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Abstract

Combined *’Sm—'**Nd and "°Lu-'"°Hf chronology of the martian meteorite Larkman Nunatak (LAR) 06319 indicates
an igneous crystallization age of 193 + 20 Ma (20 weighted mean). The individual '*’Sm—'**Nd and '"*Lu—'"°Hf internal iso-
chron ages are 183 + 12 Ma and 197 + 29 Ma, respectively, and are concordant with two previously determined 478 m-143Nd
and 8’Rb-"Sr internal isochron ages of 190 + 26 Ma and 207 + 14 Ma, respectively (Shih et al., 2009). With respect to the
1478m—"**Nd isotope systematics, maskelynite lies above the isochron defined by primary igneous phases and is therefore not
in isotopic equilibrium with the other phases in the rock. Non-isochronous maskelynite is interpreted to result from shock-
induced reaction between plagioclase and partial melts of pyroxene and phosphate during transformation to maskelynite,
which resulted in it having unsupported '**Nd relative to its measured "¥’Sm/'**Nd ratio. The rare earth element (REE)
and high field strength element (HFSE) compositions of major constituent minerals can be modeled as the result of progres-
sive crystallization of a single magma with no addition of secondary components. The concordant ages, combined with igne-
ous textures, mineralogy, and trace element systematics indicate that the weighted average of the radiometric ages records the
true crystallization age of this rock. The young igneous age for LAR 06319 and other shergottites are in conflict with models
that advocate for circa 4.1 Ga crystallization ages of shergottites from Pb isotope compositions, however, they are consistent
with updated crater counting statistics indicating that young volcanic activity on Mars is more widespread than previously
realized (Neukum et al., 2010).
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION and "°Lu—'7°Hf internal isochron ages in shergottites are
in contrast to the purported ancient (>4.0 Ga) 2°°Pb—>""Pb
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ancient 2°’Pb—2"°Pb ages have been argued to be the result of
terrestrial contamination or represent source closure ages
(Jagoutz, 1991; Borg et al., 2005; Gaffney et al., 2007). Thus
it remains unclear which of these age groups record the true
magmatic ages of shergottites and whether the younger ages
reflect post-crystallization resetting.

The meteorite LAR 06319 presents a unique opportu-
nity to evaluate some of the mechanisms proposed to cause
chronometric resetting in shergottites. Systematic petrolog-
ical studies (Basu Sarbadhikari et al., 2009; Peslier et al.,
2010) of LAR 06319 indicate that the phenocryst phases
in this rock, unlike many shergottites (e.g., Shergotty,
EETA79001 lithology A, Zagami), have major and trace
element compositions that can be explained by fractional
crystallization of the phenocryst assemblage. This is consis-
tent with LAR 06319 representing a closed-system igneous
process. The trace element compositions of LAR 06319
show it is a member of the enriched shergottite subgroup
whose composition approximates that of a parental melt
(Basu Sarbadhikari et al., 2009; Peslier et al., 2010). Hence,
the relatively straightforward petrology and the apparent
lack of aqueous alteration of LAR 06319 (Basu Sarbadhik-
ari et al., 2009; Peslier et al., 2010), makes this rock an ideal
candidate to examine coupled isotopic and trace element
variations of an apparently near pristine enriched shergot-
tite parental melt. Furthermore, preliminary 8’"Rb-"Sr and
147Sm—"**Nd data give young internal isochron ages (Shih
et al., 2009). This study of LAR 06319 presents new
7Sm-'*Nd and !"°Lu-!"°Hf isotopic data coupled with
in-situ trace element concentrations on mineral phases in or-
der to assess whether isotopic as well as major and trace ele-
ment systematics result from igneous paragenesis or are a
consequence of metamorphic equilibration associated with
shock and/or fluid infiltration. This examination of LAR
06319 is a test of the hypothesis proposed by Bouvier et al.
(2003, 2008, 2009) that measured 3’Rb-*"Sr, '*’Sm—'**Nd,
and '"Lu—7®Hf ages are reset to <575 Ma.

2. PETROGRAPHY

Detailed petrography of LAR 06319 is presented else-
where (Basu Sarbadhikari et al., 2009; Peslier et al., 2010).
LAR 06319 is an olivine-phyric shergottite consisting of oliv-
ine megacrysts (up to 3 mm diameter) set in a matrix of oliv-
ine, pyroxene, and maskelynite interspersed with minor
oxide phases, phosphate phases, and shock melt pockets
(Basu Sarbadhikari et al., 2009; Peslier et al., 2010). Modal
abundances for olivine, orthopyroxene, pigeonite, augite,
maskelynite, and the minor phases are as follows, respec-
tively: 24:4:28:22:18:4 vol% (Basu Sarbadhikari et al.,
2009). The rock is extremely fresh, with no observed
weathering products (Basu Sarbadhikari et al., 2009). Addi-
tionally, LAR 06319 is an Antarctic “cold desert” meteorite,
the likes of which have been shown to generally suffer less
alteration than hot desert finds (Crozaz and Wadhwa, 2001).

Olivine is typically brown to reddish-brown and often
contains inclusions of oxide phases, pyroxene, and maskely-
nite. Melt inclusions within the cores of the olivine mega-
crysts have trace element compositions that are similar to
that of the bulk rock (Basu Sarbadhikari et al., 2009).

The olivine megacrysts have been interpreted as pheno-
crysts, rather than xenocrysts that are common in other
olivine-phyric shergottites (Barrat et al., 2002; Basu Sar-
badhikari et al., 2009; Peslier et al., 2010). Olivine in equi-
librium with the bulk rock would have Fog; (% forsterite
content), comparable to the measured Fo,; of the most
magnesian olivine (Basu Sarbadhikari et al., 2009). In addi-
tion, the olivine megacrysts are strongly zoned from core-
to-rim, unlike xenocrystic olivine from NWA 1068 (Barrat
et al., 2002; Basu Sarbadhikari et al., 2009). This evidence
suggests that the olivine megacrysts formed early in magma
conduits and eventually became entrained during the ascent
of the magma in which they crystallized. The cores of the
olivine megacrysts are typically more magnesian than the
rims (Fo7s vs. Fogo), while groundmass olivine crystals
are not zoned and are more Fe-rich (Fosg) (Peslier et al.,
2010). The MgO/FeO ratios of liquids in equilibrium with
the olivine megacryst cores are 0.51-0.59 (Peslier et al.,
2010), while the rims are in equilibrium with a liquid with
a MgO/FeO ratio of 0.29-0.50 (Peslier et al., 2010). These
liquids are too MgO-rich to be in equilibrium with the
groundmass olivine, which indicate equilibrium liquid
MgO/FeO ratios of 0.18-0.20 (Peslier et al., 2010). Thus,
the major element data show that the olivine megacrysts
grew in an initially MgO-rich liquid that became progres-
sively Fe-rich, indicating that the groundmass olivine did
not crystallize concurrently with the megacryst olivine
(Peslier et al., 2010).

Pyroxene is common in LAR 06319 and consists primar-
ily of pigeonite. Large (up to 3 mm long) pyroxene laths are
present throughout the section, typically with Mg-rich
(EnyoFs;sWos, Mg# = 75) cores rimmed with calcic (Ens.
FsysWo,s, Mg# = 60-65) and Fe-rich compositions (Enys.
Fs4sWoyp, Mg# = 50). Smaller groundmass pyroxenes are
typically more Fe-rich than the larger phenocrystic pyrox-
ene (Peslier et al., 2010).

Like most olivine-phyric shergottites, LAR 06319 shows
evidence of experiencing moderate shock pressures of ~30-
35 GPa (Basu Sarbadhikari et al., 2009). Shock features in
LAR 06319 include maskelynite (shock-disordered plagio-
clase, Ans;Abys (Peslier et al., 2010)) that is typically inter-
stitial. Occasionally maskelynite is present as elongate laths
1-1.5 mm long with aspect ratios of 10-20. Significantly, all
plagioclase has been converted into maskelynite and there
are distinct melt pockets in our thick section as well as melt
veins cutting through other sections (Basu Sarbadhikari
et al., 2009). Extensive fracturing of olivine megacrysts is
also related to shock.

Overall, the bulk composition of LAR 06319 approxi-
mates a melt that could be parental to the basaltic shergot-
tites and is thus an important sample for constraining their
evolution (Basu Sarbadhikari et al., 2009; Peslier et al., 2010).

3. ANALYTICAL TECHNIQUES

An ~800 mg aliquot of LAR 06319,15 was crushed in an
alumina mortar and pestle used exclusively for martian
meteorites. The mortar and pestle were pre-cleaned by
repeatedly grinding Ottawa quartz sand in ethanol. The
crushed material was sieved into >325 mesh (44 pum or less),
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200-325 mesh (44-75 pm), 100-200 mesh (75-150 pm), and
<100 mesh (greater than 152 um) size fractions using Teflon
sieve rings with replaceable mesh. The entire sieve stack was
rinsed in ethanol and cleaned prior to using. Each size frac-
tion was weighed and stored for further processing. The
200-325 mesh fraction was separated using heavy liquids.
Methylene iodide (p = 3.3 g/lcm®) was used to separate
maskelynite from pyroxene and olivine. Clerici’s Solution
(thallium malonate, p = 3.55 g/cm®) was then used to sepa-
rate pyroxene from olivine. Finally, olivine was purified
from the remaining heavy material (mostly oxides) using
a 4.05 g/fem® Clerici’s Solution. All separates using heavy
liquids were thoroughly washed using acetone (for the
methylene iodide separates) and 18 MQ H,O (for the Cler-
ici’s Solution separates) and visually inspected to ensure the
proper separation of the phases. All phases separated by
heavy liquids are referred to with the prefix “HL” followed
by the name of the phase.

