Hf ratios correlate well with *47Sm/***Nd and #"Rb/®eSr
ratios calculated for the meteorite sources (Fig. 7b; Table 3).
The YSLu/*""Hf ratios calculated for the sources of QUE,
EETA/B, ALH, Zagami, and Shergotty range from 0.028 to
0.048. Like the 8’Rb/®®Sr and *4Sm/***Nd ratios cal cul ated for
the martian meteorite sources, the *"6Lu/*""Hf ratios are similar
to ratios estimated for some lunar basalt sources. For example,
the range of "eLu/*""Hf ratios for sources of lunar low-Ti
basalts calculated from the Hf isotopic data of Unruh et al.
(1984), assuming lunar cumulate formation at 4.50 Ga, is
0.048-0.049. Although these values are typical of mare basalt
source regions, a few lunar basalts, such as the Apollo 12
ilmenite basalts, are estimated to have significantly higher

78 u/A"Hf ratios (0.078—0.084) than the martian meteorite
sources. Despite the fact that KREEP-rich lunar basalts have
not been analyzed, Snyder et a. (1992) and Warren and Was-
son (1979) estimated the KREEP source (ur-K REEP) to have a
176 W Hf ratio of 0.015 to 0.018, which is similar, but
dlightly lower than the Shergotty source. Thus, martian and
lunar basalt sources appear to have similar ranges and values
for Lu/""Hf, as well as ®Rb/®eSr and 14"Sm/***Nd ratios.

6.3. Hf-W |sotopic Systematics

The *8°Hf/*®3W ratio of martian sources is constrained by
the short-lived isotopic system 82Hf — 82\ (t. = 9 Ma). All
of the martian meteorites have positive 52 values relative to
both terrestrial and recently reported chondritic W isotopic
compositions (Lee and Halliday, 1997; Ireland et al., 2000;
Kleine et a., 2002; Yin et al., 2002) and are interpreted to
reflect high 82Hf/*®3W ratiosin silicate Mars as aresult of core
formation (Lee and Halliday, 1997). To maintain consistent
notation, ey5? values are calculated relative to chondritic W
isotopic compositions reported by Kleine et a. (2002) and not
terrestrial W isotopic compositions (Lee and Halliday, 1997).
The difference is +1.9 epsilon units. The samples analyzed so
far have recal culated £352 values from +2.2 to +4.9, too broad
a range to be caused solely by core-mantle differentiation
(Snyder et al., 2000; Halliday et al., 2001). The *8°Hf/*83w
ratios of the martian meteorite sources are calculated using the
£232 values of Lee and Halliday (1997) normalized to the
chondritic W isotopic compositions determined by Kleine et al.
(2002), egn. 3 from Harper and Jacobson (1996), and the 457 2%
Ma age from Figure 5. The chondritic atomic Hf/W ratio used
in the calculation is 1.16 (Anders and Grevesse, 1989; Pame
and Beer, 1993) and the solar system initial *82Hf/*®°Hf ratio is
1 X 10~* (Irdland et al., 2000; Kleine et al., 2002; Yin et al.,
2002).

The *8°Hf/*83W ratios calculated for the martian meteorite
source regions vary from 134 for Shergotty to 290 for Nakhla,
but are highly dependent on the assumed age of source forma-
tion. Thus, the uncertainty in the calculated *8°Hf/*83W ratiosis
+90% and —650% at the 2-sigma confidence level of the Nd
model age. Furthermore, the *®°Hf/*3W ratios calculated for
the martian meteorite source regions are also dependent on the
solar system initial *82Hf/*®°Hf ratio and the 1% value of
chondrites used in the calculations, and these values are not
well established. For example, if the 82Hf/*8°Hf ratio used in
the calculation is 2 X 10> (Harper and Jacobson, 1996), and
the 182 values of the meteorites are calculated by normalizing
to terrestrial standards (e.g., Lee and Halliday, 1997), the
1801f/183W ratio calculated for the martian meteorite sources
range from 100 to 880.