The 100-200 mesh fraction was purified by using a
Frantz magnetic separator in 0.1 A intervals starting at
0.1 A. Each non-magnetic fraction was re-processed until
no further magnetic material was produced. From this,
maskelynite, pyroxene, and olivine fractions were isolated
and further purified by handpicking. Hybrid crystals con-
taining two or more phases were common due to the rela-
tively small grain size of the groundmass. Crystals
composed primarily of maskelynite but containing visible
inclusions or intergrowths of other primary phases were
designated hybrid-maskelynite. Due to the various phases
present as inclusions or intergrowths and the proportion
of the contaminant phase to maskelynite, these hybrid crys-
tals were present throughout all of the Frantz magnetic sep-
arates, which were then hand-picked and collected as a
distinct cut. A similar procedure was performed for crystals
composed primarily of pyroxene but containing inclusions
or intergrowths of other primary phases. In almost all cases
for the reject maskelynite and pyroxene, the contaminating
phases were either pyroxene or maskelynite, respectively,
with oxide and phosphate being minor contaminants. Oliv-
ine generally formed distinct and relatively pure crystal
fragments due to the abundance of the olivine megacrysts
and groundmass olivine. While olivine fragments contain-
ing obvious inclusions were rejected, the dark color of the
olivine crystals made unambiguous identification of pure
crystals difficult. The reject cuts containing hybrid crystals
are referred to with the prefix “H” followed by the name
of the dominant phase. Purified cuts are referred to simply
by the name of the phase.

This mineral separation procedure resulted in the fol-
lowing cuts: >325 mesh fraction (BR, fines assumed to
approximate the bulk rock); 200-325 mesh maskelynite-rich
(HL-MASK), pyroxene-rich (HL-PYX), olivine-rich, and
oxide-rich fractions; and 100-200 mesh maskelynite
(MASK), hybrid-maskelynite (H-MASK), pyroxene
(PYX), hybrid-pyroxene (H-PYX), and olivine (OL). The
close similarity in Sm, Nd, Lu, and Hf concentrations mea-
sured by isotope dilution in sample BR U (Table 3) to the
bulk rock chemical composition of LAR 06319 (Basu Sar-
badhikari et al., 2009) suggests that the fines are a close
approximation of the bulk rock composition.

The bulk rock and mineral separate fractions were pro-
cessed in four dissolution/analysis campaigns. Fractions
from the 1st campaign were analyzed for both '7°Lu-!"°Hf
and *’Sm—'**Nd isotopes. Samples from subsequent cam-
paigns were analyzed only for '*’Sm—'**Nd. Table 1 has
descriptions of each sample and the corresponding abbrevi-
ated name that will be used throughout the rest of the text.

Unleached bulk rock and mineral separates were ultr-
asonicated in cold acetic acid for 10 min in order to remove
any potential surface contaminants. The acetic acid super-
natant for each unleached sample was reserved and com-
bined into a single aliquot. Leached samples were
ultrasonicated in cold 0.1 N or 2 N HCI for 10 min. In each
case, the supernatant leachate was decanted from the resi-
dues and reserved for analysis. The residues were subse-
quently washed three times with ultrapure H,O, which
was added to the reserved leachate. The residues were then
oven dried and reweighed prior to dissolution. The leach-
ates were taken to dryness on a hotplate. The general disso-
lution scheme is as follows: hotplate digestion in 29 M HF
to facilitate the majority of silicate breakdown, Lu-Hf and
Sm-Nd spiking and Parr digestion vessel dissolution in 4:1
HF:HNOj; to dissolve the remaining minerals, acidification
with 12 N HCI, Parr digestion vessel dissolution in 8 N
HCI, addition of perchloric acid to remove insoluble fluo-
rides, and repeated acidifications with 6 M HCI until solu-
tions were clear. In between each step, the sample
solutions were taken to dryness, generally at 50 °C. The
Parr digestion vessels were not used for leachate samples
although the same acids and proportions were used for all
samples. Following the final dry down, the samples were
reacidified in 2.5 N HCI for column chemistry.

Samarium, Nd, Lu, and Hf were purified using a four-
column procedure beginning with Fe removal via an anion
exchange (AG1X8 200-400 mesh resin) and HCI, then
isolation of Hf using Eichrom Ln-spec resin, followed by
isolation of the REE via cation exchange (AG50W-X8
200-400 mesh resin), and concluding with isolation of Lu,
Sm, and Nd (AG50W-X4 200-400 mesh resin in NH4 form
with a-HIBA). A two-column procedure (REE isolation via
cation exchange and Sm-Nd purification using o-HIBA)
was performed for samples analyzed for only '*’Sm-'**Nd
(Lapen et al., 2004, 2005).

Samarium and Nd concentrations were measured via
isotope dilution at NASA, Johnson Space Center using a
ThermoFinnigan Triton thermal ionization mass spectrom-
eter (TIMS). Neodymium was loaded on a single filament
in 2 N HCI and covered with a slurry of 5% H;PO, and tan-
talum oxide activator (Harvey and Baxter, 2009). Neodym-
ium isotopic ratios were measured as oxides in static mode
and corrected offline for oxide interferences and instrumen-
tal mass bias using **Nd/'"**Nd = 0.7219 and an exponen-
tial mass fractionation law. Samarium was loaded on
double filaments with H;PO,4 as an activator and run as a
metal using '*’Sm/"**Sm = 0.56081 to correct for instru-
mental mass bias. NdO isobaric interferences were cor-
rected using '70/'°0O = 0.000393 and '30/'°0 = 0.002052.
Procedural blanks were run for each set of dissolutions.
Sm and Nd averaged 33 and 67 pg, respectively, which
contributed negligibly to the measured ratios. Replicate
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Table 1
LAR 06319 sample descriptions and weights.

Sample name Processing notes Dissolution notes ~ Sample wt. 176 y-17SHf  147Sm-1%3Nd
(g

BR U >325 mesh bulk rock Acetic washed 0.01924 X X

BR 0IN R >325 mesh bulk rock 0.1 N HCl residue 0.01785 X

BR OIN L >325 mesh bulk rock 0.1 N HCI 0.00144 X

leachate

BR 2N R-1Ist >325 mesh bulk rock 2 N HCI residue 0.01520 X

BR 2N L-Ist >325 mesh bulk rock 2 N HCI leachate  0.00265 X

PYX U Pyroxene, magnetically separated, hand-picked Acetic washed 0.06678 X X

HMASK U Maskelynite, magnetically separated, hand-picked Acetic washed 0.03196 X X
rejects

OL U Olivine, magnetically separated, hand-picked Acetic washed 0.04874 X

HL-PYX 2N R Pyroxene, heavy liquid separated 2 N HClI residue  0.04307 X

HL-PYX 2N L Pyroxene, heavy liquid separated 2 N HCI leachate  0.00190 X

BR 2N R-3rd >325 mesh bulk rock 2N HCl residue  0.02662 X

H-PYX 2N R Pyroxene, magnetically separated, hand-picked rejects 2 N HCI residue  0.03204 X

H-PYX 2N L Pyroxene, magnetically separated, hand-picked rejects 2 N HCI leachate  0.00259 X

BR 2N R-4th >325 mesh bulk rock 2 N HCl residue  0.02030 X

BR 2N L-4th >325 mesh bulk rock 2 N HCI leachate  0.00679 X

HMASK 2N R Maskelynite, magnetically separated, hand-picked 2N HCl residue  0.02236 X
rejects

HMASK 2N L Maskelynite, magnetically separated, hand-picked 2 N HCI leachate  0.00399 X
rejects

HL-MASK 2N R Maskelynite, heavy liquid separated 2N HCl residue  0.02540 X

HL-MASK 2N L Maskelynite, heavy liquid separated 2 N HCI leachate  0.00348 X

analyses of 4ng Ames Nd standard yielded an external
precision (2¢) of 0.000010 (~20 ppm) on the **Nd/'*Nd
ratio. Replicate analyses of La Jolla yielded an average
'*Nd/'**Nd ratio of 0.511847 % 0.000006.

Lutetium and Hf were analyzed using a GV Instruments
IsoProbe MC-ICP-MS at the University of Wisconsin-
Madison using procedures outlined elsewhere (Lapen
et al., 2004, 2010). During Hf isotope analysis, the follow-
ing isotopes were analyzed: '"°Hf, '"7Hf, '"8Hf, '"°Hf, and
180Hf as well as '72Yb, °Lu, and '*W, which were used
to correct for isobaric interferences on '"Hf (Yb and Lu)
and "8°Hf (W). The '8!Ta isotopes were not monitored
for isobaric '3°Ta interference on '*°Hf because the concen-
tration of Ta in the Hf cuts is insignificant. Instrumental
mass fractionation correction and spike striping followed
methods of Lapen et al. (2004). Standards and samples were
measured in solutions of 5-30 ppb and were introduced into
the mass spectrometer through an Aridus II desolvating
nebulizer fitted with a 50 pl/min self-aspirating nebulizer.
Total procedural blanks for Hf and Lu were <80 pg.
Throughout the hafnium isotope analysis of samples, the
UW-AMES Hf standard was used to correct for instrumen-
tal fractionation. JMC-475 Hf was analyzed as an unknown
standard. Repeated analysis of the Hf standard JMC-475
yielded "CHf/'7"Hf = 0.282162 + 11 (2 SD, n = 25). Lute-
tium isotope analyses followed procedures in Lapen et al.
(2004). External reproducibility in '7°Hf/'”’Hf and
1761 u/V7THf ratios are 0.005% and 0.2% (20), respectively,
and these values are used as the measurement uncertainty
for the age calculations.

Trace element abundances were measure by laser abla-
tion inductively coupled plasma-mass spectrometry (LA-
ICP-MS) of single spots on a thick section of LAR 06319
at the University of Houston using a CETAC LSX-213 la-
ser ablation system connected to a Varian 810-MS quadru-
pole ICP-MS. A He carrier gas was used to enhance
transport efficiency of ablated material. For each analyzed
spot (20-100 um in diameter), we measured a 10-15s gas
blank prior to sample ablation. Samples were ablated for
20-30 s at a laser power of ~3 mJ/4 ns pulse, repetition rate
of 20 Hz, and 213 nm wavelength. All trace element data
were corrected for laser and ICP-MS elemental fraction-
ation with internal elements Si, Mg, and Cr calibrated by
EPMA and the USGS external standard BHVO-2G glass
using the commercial data reduction software package Glit-
ter. The USGS SRM BIR-1G glass standard was used to
monitor external reproducibility and instrument drift.

4. DISCUSSION
4.1. In-situ trace element concentrations

Representative trace element concentrations of the ma-
jor silicate phases, melt inclusions, and phosphate are pre-
sented in Table 2. Chondrite normalized incompatible
trace element profiles of these phases are shown in Fig. 1.
These new results are very similar to those found in Basu
Sarbadhikari et al. (2009).

Average compatible element (Cr, Ni, Cu, V) concentra-
tions are elevated in the cores of the large olivine megacrysts



Table 2

LAR 06319 laser ablation ICP-MS representative compositions of primary phases.