Despite these uncertainties, the **°Hf/*83W ratios calcul ated
for the martian meteorite sources exhibit a range of values that
correlate with the 8Rb/®6Sr, 47Sm/**“Nd, and *"6Luw/*""Hf
ratios calculated for the meteorite sources (Fig. 7c, Table 3). It
therefore seems likely that the sources of the martian meteorites
have a range of ®°Hf/*®3W ratios, and that this range was
produced by the same process that fractionated Rb/Sr, Sm/Nd,
and Lu/Hf ratios in the martian meteorite sources. The *°Hf/
183\ ratio of the Shergotty source region (~134) is similar to
that estimated for KREEP of 39-65 (Warren and Wasson,
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1979). Likewise, some Apollo 15 low Ti basats have &°Hf/
183\ ratios as high as ~700 (Neal, 2001), suggesting that
depleted lunar mantle could have *8°Hf/*3W ratios similar to
the values of some of the martian meteorites. The fact that the
martian meteorite sources have parent/daughter ratios that are
similar to lunar sources produced by crystallization from a
magma ocean suggests that the variability of *¥°Hf/*®3W ratios
observed in the martian meteorite sources could result from
fractionation of W from Hf during crystallization of a magma
ocean.

6.4. Re-Os | sotopic Systematics

The Re-Os isotopic system has also been applied to a large
number of martian meteorites (Brandon et a., 2000; Walker et
al., 2002). The ¥"Re/*®80s ratios of the meteorite sources are
calculated using the preferred isochron ages of Nyquist et al.
(2001b), assuming differentiation from a source at 4.513 Ga
that evolved from solar system initiadl Re-Os values (**’Re/
1880s = 0.09531; *¥70s/*880s = 0.40186; Shirey and Walker,
1998). The '®’Re/*®80s ratios calculated for the meteorite
sources, however, do not correlate with the parent/daughter
ratios determined for the other isotopic systems discussed
above (Table 3). The lack of correlation between #"Re/**80s
ratios and 8’Rb/®®Sr, 247Sm/***Nd, and *"®Lu/*""Hf ratios cal-
culated for the meteorite sources may imply that the Re-Os
systematics are not affected by the mixing processes that seem
to control the other isotopic systems and/or are more strongly
controlled by another process, such as assimilation. Another
explanation is that the ®"Re/*®80s ratios calculated for the
sources are strongly influenced by the initial *8”0s/*®80s ratios
calculated for the meteorites, and that some of these are
strongly affected by corrections for in situ decay. To generate
correlations between initial *8”0s/*®0s ratios and other isoto-
pic systems, Brandon et a. (2000) assumed that Nakhla had a
crystallization age of 1.42 Gaand DaG had a crystallization age
of 726 Ma. The apparent correlation of 870s/*®80s ratios with
ent?2 and ey5? values disappears if measured internal isochron
ages of 1.23-1.36 Ga for Nakhla (Papanastassiou and Wasser-
burg, 1974; Gale et d., 1975; Nakamura et a., 1982a) and 474
Ma for DaG are used. The *¥’Re/*®80s ratio of the source
regions of some meteorites are also strongly dependent on the
whole rock *¥’Re/*®80s ratio. Thus, Re mobility resulting from
weathering could also affect the cal culated *8’Re/*#Os ratio of
the sources.

7. GENERATION OF THE RANGE OF METEORITE
SOURCE COMPOSITIONS

7.1. Mixing Models

The trace element and isotopic variations observed in the
martian meteorites have been attributed to both crustal differ-
entiation and melting of compositionally distinct source regions
(e.g., Shih et a., 1982; Jones, 1989; Jagoutz, 1991; Borg et al .,
1997a,b, 2002; Herd et a., 2002). From a purely chemical
prospective, it isdifficult to tell these processes apart. However,
the fact that the parent/daughter ratios that are required to
produce the Sr, Nd, and Hf (and possibly W) isotopic compo-
sitions of the martian meteorites are similar to the range of
parent/daughter ratios calculated for lunar cumulates and late

stage liquids suggests that much of the variability observed in
the Rb-Sr, Sm-Nd, Lu-Hf, and Hf-W isotopic systematics of the
martian meteorites could reflect interactions between composi-
tionally distinct sources at the time of partial melting.