Olivine megacryst core

Olivine megacryst rim

Olivine groundmass

High-P maskelynite

Low-P maskelynite

Min Max Median Min Max Median Min Max Median Min Max Median
Number 18 8 17 1 8
P,Os5 (wt%) 0.01 0.03 0.02 0.01 0.05 0.02 0.01 0.22 0.04 2.04 0.02 0.08 0.05
Sc (ppm) 6.47 8.65 7.42 6.82 8.29 7.95 7.80 13.6 8.80 67.7 0.62 66.8 17.4
A% 252 76.2 33.2 25.2 36.8 31.0 7.51 130 22.9 1179 5.01 345 66.0
Cr 798 4381 1225 905 1234 1108 60 8123 707 13963 20.6 1879 184
Co 102 115 108 96.9 111 103 87 100 94 56 0.54 37.4 234
Ni 507 791 692 556 715 640 297 476 419 134 20.7 78.4 50.5
Cu 7.52 329 15.7 2.85 23.0 9.85 1.96 9.66 4.42 25.5 0.23 8.40 4.99
Ga 0.31 1.75 0.47 0.48 0.91 0.53 0.36 2.41 0.78 65.1 16.1 39.5 32.6
Ge <0.29 0.96 0.72 0.38 0.85 0.51 0.35 1.04 0.66 1.41 0.01 1.28 0.52
Sr <0.031 0.29 0.11 <0.029 0.19 <0.029 <0.024 1.98 0.14 115 43.0 192 163
Y 0.12 0.33 0.18 0.09 0.26 0.15 0.11 0.73 0.19 98.2 0.23 8.86 4.03
Zr <0.36 1.62 <0.36 <0.34 <0.34 <0.34 <0.31 2.37 0.56 1272 11.8 158 22.7
Nb <0.008 0.17 0.01 <0.009 0.03 <0.009 0.01 0.11 0.03 109 0.39 9.28 1.05
Ba <0.056 0.12 <0.056 <0.053 0.10 0.06 <0.044 1.61 0.11 287 20.3 119 75.9
La <0.005 0.03 0.01 <0.005 0.01 <0.005 <0.004 0.08 0.01 17.0 0.07 0.47 0.27
Ce <0.004 0.08 0.01 <0.004 0.03 0.01 0.01 0.19 0.02 41.3 0.21 1.32 0.62
Pr <0.004 0.01 <0.004 <0.003 0.01 <0.003 <0.003 0.03 0.01 5.63 0.03 0.21 0.09
Nd <0.018 0.06 <0.018 <0.021 0.06 <0.021 <0.017 0.13 0.02 30.0 0.18 1.16 0.43
Sm <0.022 0.05 <0.022 <0.017 0.03 <0.017 <0.016 0.07 <0.016 10.5 0.06 0.72 0.19
Eu <0.008 <0.008 <0.008 <0.007 0.02 <0.007 <0.006 0.02 <0.006 3.39 0.17 0.65 0.53
Gd <0.018 0.04 <0.018 <0.015 0.04 <0.015 <0.015 0.09 0.02 16.7 0.02 1.12 0.46
Tb <0.004 0.01 <0.004 <0.004 0.01 <0.004 <0.003 0.01 0.01 3.14 0.01 0.22 0.09
Dy <0.021 0.09 <0.021 <0.019 0.06 0.02 <0.016 0.13 0.03 20.3 0.09 1.57 0.78
Ho <0.004 0.02 0.01 <0.004 0.01 0.01 <0.004 0.03 0.01 4.20 0.01 0.32 0.17
Er <0.017 0.05 0.03 <0.019 0.06 0.02 <0.013 0.11 0.04 11.7 0.03 1.07 0.52
Tm <0.003 0.01 0.01 <0.004 0.02 0.001 <0.003 0.02 0.01 1.60 0.01 0.14 0.08
Yb <0.015 0.09 0.04 0.03 0.08 0.05 0.03 0.15 0.09 10.3 0.06 1.00 0.47
Lu <0.004 0.02 0.01 0.01 0.01 0.01 0.01 0.04 0.02 1.44 0.01 0.16 0.07
Hf <0.016 0.08 <0.016 <0.015 0.06 0.02 <0.013 0.07 0.02 38.7 0.40 3.58 0.73
Ta <0.005 0.01 <0.005 <0.006 <0.006 <0.006 <0.004 0.01 <0.004 3.93 0.01 0.36 0.05
Th <0.007 0.02 <0.007 <0.006 0.01 <0.006 <0.005 0.01 <0.005 2.84 0.02 0.12 0.06
U <0.005 0.01 <0.005 <0.005 0.02 0.01 <0.004 0.01 <0.004 0.34 0.01 0.26 0.03
Pigeonite core Pigeonite rim Augite Orthopyroxene
Min Max Median Min Max Median Min Max Median Min Max Median

Number 4 7 3 3
P,05 (Wt%) 0.01 0.02 0.02 0.01 0.06 0.04 0.08 0.36 0.18 0.002 0.004
Sc (ppm) 29.1 37.5 32.7 48.1 108 61.1 343 62.2 44.1 17.4 19.9
v 148 227 198 274 621 359 109 458 185 108 120

(continued on next page)
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Table 2 (continued)

Pigeonite core Pigeonite rim Augite Orthopyroxene

Min Max Median Min Max Median Min Max Median Min Max Median
Number 4 7 3 3
Cr 2138 2805 2560 2030 3555 2978 215 10315 741 2368 2872 2631
Co 46.3 50.5 48.4 40.1 49.0 44.9 354 108 48.3 50.2 52.9 50.7
Ni 184 190 189 100 177 146 473 315 88 188 214 190
Cu 5.44 16.4 13.7 10.17 15.9 11.4 7.32 12.1 9.71 5.50 7.06 6.03
Ga 1.63 2.31 1.88 3.95 7.46 4.30 9.62 19.8 17.9 1.03 1.34 1.17
Ge 0.42 0.75 0.64 0.74 1.19 0.92 1.00 1.49 1.16 0.66 1.07 0.84
Sr 0.79 1.27 1.03 2.89 9.55 4.87 14.5 49.7 17.1 0.09 0.15 0.15
Y 1.46 2.23 1.68 4.20 10.7 5.16 6.40 19.4 6.79 0.61 0.94 0.66
Zr 1.13 2.66 2.30 7.36 14.5 12.0 28.9 68.7 49.1 0.32 0.46 0.44
Nb 0.08 0.18 0.11 0.13 0.70 0.37 0.67 2.64 1.93 0.03 0.03 0.03
Ba 0.34 0.70 0.55 0.97 5.16 3.58 5.90 51.2 13.2 <0.025 <0.025 <0.025
La 0.03 0.10 0.05 0.07 0.31 0.17 0.57 2.42 0.63 0.01 0.01 0.01
Ce 0.09 0.27 0.15 0.26 0.90 0.53 1.40 6.34 1.96 0.004 0.02 0.02
Pr 0.02 0.04 0.03 0.06 0.14 0.10 0.25 0.89 0.25 <0.003 <0.003 <0.003
Nd 0.09 0.21 0.16 0.38 1.09 0.61 1.06 4.59 1.17 <0.014 0.06 0.04
Sm 0.06 0.11 0.08 0.22 0.65 0.31 0.50 1.84 0.53 <0.01 0.06 0.01
Eu 0.02 0.05 0.03 0.09 0.23 0.12 0.21 0.54 0.29 0.01 0.01 0.01
Gd 0.14 0.27 0.18 0.49 1.33 0.70 0.81 3.07 0.91 0.03 0.08 0.05
Tb 0.03 0.06 0.04 0.11 0.30 0.13 0.17 0.59 0.18 0.01 0.03 0.01
Dy 0.25 0.42 0.29 0.85 2.16 0.99 1.21 3.98 1.24 0.08 0.12 0.08
Ho 0.06 0.10 0.06 0.19 0.45 0.22 0.28 0.89 0.28 0.02 0.04 0.03
Er 0.18 0.30 0.22 0.59 1.31 0.68 0.83 2.37 0.90 0.07 0.14 0.09
Tm 0.03 0.05 0.03 0.08 0.16 0.09 0.13 0.31 0.13 0.01 0.02 0.02
Yb 0.22 0.30 0.26 0.55 1.22 0.66 0.85 2.11 0.91 0.07 0.16 0.11
Lu 0.03 0.05 0.04 0.09 0.18 0.09 0.13 0.34 0.16 0.02 0.03 0.02
Hf 0.05 0.11 0.08 0.33 0.61 0.39 1.05 2.33 1.80 0.02 0.02 0.02
Ta 0.00 0.05 0.01 <0.007 0.04 0.02 0.04 0.20 0.14 <0.003 0.004 <0.003
Th <0.005 0.02 0.01 <0.009 0.06 0.05 0.09 0.33 0.14 <0.007 <0.007 <0.007
U <0.004 0.01 <0.004 <0.005 0.05 0.02 0.02 0.05 0.02 <0.004 <0.004 <0.004
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Merrillite Melt inclusion in olivine BIR-1G 26 SD Gao et al. (2002) Meas./SRM
Median

Number 1 2 10
P,Os (wt%) 24.2 0.74
Sc (ppm) 85.3 354 42.8 4.3 41 1.0
\% 175 171 324 23 338 1.0
Cr 45.6 574 391 9.9 403 1.0
Co 43.6 21.9 52.1 23 57 0.9
Ni 179 204 176 14 190 0.9
Cu 37.1 8.22 117 8.9 132 0.9
Ga 59.5 13.6 14.9 1.0 17 0.9
Ge 3.55 1.04 1.2 0.36
Sr 274 125 108 13 104 1.0
Y 1341 17.9 14.2 1.7 13.3 1.1
Zr 521 68.3 13.9 1.8 12.9 1.1
Nb 6.39 8.42 0.51 0.06 0.48 1.1
Ba 205 24.0 6.42 0.33 6.3 1.0
La 264 2.38 0.60 0.06 0.60 1.0
Ce 618 6.39 1.85 0.15 1.9 1.0
Pr 93.6 0.92 0.37 0.03 0.36 1.0
Nd 459 4.18 2.36 0.20 23 1.0
Sm 165 1.57 1.07 0.10 1.1 1.0
Eu 47.2 0.63 0.50 0.05 0.51 1.0
Gd 253 2.69 1.83 0.18 1.6 1.1
Tb 44.4 0.47 0.34 0.03 0.32 1.1
Dy 289 3.12 2.49 0.29 2.3 1.1
Ho 57.7 0.65 0.55 0.05 0.51 1.1
Er 158 1.94 1.66 0.20 1.5 1.1
Tm 20.1 0.26 0.24 0.01 0.22 1.1
Yb 121 1.83 1.61 0.12 1.5 1.1
Lu 16.5 0.25 0.24 0.02 0.23 1.1
Hf 18.2 1.99 0.56 0.05 0.53 1.1
Ta 1.01 0.34 0.03 0.004 0.03 1.1
Th 33.6 0.37 0.03 0.01 0.03 1.1
U 39 0.12 0.02 0.005 0.03 0.5