To test this hypothesis, mixing models are constructed to
determine if the variation of calculated source ®“Rb/%eSr,
1475/ Nd, and *"eLu/*""Hf ratios are consistent with mixing
of crystallization products of a lunar magma ocean. The com-
position of lunar mafic cumulates and KREEP are used to
define the ends of the mixing arrays in Figures 7ab. The
compositions of the mafic cumulate end-member is from Sny-
der et a. (1992, 1994), whereas the composition of KREEP is
that proposed by Warren and Wasson (1979). The concentra-
tion of Rb in the sources has been increased by a factor of ~2
to account for the greater volatile element abundances on Mars
relative to the Moon (e.g., Dreibus and Wanke, 1985; Wanke
and Dreibus, 1988). The composition of the depleted martian
component is presented in the caption of Figure 7.

The results of the mixing models are presented in Figures
7ab. From Figure 7a it is clear that mixing of end-members
with compositions similar to the most depleted and enriched
lunar mantle components reproduces the "Rb/°Sr and *47Sm/
14Nd ratios of most of the martian meteorite sources. The
nakhlites fall on the source mixing line on Figure 7a, as is
expected if their isotopic systematics reflected the long-term
parent/daughter ratios of their source regions. Thisis consistent
with production of their LREE-enriched bulk rock composi-
tions near the time of partial melting in the mantle. The vari-
ation in the 8L w/*""Hf ratios calculated for the martian me-
teorites can aso be reproduced by mixing lunar mantle
components (Fig. 7b). Note that although there is a range in
178 u/r77Hf ratios proposed for mafic lunar basalt sources (e.g.,
Beard et d., 1998), and that a better fit of the data could be
obtained using a mafic cumulate end-member with a lower
178 w/*""Hf ratio, the composition proposed by Snyder et al.
(1992) is used in the models to maintain consistency with the
87Rb/®eSr-147Sm/**“Nd mixing model (Fig. 7a). Despite this
complication, the proportions of end-members required to re-
produce the parent/daughter ratios of individua meteorite
sources is consistent in both mixing models, suggesting that the
proportions of elements used in the models are approximately
correct.

The only meteorite that falls significantly above the source
mixing line in Figure 7a is EETA/B, suggesting that it is
derived from a source that is compositionally distinct from the
sources of the other meteorites. This is consistent with isotope
mixing models produced by Jones (1989) in which the lher-
zolitic shergottites and EETA/B plotted in reversed order on
various diagrams. Jagoutz (1991) also suggested that a third
source was present on Mars to account for the inconsistent
behavior of EETA/B on mixing diagrams. A second mafic
cumulate source region, characterized by higher 8"Rb/®Sr ratio
than the depleted mafic cumulate source would satisfy the
mixing relations for EETA/B (fine dashed curve Fig. 7d). The
higher 8”Rb/®®Sr of this source region probably reflects the
presence of a phase in which Rb is dightly more compatible.
This phase must sequester Rb, but have arelatively low affinity
for Sr, Hf, and the REES. One phase that satisfies these criteria,
and could be present in the martian mantle, is amphibole (Borg
et al., 2002; Herd et ., 2002). Thus, a mafic source containing
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amphibole is expected to have similar **’Sm/***Nd and 6L u/
174 ratios as amore depleted, amphibole-free mafic cumulate
source and therefore yield mixing relations that appear binary
on Figure 7b.

Although there is a limited set of measured 152 values, and
calculated *#°Hf/*®3W ratios of the sources have huge uncer-
tainties associated with them, mixing models have also been
constructed for the Hf-W system (Fig. 7¢). The KREEP end-
member is defined to have a *8°Hf/*83W ratio of 45 (Warren
and Wasson, 1979) and the Hf abundance discussed above. The
18OHf/183W ratio of the mafic cumulates is defined by the
average ratio observed in low-Ti mare basalts 15545 and 15546
analyzed by Nea (2001); *®°Hf/*®wW = 618, and the Hf
abundances discussed above. Shergotty, Zagami, ALH, Na
khla, and Chassigny appear to lie near a single mixing line on
Figure 7c, athough EETA/B does not. Instead, EETA/B ap-
pearsto lie on amixing line between a KREEP-like component
and a mantle source region characterized by higher 8’Rb/®6Sr
ratio, again suggesting that the source region of this meteorite
contains a mafic component characterized by a relatively high
8’Rb/®eSr ratio.