Values in italics are likely influenced by oxide inclusions.
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Fig. 1. In-situ incompatible trace element concentrations of the major phases in LAR 06319 normalized to C1 chondrite. Note that the low-P
maskelynite has a LREE depleted profile and characteristic positive Eu anomaly while the high-P maskelynite has a generally flat REE profile
and a subdued Eu anomaly. These characteristics indicate that the high-P maskelynite assimilated REE-enriched phosphate during the
maskelynitization process (Basu Sarbadhikari et al., 2009). The REE pattern of the olivine melt inclusion is identical to the whole-rock REE

profile of Basu Sarbadhikari et al. (2009).

compared to their rims, consistent with progressive crystalli-
zation in an evolving magma (Table 2). The smaller ground-
mass olivine crystals have similar to lower compatible
element concentrations than the olivine megacryst rims
(e.g., average groundmass olivine Ni=419 ppm, Cu=
4.42 ppm, Co =94 ppm, Cr = 707 ppm compared to aver-
age megacryst olivine rim Ni = 640 ppm, Cu = 9.85 ppm,
Co =103 ppm, Cr = 1108 ppm), indicating crystallization
after that of the megacryst cores and rims in an evolving
magma. Incompatible trace elements in the olivine crystals
(both megacrysts and groundmass) are characteristically
low, consistent with known partitioning behavior of these
elements in olivine (Fig. 1). The olivine megacrysts contain
melt inclusions whose REE patterns are subparallel to the
bulk rock REE profile of Basu Sarbadhikari et al. (2009),
i.e., essentially flat (La/Ybcy ~ 0.88, CI subscript indicates
normalization to CI chondrite (McDonough and Sun,
1995)) at ~10x chondritic (Fig. 1). The melt inclusions lo-
cated in the most Mg-rich cores of the olivine megacrysts
have been interpreted (Basu Sarbadhikari et al., 2009; Peslier
et al., 2010) to be representative of the parent melt for LAR
06319.

Two compositional varieties of maskelynite are present
based on their phosphorous contents: low-P and high-P.
These distinct maskelynite compositions are noted in Basu
Sarbadhikari et al. (2009) who suggest that the flat REE
profile, reduced Eu anomaly (Eu/Eu* = 0.8 in high-P mask-
elynite vs. 5.1 for low-P maskelynite), and generally higher
REE (~100x chondritic vs. 2-5x chondritic) and P,Os
(~2 wt% vs. 0.05 wt%) concentrations in the high-P variety
indicate assimilation of phosphate during maskelynitization
(Fig. 1). The low-P maskelynite has LREE depleted profiles
(La/Ybcr = 0.38) similar to that in other shergottites as
well as relatively high concentrations of elements strongly
partitioned into the plagioclase crystal structure (e.g.,

Bacp = 32, Eucy = 9.3, and Sr¢p = 22) (Basu Sarbadhikari
et al., 2009).

Pigeonite core and rim chondrite normalized incompat-
ible trace element profiles are subparallel, although the
pigeonite cores are slightly more LREE depleted than their
rims (La/Yber = 0.13 vs. 0.17, respectively). Overall trace
element abundances are ~3x greater in the pigeonite rims
than cores. Augite has higher incompatible trace element
abundances and has a flatter overall chondrite normalized
profile relative to pigeonite and orthopyroxene. Phosphate
(merrillite) has the highest incompatible trace element con-
centrations at ~1000x chondritic.

The olivine-phyric shergottite LAR 06319 is more en-
riched in incompatible elements than most other olivine-
phyric shergottites. Bulk rock incompatible trace element
abundances of LAR 06319 are similar to that of NWA
1068 at ~10x chondritic (Barrat et al., 2002). This is at
the lower range of basaltic shergottites (~8-20x chon-
dritic), but higher than the other olivine-phyric and lherzo-
litic shergottites (~0.4-5x chondritic), which also tend to
have LREE depleted normalized REE profiles (McSween
et al., 1996; Rubin et al., 2000; Barrat et al., 2001, 2002;
Jambon et al., 2002; Ikeda, 2004; Usui et al., 2008; Basu
Sarbadhikari et al., 2009).

4.2. "'Sm-"*>Nd and ""°Lu-""°Hf ages and isotope
systematics

4.2.1. " Sm-" Nd age and systematics

The 'Sm—'**Nd age of LAR 06319 is 1834 12 Ma
(MSWD = 2.2; +2¢ for all uncertainties listed hereon) based
on a seven-point internal isochron (Table 3 and Fig. 2) with a
derived initial '**Nd/"*Nd isotope ratio of 0.512033 +
0.000021 (eNdy = —7.21 £ 0.41 relative to CHUR). The iso-
chron was calculated by the program Isoplot V3.7 (Ludwig,



Table 3

143Nd/"*Nd and ""°Hf/""7Hf data for LAR 06319.

Sample Sm (ppm) Nd (ppm) 1479 m/1*4Nd® 19N d/Nd° +2 SD%¢ Lu (ppm) Hf (ppm) 176 u/V7HE 17eH /1 7T H +2 SD°
BR U 1.12 2.87 0.2356 0.512307 4 0.20 1.60 0.0180 0.282216 10
BR 0IN R 0.078 1.75 0.0063 0.282158 8
BR OIN L 17.1 46.1 0.2229 0.512298 5

BR 2N R-lIst 0.075 1.73 0.0062 0.282162 9
BR 2N L-Ist 8.69 23.4 0.2233 0.512299 13

PYX U 0.31 0.65 0.2896 0.512388 7 0.11 0.55 0.0294 0.282245 8
HMASK U 1.71 4.55 0.2273 0.512302 8 0.30 3.30 0.0127 0.282190 7
OL U 0.20 0.52 0.2324 0.512325 20

HL-PYX 2N R 0.17 0.28 0.3533 0.512469 219

HL-PYX 2N L 9.42 25.4 0.2230 0.512300 6

BR 2N R-3rd 0.20 0.40 0.3050 0.512472 35

H-PYX 2N R 0.23 0.37 0.3683 0.512474 8

H-PYX 2N L 9.30 252 0.2226 0.512291 12

BR 2N R-4th 0.23 0.38 0.3728 0.512453 27

BR 2N L-4th 6.95 18.8 0.2230 0.512312 5

HMASK 2N R 0.17 0.35 0.2947 0.512455 17

HMASK 2N L 132 35.7 0.2227 0.512298 6

HL-MASK 2N R 0.18 0.35 0.3080 0.512446 10

HL-MASK 2N L 12.6 34.1 0.2229 0.512311 4

Acetic L 0.2229 0.512301 7

Ames97 (n = 20) 0.512130 10

La Jolla (n = 12) 0.511847 6

Sm and Nd concentrations determined by isotope dilution on ThermoFinnigan Triton TIMS at Johnson Space Center, NASA.

Lu and Hf concentrations determined by MC-ICP-MS at the University of Wisconsin.
2 Errors on '’Sm/'"**Nd and '7°Lu/'7°Hf are estimated to be 0.2%.
® Nd isotopic ratios were measured on ThermoFinnigan Triton TIMS at Johnson Space Center, NASA and were corrected to La Jolla 0.511858.

¢ Internal measured precision. A lower limit of the precision was set at 20 ppm in determining the isochron based on standard Ames97 external reproducibility.

4 Hf isotopic ratios were measured on GV Instruments IsoProbe MC-ICP-MS at the University of Wisconsin.
¢ Errors apply to the last significant digits of the measured ratio.
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Fig. 2. Internal mineral '¥’Sm—"**Nd isochron for LAR 06319. The '*’Sm-'**Nd age is 183 4+ 12 Ma with an initial "**Nd/'**Nd ratio of
0.512033 + 21 (=7.21 ¢Nd; relative to CHUR; present day “*Nd'*Nd =0.512638, ¥’Sm/'*Nd = 0.1967, ¥’Sm decay constant =
6.54 x 1072 yr ). The program Isoplot V3.7 was used to generate a Model 1 isochron (i.e., all points used to define isochron are within
expected geologic scatter) with a MSWD of 2.2. The multiple leachate samples were averaged and this single average leachate composition was
used for the isochron. Samples BR 2N R-3rd, HL-MASK 2N R, HMASK 2N R, and Acetic L (solid black triangles) were not used as part of

the isochron for reasons outlined in the text.

2003) using York’s (1966) algorithm (Model 1 fit). This age is
within error of the "*’Sm—'**Nd age for an internal isochron
obtained by Shih et al. (2009) (190 + 26 Ma). The HCl leach-
ates cluster at '"Nd/"*Nd = 0.512301 £ 0.000022 and
147Sm/!"Nd = 0.2234 £ 0.0012 and are the most unradio-
genic fractions analyzed (Table 3 and Fig. 2). Because of their
reproducibility for '**Nd/'**Nd and '*’Sm/'*Nd ratios, the
HClleachates were averaged and treated as a single point for
determining the isochron of LAR 06319. The error on the
average leachate point was calculated by taking the square
root of the summed squares of the leachate internal errors.
Importantly, the combined acetic acid wash (Table 3 and
Fig. 2) plots within error of the isochron, indicating that
any remnant surface contaminants were not a significant
source of error. Terrestrial contamination of the lanthanides
is not an issue for LAR 06319 (e.g., no Ce anomaly) as has
been demonstrated with Pb isotopes in other martian mete-
orite samples (Gaffney et al., 2007).