The ability of the mixing models to reproduce the source
compositions calculated for the martian meteorites using lunar
end-members supports the idea that trace element and isotopic
variability observed in the martian meteorites reflects interac-
tions of compositionally diverse sources. Strongly depleted
incompatible element sources on the Moon are thought to have
been formed by crystallization and accumulation of mafic sil-
icates from the lunar magma ocean, whereas KREEP is thought
to represent highly fractionated late stage magma. If the anal-
ogy between Mars and the Moon is appropriate, Mars had a
magma ocean, and remelting of its crystallization products has
produced the huge compositional and isotopic ranges observed
in the meteorites.

7.2. Relationship between Source Parent/Daughter Ratios
and Meteorite Composition

The isotopic systematics of the shergottites demonstrate
clear correlations with the incompatible trace element abun-
dances of their whole rocks, such as REE (e.g., Borg et a.,
2002), but do not correlate with either major element compo-
sitions of the meteorites or the calculated major element com-
positions of their parental magmas (Herd et a., 2002). These
relationships are aso evident between the calculated parent/
daughter ratios of the sources. For example, the La/Y b ratios of
the shergottite bulk rocks correlate with Rb/®8Sr (R? = 0.86),
1479m/**“Nd (R? = 0.80) and *"eLu/*""Hf (R* = 0.96) calcu-
lated for the source regions (Table 3). Note that bulk rock
La/Yb ratios of the nakhlites fall substantialy off the trends
defined by the shergottites, most likely reflecting a recent
LREE enrichment of their sources. In contrast to bulk rock
LalYb ratios, the Mg# of the parental magmas demonstrate
little correlation (R® = 0.05-0.23) with 8"Rb/®°Sr, *7Smy/
144Nd, and 8L u/*""Hf ratios of the sources.

The large range of source compositions calculated for the
martian meteorites is unlikely to be produced by interactions
between depleted mantle melts and highly differentiated sili-
ceous crust, because all of the martian meteorite parental mag-
mas are basaltic in composition (e.g., Longhi and Pan, 1989).
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Fig. 8. Plot of fOZ estimated by Herd et al. (2001, 2002) for the
martian magmas against parent/daughter ratios estimated in this study.
Good correlations suggest that the variations in fo, reflect melting
sources with variable proportions of a hydrous KREEP-like compo-
nent.

The decoupling of major element compositions from incom-
patible trace element and isotopic compositions constrains the
mechanisms required to produce the compositiona variations
inferred for the source regions. If, for example, the variationsin
trace element and isotopic compositions reflected assimilation
of compositionally evolved crustal material by primitive mag-
mas after leaving the mantle, correlations between major ele-
ment, trace element, and isotopic compositions are expected.
This stems from the fact that the trace element and isotopic
compositions are controlled by the amount of assimilation,
which in turn is controlled by the amount of crystallization of
the parental magma.

The lack of correlation between major element compositions
of the parental magmas and trace element and isotopic compo-
sitions, combined with the fact that the parental magmas of the
martian meteorites are basaltic in composition suggests that
compositional variations are not controlled by processes in the
martian crust. Instead, it is possible that the major element
compositions of the parental magmas are limited to some extent
by partial melting reactions in the mantle. In this scenario, the
trace element and isotopic compositions of the meteorites re-
flect the compositional range of sources present in the zone of
melting, whereas the major element compositions are con-
trolled by eutectic melting processes. Compositional differ-
ences between the parental magmas would therefore result
primarily from differentiation by fractional crystallization in a
closed system, as suggested for QUE by McSween et al. (1996)
and for DaG by Wadhwaet al. (2001), after leaving their source
regions.

Wadhwa (2001) and Herd et al. (2002) have shown that the
fo, estimates for the shergottites correlate with their initial Sr
and Nd isotopic compositions. These variations were attributed
to addition of awater-rich component to magmas derived from
depleted mantle sources. Figure 8 demonstrates that the fo, also
correlates with the calculated parent/daughter ratios of the
sources regions. This suggests that fo, is controlled by source
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Table 4. Partition coefficients used in trace element models.®

Rb Sr Sm Nd Lu Hf
Olivine 0.00018 0.00019 0.0043 0.0024 0.0039 0.011
Orthopyroxene 0.0006 0.007 0.012 0.0077 0.065 0.012
Clinopyroxene 0.0011 0.051 0.29 0.17 0.43 0.24
Amphibole 0.33 0.12 0.76 0.44 0.51 0.73
Garnet 0.0007 0.0011 0.25 0.154 8.05 0.27

@ Partition coefficients for olivine, pyroxene, and garnet Sm, Nd, Lu, and Hf complied by Beard et al. (1998). Rubidium and strontium partition
coefficients for all minerals and Sr, Sm, Nd, Lu, and Hf in amphibole from McKenzie and O’ Nions (1991). Amphibole Rb partition coefficient from

Dostdl et a. (1983).

variation at the time of partial melting, and not by assimilation
of the martian crust, and can account for the fact that major
element compositions of the parental magmas do not correlate
with fo, (Herd et a., 2002). Herd et al. (2002) showed that
melting and incorporation of a small amount of a hydrous
phase, such as amphibole, could strongly ater the f, of highly
reduced magmas. Furthermore, a small amount of amphiboleis
expected to have a relatively minor affect on the trace
element and isotopic composition of the parental magma.
Thus, the KREEP-like component that is present in the
martian meteorite source region could be hydrous. This
component must have formed at ~4.5 Ga to satisfy the
constraints placed on the martian meteorites from their iso-
topic systematics. Therefore, the hydration of the KREEP-
like component inferred to be present in the martian mete-
orite source region could be associated with early planetary
devolatilization.

8. FORMATION OF MARTIAN SOURCES AND BASALTIC
MAGMAS

8.1. Magma Ocean Cumulates

To account for the Sm-Nd and Rb-Sr isotopic systematics of
the martian meteorite sources, Borg et a. (1997b) modeled the
differentiation of Mars starting at the time of planet formation.
In this hypothesis, martian mantle sources were produced by
crystallization of amagma ocean and accumulation of minerals.
These models follow those of Snyder et a. (1992), but employ
a crystallization sequence that is appropriate for Mars: (1)

0-40% crystallization (PCS) 100% olivine; (2) 40-78 PCS
75% orthopyroxene + 25% olivine, (3) 78—86% PCS 75%
clinopyroxene + 25% orthopyroxene, (5) 86—99% PCS 95%
clinopyroxene + 5% garnet. This crystallization sequence
yields a cumulate pile that has the mineral mode estimated for
bulk silicate Mars by Longhi et a. (1992). Trace element
abundances and ratios in the various mantle cumulates were
calculated using first batch (PCS 0-78), and then fractional
(PCS 78-99) crystallization models assuming that Marsinitially
had 2x chondritic abundances of Sr, Sm, Nd, Lu and Hf. In the
model presented here, Mars is assumed to have an 8" Rb/®°Sr
ratio of 0.16. The partition coefficients used in the models are
presented in Table 4. The olivine, pyroxene, and garnet parti-
tion coefficients for Sm, Nd, Lu, and Hf are from Beard et al.
(1998) who completed an extensive literature search and com-
piled a set of coefficients that are appropriate to model Sm/Nd
and Lu/Hf fractionation in a lunar magma ocean. With the
exception of Rb in amphibole, all other partition coefficients
used in the models are from a single source (McKenzie and
O'Nions, 1991) so as to insure a consistent set of coefficients.
The compositional range observed in the martian meteorite
sources is modeled as mixing between these depleted mafic
cumulates and liquids trapped in the cumulate pile during
crystallization. As aresult, the compositions of trapped liquids
are also calculated in this model.

The 8’ Rb/®°Sr, 1*7Sm/***Nd, and *"°Luw/*""Hf ratios calcu-
lated for the various mafic cumulates, trapped liquid, and
selected martian meteorite source regions are presented in

Table 5. Parent/daughter ratios of modeled magma ocean cumulates and meteorite sources.®

Cumulate or source Mode 87Rb/®5sr 147Sm/**Nd LW/ HE
Magma ocean cumulates
0-40% PCS ol = 100 0.16 0.590 0.005
40-78% PCS opx:ol = 75:25 0.029 0.307 0.143
78-86% PCS cpx:opx = 75:25 0.031 0.308 0.040
86-99% PCS cpx:grt = 95:5 0.0090 0.271 0.037
Bulk (no amph) cumulates ol:opx:cpx:grt = 0.0092 0.285 0.048
50.2:30.8:18:3.0.7
Bulk (amph) cumulates ol:opx:cpx:grt:amph = 0.034 0.284 0.046
49.8:30.41:18:3.0.7:0.8
QUE source 0.036 0.285 0.048
Shergotty source 0.0374 0.182 0.028
Modeled trapped liquid 0.494 0.157 0.014
Lunar KREEP (Rb X ~2) 0.520 0.172 0.014