The eNd; of —7.21 £ 0.41 is within error of that of
Zagami (—7.0 £ 0.02 (Debaille et al., 2008)), NWA 1068
(=7.0 £ 0.2 (Shih et al., 2003)), Shergotty (—6.92 + 1.6
(Bouvier et al., 2008)), and RBT 04262 (—6.70 4+ 0.2 (Shih
et al., 2009)). The ¢Nd; for LAR 06319 is slightly more en-
riched than Los Angeles (—6.30 £ 0.5 (Bouvier et al., 2008)
and NWA 856 (—6.78 £+ 0.03 (Brandon et al., 2004; Deba-
ille et al., 2008)).

4.2.2. Effects of leaching

The *’Sm/'**Nd and '**Nd/'"**Nd ratios of the unle-
ached bulk rock fraction (BR U) and the leachates of sep-
arate leached bulk rock fractions (BR 0IN L, and BR 2N
L-1st, Table 3) are nearly identical, indicating that the lea-
ched phase largely controls the REE budget in LAR 06319.

Because the measured in-situ REE concentrations of phos-
phate phases are elevated by 1000-10,000 times relative to
the other primary phases and form chondrite normalized
REE patterns that are parallel to the bulk rock (Fig. 1), it
is likely that phosphate largely controls the REE budget
of LAR 06319 (~97% of the Nd and Sm; Tables 2 and
3). The isotopic composition of unleached hybrid-maskely-
nite (HMASK U) is also largely controlled by phosphate,
as indicated by the unradiogenic '**Nd/!'**Nd ratio and ele-
vated Sm and Nd concentrations relative to leached mask-
elynite (Table 3).

The bulk rock (as represented by the fines during crush-
ing, Table 1) fractions BR 2N R-3rd and BR 2N R-4th were
both processed in the same manner with identical leaching
and chemical separation procedures. Despite the similarity
in processing of these two bulk rock fractions, it appears
that BR 2N R-3rd is dominated by maskelynite, as its
1478m—**Nd isotope systematics are similar to the leached
maskelynite fractions (Table 3 and Fig. 2). In contrast, BR
2N R-4th appears to be dominated by pyroxene based on
147Sm—**Nd isotope systematics that are similar to the lea-
ched pyroxene fractions (Table 3 and Fig. 2). The apparent
mineralogic differences between these two bulk rock frac-
tions likely resulted as a consequence of density induced
grain settling during handling of the fines (=350 mesh
grains) from which these two fractions were extracted.
Maskelynite is less dense than pyroxene (~2.7 vs. ~3.4,
respectively) and the BR 2N R-3rd could have preferen-
tially sampled a maskelynite-rich sub-region of the fines.
Subsequent extraction of fines for BR 2N R-4th then sam-
pled more pyroxene-rich regions at the base of the vial.
Hence, we believe density induced fractionation during
handling is the best interpretation for the offset of BR 2N
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Fig. 3. Measured '**Nd/'**Nd vs. 1/Nd. Linear arrays on this type of plot indicate mixing between two distinct reservoirs. In the case of the
LAR 06319 isochron, one reservoir is similar to leached whole-rock (radiogenic "**Nd/***Nd and low Nd abundances) and the other is similar
to the leachates (unradiogenic '**Nd/'"**Nd and high Nd abundances). The simplest explanation is that the isochron is essentially a mixing line
between the bulk rock minus phosphate and phosphate. If the phosphate is not cogenetic with the rest of the rock, then this isochron has no
age significance. OL U does not lie on this mixing line, but does fall on the isochron, suggesting that the phosphate controlled isochron is
isochronous with the groundmass olivine and megacryst olivine. See text for further discussion.

R-3rd from the isochron (similar to that seen in fractions
HMASK 2N R and HL-MASK 2N R) while BR 2N
R-4th plots close to leached pyroxene residue and on the
isochron.

The two maskelynite-rich fractions that plot off the iso-
chron should be similar in terms of mineralogy, as the
HMASK 2N R fraction (100-200 mesh) contains hybrid
crystals composed primarily of maskelynite and HL-
MASK 2N R (200-325 mesh) is a heavy liquid fraction that
was designed to isolate pure maskelynite and grains com-
posed primarily of maskelynite. Therefore, these two frac-
tions are sampling similar grain populations with the
primary difference being grain size. The offset from the iso-
chron of the maskelynite-dominated fractions (BR 2N-3rd,
HMASK 2N R, and HL-MASK 2N R) could result from
decoupling of Sm from Nd that occurred during leaching.
In theory, this should result in the residues offset to the left
and their respective leachates being offset to the right of the
isochron in order to balance the budgets of both elements
and their isotopic compositions. However, all leachate sam-
ples, including those obtained from pyroxene-dominated
and maskelynite-dominated fractions, have '*’Sm/'*Nd
and *Nd/'"Nd ratios within uncertainty of each other
(Table 3). The significantly greater Sm and Nd concentra-
tions of the maskelynite leachates relative to their residues
(approximately 30 ppm Nd, 13 ppm Sm vs. 0.35 ppm Nd,
0.175 ppm Sm, respectively) would leverage the offset so
that the leachate '*’Sm/"**Nd ratio would not substantially
change. For example, the amount of Sm that would need to
be removed during leaching from HL-MASK 2N R if this
sample originally plotted on the isochron is 11%, which
would result in the *’Sm/'"**Nd composition of the leach-
ate only changing 0.17%, a negligible effect. Although this
scenario is unlikely because fractionation/decoupling of

Sm from Nd during leaching is improbable (Mahlen
et al., 2008), it cannot be completely discounted.

Residue-leachate pairs that form the radiogenic upper
right and unradiogenic lower left portions of the isochron,
respectively, largely determine the slope of the '4’Sm—"**Nd
isochron (Fig. 2). The fraction PYX U plots nearly midway
between the residue and leachate fields, while the remaining
unleached samples plot close to the leachates. The relatively
strong control that the leachate has on the isochron can be
demonstrated by plotting the measured '**Nd/'**Nd of the
individual samples against their inverse Nd concentration
(Fig. 3). With one exception, the LAR 06319 data form a
rough linear array that can be modeled as two-component
mixing (black dots in Fig. 3) between a reservoir with radio-
genic and high **Nd/'*Nd and low Nd contents (leached
bulk rock) and an unradiogenic and low "**Nd/'**Nd and
high Nd contents (phosphate). However, OL U does not
plot on the linear array in Fig. 3, and hence, the
1478m—*Nd isotopic composition of OL U is not con-
trolled by phosphate and/or the radiogenic end-member
that constrain the mixing array in Fig. 3. Because OL U
plots on the '*’Sm-'**Nd isochron, this demonstrates that
at least three phases (pyroxene, olivine, and phosphate)
are recording a concordant age. Therefore, these data indi-
cate that LAR 06319, on the scale of the bulk rock portion
processed in this study, has remained effectively closed to
Sm and Nd since formation of all phases with the exception
of maskelynite.

4.2.3. Origin of non-isochronous maskelynite

If Sm/Nd fractionation during leaching is not responsi-
ble for the isotopic composition of the maskelynite-rich
points, then some other process must be invoked. The iso-
topic and chemical composition of the maskelynite-rich
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points that lie above the isochron indicates that at least
three components were involved in the maskelynitization
process. Plagioclase and phosphate were involved as indi-
cated from the trace element compositions and high-P con-
tents of some of the maskelynite. However, plagioclase and
phosphate have '*7Sm/'"*Nd and '**Nd/"*Nd ratios that
are too low when combined to give the isotope systematics

of the maskelynite-rich points. Hence, a third component
must be present that has high '¥Sm/'**Nd and
3Nd/"Nd. One possible phase is late-stage REE-en-
riched clinopyroxene (Borg et al., 2002). Plagioclase is a late
crystallizing phase in LAR 06319 and is associated with
evolved late-stage clinopyroxene compositions (Peslier
et al., 2010). Clinopyroxene and maskelynite show evidence
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Fig. 4. The effect of mixing between plagioclase melt, pyroxene, and phosphate. (A) Mixing of plagioclase, pyroxene, and partial melt of
phosphate. Composition of phases used for model: hypothetical plagioclase Sm = 0.031 ppm, Nd = 0.1 ppm, #’Sm/'**Nd = 0.1874,
M3Nd/"Nd = 0.512249; hypothetical pyroxene Sm = 0.464 ppm, Nd = 0.608 ppm, '¥’Sm/'**Nd = 0.4614, '**Nd/'**Nd = 0.512585; hypo-
thetical phosphate melt Sm =7 ppm, Nd =38 ppm, "*’Sm/'*Nd = 0.1114, "*Nd/'*Nd = 0.512301. Since pure plagioclase cannot be
directly measured in LAR 06319 (all plagioclase has been converted to maskelynite, likely with minor assimilation of surrounding phases), the
plagioclase composition has been estimated based on known partitioning behavior and the observation that plagioclase should have
1479 m/1*4Nd ratios less than the bulk rock as seen in other Martian meteorites (Borg et al., 2002; Shih et al., 2009). The hypothetical pyroxene
composition is based on LA-ICP-MS analysis of a pigeonite rim composition with the highest Sm/Nd ratio. Hypothetical plagioclase and
pyroxene are assumed to lie on the isochron, so "*Nd/"**Nd ratios were calculated from the '*’Sm/'**Nd ratios. The plagioclase—pyroxene
mixture is 30% pyroxene, 70% plagioclase. The isotopic composition of the three non-isochronous points can be modeled by addition of
~0.3% phosphate melt to the plagioclase-pyroxene mix. However, this model requires that Sm/Nd fractionation of phosphate during partial
melting be much greater than suggested by phosphate D values. (B) Mixing of plagioclase, partial melt of pyroxene, and partial melt of
phosphate. Plagioclase and pyroxene starting compositions are the same as in (A). Pyroxene liquids resulting from partial melting will lie on a
horizontal line away from hypothetical pyroxene to the left of the isochron. The pyroxene partial melt point is the result of 11% partial
melting. Mixing of pyroxene partial melt and plagioclase (~10% and 90%, respectively) with minor (~0.3%) phosphate melt can reproduce the
isotopic composition of the non-isochronous points.
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of melting to form discreet melt pockets, indicating that
shock pressures and temperatures were high enough to lo-
cally melt pyroxene (Peslier et al., 2010). These observations
show that clinopyroxene may also be involved in producing
the maskelynite.