2Longhi et a. (1992) mode bulk Mars ol:opx:cpx:grt = 49.4:31.5:18.8:0.3. PCS = percent crystallization of magma ocean. Modeled trapped

liquid = 99% PCS.
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Table 5. Many of the cumulates, including the bulk cumulates,
have *"Sm/**Nd, and *"Lu/*""Hf ratios that closely approx-
imate the QUE source region, suggesting that cumulate forma-
tion in a magma ocean can account for the Nd and Hf isotopic
systematics of the most depleted martian meteorite sources.

Fig. 9. Plots of parent/daughter ratios estimated for the martian
meteorite source regions versus whole rock parent/daughter ratios.
Symbols are the same as in Figure 5. The shergottites have *4"Sm/
144Nd ratios that are significantly higher than the *"Sm/***Nd ratios
calculated for their source regions. The nakhlites have *4’Sm/**“Nd
ratios that are lower than those calculated for their sources, consistent
with arecent LREE-enrichment event in their source regions (see text).
In contrast to the Sm-Nd systematics, the shergottites have 1L u/*""Hf
ratios that are lower than the *"SLw*""Hf ratios calculated for their
source regions, whereas the 8Rb/®®Sr ratios of the martian meteorites
are roughly the same as those calculated for the shergottite source
regions. Dashed lines are modal batch melting models calculated as-
suming a modal mineralogy in the source of olivine:orthopyroxene:
clinopyroxene:garnet = 50.2:30.8:18.3:0.7 and the partition coeffi-
cients presented in Table 4. Solid lines are modal fractional partia
melting models. Note that neither the batch nor the fractiona partial
melting models can reproduce the whole rock compositions of the
meteorites suggesting that another process or phase, that has not been
considered here, is involved in their petrogenesis.

Note however, that the 8’Rb/®®Sr ratio of many of the cumu-
lates are significantly lower than the ratio calculated for the
QUE source region. Borg et a. (1997b) attributed this to a
small amount of contamination of the QUE magma by a com-
ponent with an elevated 8’Rb/®°Sr ratio. An alternative expla-
nation is that the mafic mantle source region contains a phase
in which Rb is slightly more compatible. A likely candidate is
amphibole, because not only is Rb slightly more compatible in
amphibole than in olivine, pyroxene, and garnet, but Sm, Nd,
Lu, and Hf are al relatively incompatible. Thus, the **’Sm/
14Nd, and *"°Lu/*""Hf systematics of the modeled cumulates
are not strongly affected by its presence. The models demon-
strate that addition of ~1% amphibole to the cumulate pile is
enough to yield 8 Rb/®Sr ratios that are similar to those cal-
culated for the QUE source (Table 5). Larger proportions of
amphibole in the cumulate pile can produce sources with even
higher 8Rb/®°Sr ratios. Thus, the high 8 Rb/2®Sr source region
postulated for EETA/B based on the mixing relationships in
Figure 7a may be produced by formation of a mafic cumulate
with an even greater proportion of amphibole. To generate a
source with a 8’Rb/®®Sr of 0.2 and a **"Sm/***Nd of 0.27, the
values required for EETA/B by the mixing model (Fig. 7a), the
cumulate pile must contain ~5% amphibole. Note that these
calculations assume Rb partition coefficients that are typical of
hornblende or pargasite and that significantly lower amounts of
amphibole would likely be required if amore K-rich amphibole
is present. It is therefore possible that the compositiona dif-
ferences between the mafic martian meteorite sources are pro-
duced by dlight variations in their amphibole modes.