Based on this three-component mixture to account for
the observed offset of points HMASK 2N R, HL-MASK
2N R, and BR 2N R-3rd, mixing between plagioclase,
clinopyroxene, and phosphate melts is modeled here with
the parameters listed in Fig. 4 and Table 4. Chen and El
Goresy (2000) suggest that maskelynite is the result of com-
plete melting of plagioclase, therefore, in all subsequent
modeling it is assumed that plagioclase undergoes complete
melting.

Two potential models are tested (Fig. 4). In one model,
plagioclase and clinopyroxene are mixed in bulk (i.e., 100%
melted) with a partial melt of phosphate (Fig. 4A). Plagio-
clase in martian meteorites has low Sm and Nd concentra-
tions and 'YSm/'*Nd ratios, and has a '¥Nd/'*Nd
isotopic composition less radiogenic than the whole-rock
(Borg et al., 2002; Shih et al., 2009). Clinopyroxene will
have “’Sm/!**Nd and '*Nd/'*Nd ratios higher than the
hybrid-pyroxene residues separated in this study. This is be-
cause any non-pyroxene components that were not re-
moved by leaching (i.e., maskelynite and olivine) will have
1478 m/!*Nd and “Nd/'*Nd ratios lower than clinopy-
roxene and force the isotopic composition down the iso-
chron. Partial melts of phosphate will have a slightly
lower '¥7Sm/'**Nd ratio than present in the leachate sam-

ples. Using the partition coefficients for phosphate in Table
4, partial melting even as low as 0.01% will only lower the
147Sm/"**Nd ratio by approximately 5%, instead of the re-
quired 50% needed to draw the maskelynite fractions from
the isochron to their present position when mixed with
phosphate and pyroxene (Fig. 4A). However, partition
coeflicients in phosphate can be highly variable due to sur-
face-controlled partitioning (Rakovan et al., 1997) and dis-
equilibrium conditions following the rapid increase in
pressure and temperature following the shock event may
have caused further fractionation. Hence, it is unclear
whether the D values applied here for phosphate are realis-
tic. Using these parameters, where it is assumed that phos-
phate partial melts result in a necessary 50% reduction in
1478 m/"**Nd, the approximate isotopic composition of the
non-isochronous maskelynite-rich points can be modeled
by a three-component mixture of these components, in pro-
portions of approximately 70% plagioclase, 30% pyroxene,
and 0.3% phosphate partial melt (Fig. 4A).

Although the above model could conceivably result in
the position of the three points offset to the left of the iso-
chron, an alternative model is the addition of a clinopyrox-
ene partial melt to the plagioclase melt. A clinopyroxene
partial melt will have a lower '*’Sm/'**Nd ratio than its res-
idue (Table 4). This model can reproduce the isotopic com-
position of the three non-isochronous maskelynite-rich
points by a mixture of approximately 90% plagioclase,
10% clinopyroxene melt, and 0.3% phosphate melt
(Fig. 4B). This model may be more realistic because only

Table 4
Kd’s between mineral and martian melts and parameters for REE crystallization model.

Clinopyroxene Olivine Oxide Orthopyroxene Plagioclase Apatite
La 0.054 0.0004 0.00001 0.002 0.065 8.6
Ce 0.0646 0.0005 0.00001 0.003 0.049 11.2
Nd 0.107 0.001 0.00001 0.0068 0.104 14
Sm 0.17 0.0013 0.00001 0.01 0.065 14.6
Eu 0.28 0.0016 0.001 0.013 0.86 9.6
Gd 0.32 0.0015 0.001 0.016 0.153 15.8
Tb 0.31 0.0015 0.001 0.019 0.102 15.4
Dy 0.33 0.0017 0.001 0.022 0.128 14.35
Er 0.3 0.0015 0.001 0.03 0.137 11.6
Tm 0.29 0.0015 0.01 0.04 0.122 9.8
Yb 0.29 0.0015 0.01 0.049 0.141 8.1
Lu 0.28 0.0015 0.01 0.06 0.19 8.1
Hf 0.233 0.01 0.44 0.01 0.026 0.73*
Zr 0.233 0.01 0.44 0.01 0.026 0.73*

F

Stage 1 0 0 1 0 0 0 1
Stage 2 0 0.95 0.05 0 0 0 0.98
Stage 3 0.5 0.39 0.01 0.6 0 0 0.92
Stage 4 0.798 0.2 0.002 0 0 0 0.78
Stage 5 0.998 0 0.002 0 0 0 0.62
Stage 6 0.998 0 0.001 0 0 0.001 0.46
Stage 7 0.499 0 0.001 0 0.499 0.001 0.39

Data in italics is calculated by interpolation.

Clinopyroxene, olivine, oxide, and orthopyroxene partition coefficients from Borg and Draper (2003).

Plagioclase partition coefficients from Aignertorres et al. (2007).

Apatite partition coefficients from Paster et al. (1974). *Fujimaki (1986).

F = fraction of liquid remaining at the beginning of each stage.

Mass fractions of crystallization phases for each stage from MELTS modeling of Peslier et al. (2010).
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localized melting of pyroxene rims is observed (Peslier
et al., 2010).

Mass balance mixing relationships indicate that ~6%
phosphate is necessary to reproduce the P,Os and REE
composition of the high-P maskelynite. This is substantially
greater than the ~0.3% indicated by the models. However,
phosphate assimilation was not evenly distributed among
all maskelynite since low-P maskelynite is also observed.
Therefore, these mixing models based on '*’Sm—'**Nd iso-
tope systematics suggest that the bulk amount of phosphate
mixed into all maskelynite is much less than required by
major and trace element mass balance calculations for only
the high-P maskelynite.

The above models are non-unique and the specific mix-
ing proportions are dependent upon the choice of starting
compositions for the three phases involved and degrees of
partial melting. However, these results demonstrate that
although shock has had an effect on the '*’Sm—'**Nd sys-
tematics of LAR 06319, only the isotopic composition of
maskelynite has been substantially affected.

4.2.4. " Lu-""SHf age and systematics

The '*Lu—'7®Hf age of LAR 06319 is 197 + 29 Ma based
on a five-point internal isochron (Table 3 and Fig. 5), with a
derived initial ®Hf/'7’Hf isotope ratio of 0.282141 =+
0.000010 (eHf; = —18.0 £ 0.4 relative to CHUR). This age
is concordant with the '*’Sm—'**Nd age of 183 & 12 Ma pre-
sented here and with the '¥’Sm-'**Nd and ’Rb-¥"Sr ages
(190 £ 26 and 207 + 14 Ma, respectively) of Shih et al.
(2009). All fractions plot within error of the derived isochron
and form a statistically significant line (Isoplot V3.7 derived
Model 1 York fit, MSWD = 1.18). The ¢eHf; of LAR 06319 is
within error of those of Shergotty, Zagami, RBT 04262, and
NWA 4468 (Blichert-Toft et al., 1999; Bouvier et al., 2005,
2008; Lapen et al., 2009). The separation of BR U from BR
01N R-1st and BR 2N R-1st is the result of the leaching pro-
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cedure. Fraction BR U was washed in cold acetic acid while
BR 01N R-1st and BR 2N R-1st were more aggressively lea-
ched in HCI. Previous work has shown that Lu and Hf are
sensitive to the leaching procedure in fine-grained martian
meteorite samples and that they can be decoupled even dur-
ing a gentle leach (Lapen et al., 2008). In this sample, the
leaching procedure did not result in decoupling of Lu from
Hf, but instead resulted in correlated changes in '7°Lu/!"’Hf
ratio with the '"*Hf/"""Hf ratio such that the leaching proce-
dure removed a radiogenic Hf phase that was in equilibrium
with the bulk rock. Assuming that the radiogenic Hf phase(s)
was homogeneously distributed throughout the bulk rock
powder used for samples BR U, BR 01N, and BR 2N,
~67% of the Lu was removed during leaching as compared
to <7% of the Hf. The resulting Lu/Hf ratio of the leached
phase(s) (~1.23, '"*Lu/""7Hf = 0.175) is consistent with
phosphate as the leached phase. This is because the phos-
phate has Lu/Hf =0.91, whereas olivine, pyroxene, and
maskelynite have Lu/Hf < 1 (Table 2). There is no correla-
tion between measured 7°Hf/'"Hf and 1/HTf, indicating that
the isochron is not an artifact of mixing (Fig. 6) The maskely-
nite process that affected the Sm—Nd systematics is unlikely
to greatly affect the Lu-Hf systematics because plagioclase
tends to have a Lu/Hf ratio greater than the bulk rock.

4.3. Crystallization ages of shergottites

Four internal isochron ages using three separate chro-
nometers have been determined on LAR 06319. The ages
range from 183 + 12 Ma ("*’Sm—'**Nd presented here) to
207 + 14 Ma (Shih et al., 2009). However, the four ages
are within uncertainty of each other and are therefore con-
cordant (Fig. 7). The weighted average (calculated using
Isoplot V3.7) of the four concordant radiometric ages ob-
tained for LAR 06319 is 193 4+ 20 Ma (20). This age agrees
well with the ~150-230 Ma internal isochron ages of other
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Fig. 5. Internal mineral '"*Lu-'"Hf isochron for LAR 06319. The '"*Lu—'"Hf age is 197 + 29 Ma with an initial '"*Lu/'”’Hf ratio of
0.282141 + 10 (—18.0+ 0.4 ¢Hf; relative to CHUR; present day "Hf/'7"Hf =0.282772, '"°Lu/"""Hf =0.0332, '®Lu decay con-
stant = 1.87 x 10" yr~! (Blichert-Toft and Albarede, 1997)). The program Isoplot V3.7 was used to generate a Model 1 isochron with a

MSWD of 1.18.
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Fig. 6. Measured '"®Hf/"""Hf vs. 1/Hf. There is no correlation between measured isotopic ratio and inverse concentration, indicating that the
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Fig. 7. Summary of radiometric ages for LAR 06319. The weighted average (calculated using Isoplot V3.7) of the four ages is 193 + 20 Ma
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enriched shergottites (Borg et al., 2002; Shih et al., 2003,
2009; Bouvier et al., 2005, 2008; Lapen et al., 2009).

The geologic significance of the internal isochrons in
shergottites has been recently discussed. Bouvier et al.
(2005, 2008, 2009) interpret 2°’Pb—2°Pb ages of leached
bulk rock and mineral separate fractions of Shergotty,
Zagami, and Los Angeles to indicate 4.1-4.3 Ga igneous
crystallization ages. These authors interpret the younger
479m-13Nd, ¥’Rb-*'Sr, and '"Lu-'"°Hf internal isoch-
rons for shergottites to reflect resetting by much later
events. In contrast, Gaffney et al. (2007) interpret their
207pp_29ph isochron age of 4.3 Ga for QUE 94201 as
indicative of incomplete removal of modern terrestrial Pb
during leaching and thus assign no age significance to the
207pp_296pp isotope data. The Pb isotope systematics of

QUE 94201 indicate that there are three sources of Pb,
(1) initial Pb present during crystallization, (2) radiogenic
Pb, and (3) modern terrestrial Pb (Gaffney et al., 2007). It
is this third source of Pb that dominates the leachate frac-
tions and predominantly defines the apparently old
207pp_2%%pp jsochron ages for QUE 94201. Since shergot-
tites are characterized by a relatively low U/Pb ratio (Borg
et al., 2005), the ingrowth of radiogenic Pb over time since
crystallization is relatively minor. In that case, the three-
component mixing scenario suggested by Gaffney et al.
(2007) essentially devolves into a binary mixing between
unradiogenic martian primordial Pb and radiogenic terres-
trial Pb instead of a cloud of points as suggested by Bouvier
et al. (2008). In addition, Zagami leachates form an array
with a slope corresponding to an age of ~4Ga on a
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207pp_206pp, plot. Common terrestrial Pb also lies along this
line, suggesting that the leachate samples are mixtures of
common terrestrial Pb and primordial Zagami Pb. How-
ever, Borg et al. (2005) found that leached residues of their
purest mineral fractions yielded an **U/**Pb age of 156 +
6 Ma that is concordant with *’Sm—'**Nd, 3 Rb-¥"Sr, and
1761 u—'7*Hf internal isochrons. These same fractions form
a line subparallel to a 166 Ma reference line on a
207pp_2%6pp plot. Thus the 2**U-"°Pb and **’Pb—"Pb iso-
topic systematics in Zagami indicate that, although dis-
turbed, evidence of young ages can be gleaned from these
systems. Jagoutz (1991), on the other hand, originally inter-
preted the 4.1-4.3 Ga 2°’Pb—>°°Pb isotope systematics for
shergottites as reflecting their mantle source closure times,
but did not assign chronometric significance to the
207pp_296pp data in terms of their crystallization ages.

The concordant ages of three isotopic systems (*4’Sm—
'Nd, ¥Rb-*"Sr, and '"Lu—'"*Hf) that give an average
age of 193 4+ 20 Ma for LAR 06318 provides the opportu-
nity to evaluate whether these concordant ages reflect the
crystallization age of this stone, or if the measured ages
of LAR 06319 and the other shergottites instead reflect
shock resetting or shock-induced metamorphism and/or
metasomatism. In the latter case, the younger ages must re-
flect a mechanism that results in pervasive resetting of the
1479m-3Nd, ¥Rb-*'Sr, and "°Lu-'"°Hf systems while
preserving only the 2°’Pb—"6Pb isotopic signatures for the
original age of magmatic crystallization.

Possible mechanisms that could reset these chronome-
ters to younger ages are fluid induced alteration and/or
metasomatism or impact induced pressurized filtration
(Bouvier et al., 2005, 2008). In particular, percolation of
mildly acidic fluids during final drying of lakes or seas late
in martian history could have reset the chronometers hosted
in the phosphate phases. As noted by Basu Sarbadhikari
et al. (2009) and in the discussion above, phosphate is the
primary REE carrier in LAR 06319 and other shergottites.
If the 'Sm-"**Nd, ¥Rb-¥'Sr, and '"®Lu-'"®Hf internal
isochron ages for LAR 06319 reflect a late fluid mobiliza-
tion event, the phosphate dominated leachates, bulk rock
residues, and purified mineral separates must have under-
gone complete resetting through a mechanism of parent—
daughter isotope exchange. If this is the case, there should
be evidence of fluid infiltration such as hydrous minerals,
although the lack of such minerals cannot be considered
strictly diagnostic of no fluid interaction. Hydrous minerals
are completely absent in LAR 06319 with one exception.
This exception is a single amphibole crystal found in a melt
inclusion (Basu Sarbadhikari et al., 2009), which is likely
the result of incomplete degassing of volatiles trapped in
the inclusion during magmatic crystallization rather than
evidence of bulk rock interaction with fluids. Mineralogical
features indicative of fluid-rock interaction are not present,
indicating that if fluid infiltration is responsible for any po-
tential isotopic resetting, it did so as a cryptic process along
grain boundaries (Zindler and Jagoutz, 1988) without dis-
turbing the interior mineral REE concentrations and zona-
tion patterns. If such a cryptic process did occur, it does not
explain why leached pure mineral separates, which have
had cryptic material on their grain boundaries removed

during leaching are isochronous with bulk rock samples
and leachates. The adherence of these phases for the three
isotopic systems to concordant isochrons is strong evidence
that grain boundary disturbances played no part in creating
the age relationships observed. Alteration or metasomatism
of phosphates by fluids was also invoked to explain bulk
rock *7Sm/!**Nd ratios in shergottites that are greater
than expected from their corresponding '“*Nd/'*Nd;
(Blichert-Toft et al., 1999). However, this feature can be
explained through melt extraction just prior to the melting
that produced the shergottites from their source region,
which results in a change in the Sm/Nd ratio without corre-
sponding evolution of the **Nd/!**Nd ratio (Borg et al.,
1997; Debaille et al., 2008). Therefore, it appears that
fluid alteration or metasomatism has not influenced the
47Sm-—*Nd and '"°Lu-'7°Hf isotopic systematics of
LAR 06319.

Another possible mechanism for resetting the lithophile
chronometers to younger ages is shock or heating experi-
enced prior to or during ejection from Mars’ surface
(Jagoutz, 1989; Nyquist et al., 1991a,b; Borg et al., 1999).
Evidence for shock in LAR 06319 is abundant. Plagioclase
in LAR 06319 is completely converted to maskelynite.
Highly fractured olivine megacrysts and pyroxenes are
common as are shock melt patches. A large shock melt vein
cuts through one thick section of LAR 06319 (Basu Sarbad-
hikari et al., 2009). Hence, while LAR 06319 is undoubtedly
shocked, it is unlikely to have caused isotopic resetting with
the exception of maskelynite for "“’Sm-'**Nd as noted
above. In the case of shock or thermal redistribution of
trace elements, the present day bulk rock **Nd/'*Nd or
76H£/17THf ratios would represent the time-integrated bulk
rock composition since crystallization as long as the rock
has remained a closed system with regard to trace elements.
In such a case, individual mineral fractions may become al-
tered (i.e., maskelynite) and Sm, Nd, Lu, and Hf may be
redistributed throughout the rock, but the bulk rock isoto-
pic composition does not change as a result of the shock.
Fraction BR U represents the best estimate for the bulk
rock isotopic composition of this stone if LAR 06319 has
remained closed to Sm, Nd, Lu, and Hf since crystalliza-
tion. Supporting evidence for this assumption is that BR
U plots with the other enriched shergottites on a plot of
the time-integrated mantle source '*’Sm/'**Nd ratio vs.
the measured '*’Sm/"**Nd ratio (Fig. 8). The mantle source
1478 m/1**Nd ratio is calculated by using the isochron initial
13Nd/'*Nd ratio of each shergottite and the following
assumptions. First, differentiation from bulk Mars (as-
sumed to be chondritic) occurred in two stages. Second,
the source differentiated at 4.5685 Ga and evolved with con-
stant parent/daughter ratios until the sample was extracted
from the mantle at their crystallization age (Debaille et al.,
2007). Initial "*Nd/'**Nd ratios of LAR 06319 fractions
were calculated using the internal '¥’Sm—'**Nd isochron
age. The shergottite array on this diagram is interpreted
to be a mixing line between early-formed enriched and de-
pleted mantle domains (Debaille et al., 2007; Lapen et al.,
2010). Because BR U plots with the rest of the enriched
shergottites in this diagram, this shows that BR U is a good
representation of the bulk rock composition. Fig. § also
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47Sm/"*Ndcpur = 0.1967. The trend formed by the enriched, intermediate, and depleted shergottites has been interpreted as a mixing line
representing mixing of early-formed enriched and depleted mantle domains formed during magma ocean differentiation (Debaille et al., 2007,
Lapen et al., 2010). The LAR 06319 BR U fraction plots directly with the enriched shergottites, suggesting that this fraction is adequately
representative of the true bulk rock composition of LAR 06319. Significantly, the rest of the fractions plot within error of a horizontal line,
with the exception of the three points that do not plot on the isochron (shown on this plot in red), indicating that all fractions had the same
1479m/1*4Nd at the time of crystallization. This is further evidence that these phases are cognate and have not been disturbed. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

provides further evidence that the '*’Sm—"**Nd isochron
presented here is unaltered (with the exception of the mask-
elynite-dominated fractions that lie above the isochron, as
previously discussed) because the calculated source
147Sm/'"**Nd ratios for each data point that plot along the
isochron form a horizontal line (within error) indicating that
each fraction had the same source '*’Sm/'**Nd at crystalliza-
tion, which is equivalent to all phases having the same initial
SNd/"Nd ratio. Later alteration of individual fractions
would cause the source '“’Sm/!'**Nd to deviate from a hori-
zontal line as is seen in the maskelynite-rich fractions.

Assuming that BR U is representative of the time-inte-
grated bulk rock composition since crystallization, if
LAR 06319 crystallized at 4.1 Ga the "°Lu/'7"Hf ratio of
its mantle source (assuming differentiation from CHUR
at 4.5685 Ga) would be 0.0942, a value that is difficult to
envision geologically, as values this high suggest an extraor-
dinarily depleted source (e.g., Earth’s depleted mantle has a
model '7°Lu/""7Hf ratio of 0.045 (Salters and Stracke,
2004)). This is also opposite to the incompatible trace ele-
ment enriched character of its source obtained via all other
geochemical parameters. The same procedure for Sm/Nd
results in a negative source '“’Sm/'"*Nd ratio of —0.25,
which is not possible. In summary, while a shock event
may have caused internal decoupling of Sm from Nd via
reaction between plagioclase melt, pyroxene, and phos-
phate on a small scale, these observations indicate that
LAR 06319 was closed at the bulk rock scale. Hence, the
internal isochrons from three separate systems cannot be
interpreted as resulting from shock resetting.