The models also calculate the composition of liquid trapped
in the cumulate pile after 99% crystallization of the magma
ocean. The composition calculated for the trapped liquid is very
similar to the composition of lunar KREEP adjusted for ~2
times higher abundances of Rb. Also note that the composition
of the Shergotty source is intermediate between the composi-
tion of the martian cumulates and the modeled trapped liquid.
Thus, there appears to be at least three mantle sources for the
martian meteorites; two derived by accumulation of mafic
phases, and possibly characterized by variable amphibole
modes, and one representing late stage liquid trapped in the
cumulate pile during crystallization of the magma ocean.
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8.2. Generation of Martian Magmas by Mélting of
Magma Ocean Cumulates

The **"Sm/***Nd ratios estimated for the source regions of
the martian meteorites are significantly lower than their whole
rock values (Fig. 9a). In contrast, the *"SLuw/*""Hf ratios esti-
mated for the source regions are higher than those observed in
the whole rocks (Fig. 9b), whereas the 8Rb/®®Sr ratios calcu-
lated in the sources roughly approximate the ratios observed in
the whole rocks (Fig. 9¢). The differences between the *4”Sm/
14Nd and *"8Lu/*""Hf ratios of the sources and those of the
whole rocks are unlikely to reflect that fact that most of the
martian meteorites are cumulates and have undergone some
degree of fractional crystallization. This stems from the fact
that most of these elements behave incompatibly during crys-
tallization of the mgjor minerals on the liquid line of descent
(i.e., crystallization of olivine, pyroxene, and plagioclase. Al-
though the REEs are highly compatible in the phosphates, these
are late stage minerals that are unlikely to have either accumu-
lated in, or fractionated from, the bulk rocks. Furthermore, low
Al and the absence of large Eu anomaliesin the bulk rocks (Fig.
1) confirms that significant amounts of plagioclase fraction-
ation has not occurred. Thus, the whole rock Sm/Nd, Lu/Hf,
and Rb/Sr ratios are likely to approximate the ratios of the
parental magmeas.

The fact that parent/daughter ratios of the meteorite sources,
calculated from their isotopic compositions, differ from the
parent/daughter ratios of their whole rocks suggests that these
ratios were either fractionated in the source region just before
generation of the magmas or during the melting processes that
produced the parental magmas of the meteorites. Borg et al.
(1997b) were able to model the *4’Sm/**“Nd ratio of the QUE
whole rock from a source region with a lower *#’Sm/***Nd
ratio by depleting the mantle source region via numerous
non-modal batch partial melting events just before the forma-
tion of QUE. This required 4 small fraction melting events to
change the **"Sm/**Nd ratio of the source from 0.285 to
>0.503 (the whole rock value for QUE). Applying the same
approach to the Lu-Hf systematics of QUE fails, because Hf
abundances in the calculated melt are too low. Ultimately, this
stems from the fact that the *"6L w/*""Hf ratio calculated for the
source regions are higher than the *"6Lu/*""Hf ratios observed
in the whole rocks. Modeled melts generated from QUE-like
sources that have undergone multiple episodes of melting have
low Hf abundances (e.g., ~0.39 ppm), and high *"eLu/*""Hf
ratios (e.g., ~ 0.07), compared to QUE which has Hf = 3.5
ppm and *"SLw*"Hf ratio = 0.02. To yield a melt with a
higher Hf abundance, Hf must behave more compatibly during
melting. At the same time the Sm-Nd and Rb-Sr systematics of
the system cannot be altered dramatically. Thus, a phase char-
acterized by low D’sfor Sm, Nd, Rb, Sr, and Lu, but a high D
for Hf is required. Although ilmenite satisfies these criteria
(McKay and Le, 1999) exceedingly large amounts are required
to dramatically affect the outcome of the models. Therefore, the
inability of these models to reproduce the Rb-Sr, Sm-Nd and
Lu-Hf elemental abundances and ratios of the whole rocks
suggests that it is unlikely that the martian mantle was depleted
as aresult of multiple melting events just before the formation
of the shergottite parental magma.