4.4. Trace element modeling

Previous detailed petrographic studies (Basu Sarbadhikari
et al., 2009; Peslier et al., 2010) have concluded that
LAR 06319 is the result of fractional crystallization of a sin-
gle batch of magma in a closed system. If this is the case,
then trace element zonation profiles of pyroxene pheno-
crysts should be consistent changes in magma composition
caused by fractional crystallization (Wadhwa et al., 1994).
In order to model the trace element evolution of LAR
06319, it is necessary to estimate the trace element content
of the parent magma and know the percentage of crystalliz-
ing phases throughout the crystallization sequence. Because
of their strongly incompatible nature the REE were mod-
eled along with the HFSE’s (high field strength element)
Zr and Hf. The parent magma REE, Zr, and Hf abun-
dances were estimated by calculating the REE, Zr, and
Hf concentrations of the liquid in equilibrium with the most
magnesian pyroxene using the crystal/liquid partition coef-
ficients (D) of Borg and Draper (2003) for martian compo-
sitions. The selection of appropriate D values is difficult
because there are few studies aimed at determining appro-
priate D values for shergottite magmas. Studies on clinopy-
roxene partitioning in synthetic shergottitic magmas
indicate that although there are broad similarities to terres-
trial systems, direct use of terrestrial D values may not be
entirely appropriate (McKay et al., 1986). Therefore, we
employ the D values of Borg and Draper (2003) that were
used to model crystallization of a martian magma ocean.
The majority of the values in their compilation are from
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Snyder et al. (1992), which used these D values to model the
crystallization of the lunar magma ocean. The D values for
clinopyroxene in Snyder et al. (1992) are from the McKay
et al. (1986) synthetic shergottite partitioning study. Be-
cause clinopyroxene, to a large degree, controls the trace
element partitioning in mafic systems (since it has the high-
est D values for a range of incompatible trace elements), the
fact that these D values are specifically for martian compo-
sitions is important for the models presented in this section.
Although olivine was the first major phase on the liquidus,
its REE, Zr, and Hf element abundances are generally at or
below the detection limit of the LA-ICP-MS method. Be-
cause pyroxene is a stable phase nearly throughout the en-
tire crystallization sequence and generally has measurable
REE, Zr, and Hf contents, it is better suited to examine
the REE, Zr, and Hf evolution during crystallization. The
model parent magma REE, Zr, and Hf contents calculated
from the most Mg-rich pyroxenes are approximately flat at
10x chondritic. They are subparallel to that of bulk rock
and a melt inclusion from an olivine megacryst and are very
similar to previous estimates of parental melt composition
(see Fig. 12 of Basu Sarbadhikari et al., 2009). The close
match between the modeled results from early-crystallized
orthopyroxene and the bulk rock and melt inclusion indi-
cates that the orthopyroxene is recording equilibrium with
the true parent melt. Because of this close agreement, for
all subsequent modeling, the parent magma REE, Zr, and
Hf concentrations are assumed to be identical to that of
the melt inclusion (Table 2).

Results from the crystallization sequence modeling by
Peslier et al. (2010) using MELTS (Ghiorso and Sack,
1995), were used to estimate the phase proportions and
compositions and fraction of liquid remaining at the arrival

or departure of a phase from the liquidus. Equilibrium and
fractional crystallization of the calculated parent magma
was modeled using a seven-stage crystallization sequence
(Table 4) that closely matches the observed petrography
(Peslier et al., 2010).

Pyroxene compositions in equilibrium with the model
liquids were compared to the measured pyroxene REE,
Zr, and Hf abundances (Fig. 9). Orthopyroxene LA-ICP-
MS results are nearly identical to those generated by both
the fractional and equilibrium crystallization models.
Clinopyroxene arrives on the liquidus at 78% liquid remain-
ing and continues to crystallize throughout the rest of the
sequence. The measured pigeonite composition is a very
close match to early-crystallized model clinopyroxene. No
measured clinopyroxene compositions match the composi-
tion of the late-stage model clinopyroxene, although this
is likely because the late-stage clinopyroxene is present as
thin Fe-rich rims around the more Mg-rich clinopyroxene
cores (Peslier et al., 2010). The Fe-rich rims are too thin
to be quantitatively sampled via laser ablation, making
the measured clinopyroxene compositions biased towards
the more Mg-rich near edge and interior compositions.
The lower range of the measured clinopyroxene REE, Zr,
and Hf contents is below the lowest model clinopyroxene
REE concentrations, which potentially indicates that clino-
pyroxene crystallization commenced earlier in the crystalli-
zation sequence than assumed in the model or that the
primitive melt composition is too enriched in REE.

A key interpretation from the isotope systematics is that
phosphate is in isotopic equilibrium with the primary sili-
cate phases. The fractional crystallization model provides
one further test regarding the nature of the phosphate—if
the phosphate concentrations can be reproduced by the
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Fig. 9. Chondrite normalized REE, Zr, and Hf profiles of measured orthopyroxene (average, n = 3) and clinopyroxene (average, n =7)
compared to model pyroxene compositions from fractional crystallization (Peslier et al., 2010) of the estimated LAR 06319 parent magma.
Error bars on the measured OPX and CPX compositions are the standard deviation of the averaged compositions. The fractional
crystallization model closely reproduces the measured orthopyroxene compositions. Measured clinopyroxene REE abundances have slightly
less pronounced LREE depletions than the model compositions, but overall, match the model closely. The range in model clinopyroxene
compositions is from the start of clinopyroxene crystallization at Stage 4 of the crystallization model, clinopyroxene composition at Stage 5,
Stage 6, and Stage 7, and then clinopyroxene composition at 30%, 20%, 10%, and 1% liquid remaining.
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compositions shown are the beginning of phosphate crystallization at Stage 6, phosphate at Stage 7, and then 30%, 20%, 10%, and 1% liquid
remaining. Error bars for measured phosphate concentrations are smaller than the symbols.

fractional crystallization of the estimated LAR 06319
parental magma it is extremely likely that the trace element
and isotopic compositions observed in LAR 06319 are the
result of closed-system processes and that no open system
mobilization of REE, Zr, and Hf has taken place. Follow-
ing the same procedures to estimate the model pyroxene
compositions, the model phosphate abundances range from
approximately 200x chondrite at the beginning of phos-
phate crystallization to ~6000x chondrite (Fig. 10). The
REE, Zr, and Hf profile is gently concave upwards, but
approximately flat, with a pronounced downward Eu
anomaly. These profiles are very similar to the ~1000x
chondrite measured phosphate REE, Zr, and Hf profile.
The Eu anomaly on the measured phosphate is not nearly
as pronounced as in the model, but overall, the measured
phosphate appears to be in equilibrium with liquid remain-
ing after ~90% fractional crystallization. This is in accord
with petrographic evidence that the phosphate is a late-
stage product of crystallization (Basu Sarbadhikari et al.,
2009; Peslier et al., 2010).

The isotopic systematics, LA-ICP-MS results, and trace
element modeling are most consistent with progressive
closed-system fractional crystallization of a single REE,
Zr, and Hf enriched magma. While models that invoke
enrichments in incompatible trace elements in shergottites
by an assimilation and fractional crystallization scenario
involving a depleted magma assimilating an enriched com-
ponent (e.g., crust) have been advanced (Jones, 1986; Rum-
ble and Irving, 2009), the REE, Zr, and Hf zonations in
LAR 06319 pyroxene do not support those conclusions,
nor does the Re-Os isotopic evidence (Brandon et al.,
2000). The cores of early-formed orthopyroxene are in equi-
librium with an incompatible trace element enriched parent
liquid. Fractional crystallization of this liquid can then pro-

duce compositions similar to measured pigeonite and phos-
phate. The consistent trace element concentrations of the
pyroxene phenocrysts and the observed isotopic equilib-
rium between the phosphate and olivine megacrysts suggest
that these phases in LAR 06319 exhibit the original mag-
matic trace element characteristics. Hence, we reemphasize
the point that the trace element and petrographic data from
LAR 06319 strongly argues that there has been no perva-
sive metasomatism or aqueous alteration that could have
caused chronometric resetting, nor has there been bulk rock
scale open system remobilization of the trace elements from
shock with the exception of Sm and/or Nd in plagioclase
during maskelynitization. In summary, the trace element
models presented here are consistent with the interpretation
that the isotopic results are recording the true crystalliza-
tion age of LAR 06319.

5. CONCLUSIONS AND IMPLICATIONS

The martian meteorite LAR 06319 has an internal
147Sm—"**Nd isochron age of 183 & 12 Ma and an internal
1761 u—17*Hf isochron age of 197 + 29 Ma. These two ages,
taken together with previously determined internal iso-
chron ages (Shih et al., 2009), yield a weighted average
age of 193 +20 Ma. This age is the best estimate of the
crystallization age of LAR 06319. The isotopic systematics
of LAR 06319 may be best explained that plagioclase re-
acted with partial melts of pyroxene and phosphate during
the maskelynitization process resulting in decoupling of Sm
and Nd. However, at the bulk rock level, LAR 06319 re-
mained a closed system and all other fractions (bulk rock,
olivine, pyroxene, and phosphate) are in isotopic equilib-
rium. The incompatible trace element systematics are con-
sistent with progressive crystallization of an incompatible
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element enriched magma. These data rule out the possibility
of assimilation of an enriched component into a depleted
magma or late-stage metasomatism/alteration as the cause
of the enriched incompatible element nature of LAR
06319. All lines of evidence indicate that the isotopic and
trace element characteristics of LAR 06319 (with the excep-
tion of maskelynite) are the result of equilibrium igneous
processes and that the internal mineral isochron ages are
recording the true crystallization age of the rock. Our re-
sults on LAR 06319 reinforce the interpretation of the
~150-575 Ma crystallization ages for the other shergottites
as magmatic ages, and suggest that the 2°’Pb—>"°Pb isotopic
data do not reflect igneous crystallization in the Noachian.
These conclusions are consistent with updated crater count-
ing results based on new high-resolution imagery that sug-
gest young surface regions are much more widespread than
previously thought (Neukum et al., 2010). Consequently,
the predominance of young martian meteorites may not
be unexpected, especially when it is considered that the ejec-
tion of meteorites from the ancient, heavily fractured, and
likely altered Noachian crustal units appears to be unlikely
(Hartmann and Barlow, 2006).
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