Another set of partial melting models are presented in Figure

9. In these figures the parent daughter ratios calculated for the
martian meteorite sources based on their initia Sr, Nd, and Hf
isotopic compositions are plotted against their whole rock
parent/daughter ratios. As discussed above, variations in the
parent/daughter ratio calculated for the sources are produced by
mixing between depleted and enriched mantle components.
Modal fractional (solid lines) and modal batch melting (dashed
lines) models are also presented on these figures. The models
assume the bulk mineralogy for Mars estimated by Longhi et al.
(1992). As aresult, a small amount of garnet is present in the
mantle source region. From Figure 9 it is apparent that these
batch melting models are consistent with the previous batch
melting models discussed above and are unable to reproduce
both the **"Sm/***Nd and *"®Lu/*"’Hf ratios of the martian
meteorites. The fractional melting models, however, are able to
reproduce both the 4Sm/***Nd and "®Luw/*""Hf ratios of the
martian meteorites. This stems from the ability of garnet to
strongly fractionate the Lu/Hf ratio of the modeled melts, but
not strongly fractionate their Sm/Nd ratios. However the frac-
tional melting models are unable to reproduce the 8"Rb/%6Sr
ratios of the whole rocks because they fractionated Rb from Sr
too efficiently. Furthermore, fractional melting is expected to
result in extreme fractionation of highly incompatible elements
(e.g., Rb, LREE) from moderately incompatible elements (e.g.,
Hf, HREE), which is not observed in the meteorite whole rocks.
It therefore seems unlikely that simple partial melting can
account for the differences between the parent/daughter ratios
of the source regions and whole rocks unless: (1) the source
region underwent a metasomatic event before melting, (2) the
partition coefficients used in the models are incorrect, and/or
(3) aphase(s) is present in the mantle source region that has not
been considered in the models. These possibilities need to be
considered in more detail before the detailed petrogenesis of
the martian meteorites can be understood.

9. CONCLUSION

Isotopic analysis of the basaltic shergottite DaG 476 yields a
Sm-Nd age of 474 + 11 Mawith an initial &% value of +36.6
+ 0.8. Differences between the age reported here and the age
of 726 = 27 Mareported by Jagoutz et a. (1999) are attributed
to contamination of leachates by Sm-Nd derived from Saharan
soils and rocks. Although the Rb-Sr isotopic system has been
disturbed, and yields no age information, an initial 8"Sr/%®Sr
ratio of 0.701249 + 33 is estimated from the plagioclase
mineral separate using the Sm-Nd age. The initial Sr and Nd
isotopic compositions of DaG are most similar to those of the
basaltic shergottite QUE. Like QUE, DaG has a strongly
LREE-depleted REE pattern indicating that these meteorites
have trace element and isotopic compositions that are repre-
sentative of depleted martian mantle sources. However, the fact
that the DaG minerals, whole rock, and parental magma com-
positions are considerably more mafic than QUE, suggests that
the apparent decoupling of major element abundances from
trace element abundances and i sotopic compositions may result
from differentiation of the martian magmas in a closed system
by fractional crystallization after leaving the source region.

The age of mantle source formation is calculated using a

two-stage mode! isochron based on measured whole rock ep?

and initial 3% values of the martian meteorites to be 4.513 Ga.
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This age is only valid as long as the sources of the meteorites
had a relatively simple two-stage evolutionary history. Several
meteorites fall off this isochron, including the nakhlites and
Chassigny. The source region of these meteoritesis interpreted
to have undergone multi-stage evolution that involved a rela-
tively recent LREE-enrichment event. This is consistent with
the fact that these meteorites have positive initial eps values,
but flat chondrite-normalized REE patterns. The &Rb/%5Sr,
147Sm/*“Nd, and "L w/*"Hf ratios calculated for the source
regions of the meteorites from their initial Sr, Nd, and Hf
isotopic ratios, correlate. Therefore, these parent/daughter ra-
tios were probably fractionated in silicate reservoirs on Mars
during early planetary differentiation. Mixing models demon-
strate that the variability observed in parent/daughter ratios of
the martian meteorites can be produced by interactions of
martian sources with the characteristics similar to depleted
lunar mantle and KREEP. Much of the compositional variabil-
ity observed in the martian meteorites could reflect interactions
of source regions produced by crystalization of a magma
ocean, and does not require differentiation to have occurred in
the martian crust. Mixing models also demonstrate that at least
three source regions are required to produce the isotopic vari-
ability calculated for the martian meteorites. The composition
of two of the sources can be modeled as mafic cumulates
crystallizing from a magma ocean with variable proportions of
a phase in which Rb is dlightly compatible (amphibole?),
whereas the third source has the characteristics of liquids
trapped in the cumulate pile during crystallization.
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