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The apparent lack of plate tectonics on all terrestrial planets other than Earth has been used to support
the notion that for most planets, once a primitive crust forms, the crust and mantle evolve geochemically-
independent through time. This view has had a particularly large impact on models for the evolution
of Mars and its silicate interior. Recent data indicating a greater potential that there may have been
exchange between the martian crust and mantle has led to a search for additional geochemical evidence
to support the alternative hypothesis, that some mechanism of crustal recycling may have operated early
in the history of Mars.
In order to study the most juvenile melts available to investigate martian mantle source(s) and melting
processes, the trace element compositions of olivine-hosted melt inclusions for two incompatible-
element-depleted olivine-phyric shergottites, Yamato 980459 (Y98) and Tissint, and the interstitial glass
of Y98, have been measured by Secondary lonization Mass Spectrometry (SIMS). Chondrite-normalized
Rare Earth Element (REE) patterns for both Y98 and Tissint melt inclusions, and the Y98 interstitial glass,
are characteristically light-REE depleted and parallel those of their host rock. For Y98, a clear flattening
and upward inflection of La and Ce, relative to predictions based on middle and heavier REE, provides
evidence for involvement of an enriched component early in their magmatic history; either inherited
from a metasomatized mantle or crustal source, early on and prior to extensive host crystallization.
Comparing these melt inclusion and interstitial glass analyses to existing melt inclusion and whole-rock
data sets for the shergottite meteorite suite, defines mixing relationships between depleted and enriched
end members, analogous to mixing relationships between whole rock Sr and Nd isotopic measurements.
When considered in light of their petrologic context, the origin of these trace element enriched and
isotopically evolved signatures represents either (1) crustal assimilation during the final few km of melt
ascent towards the martian surface, or (2) assimilation soon after melt segregation, through melt-rock
interaction with a portion of the martian crust recycled back into the mantle.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

etary interiors. The shergottite meteorites are a suite of martian
basaltic to lherzolitic igneous rocks that have provided important

Meteorites from Mars provide a unique opportunity to explore
the formation and evolution of another planet in the inner-solar
system and allow for comparative studies with Earth to help bet-
ter understand the differentiation and thermal evolution of plan-
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constraints on the accretion, evolution, structure, and bulk compo-
sition of Mars (e.g. McSween and Treiman, 1998). They represent
a period of relatively young mantle melting and surface volcanism,
~ 550-150 Ma (e.g. Nyquist et al., 2001); although crystallization
ages of 4.1-4.3 Ga have been proposed (e.g. Bouvier et al., 2008,
20009).

The isotopic and elemental geochemistry of the shergottites
span a wide compositional spectrum (Fig. 1); from trace element
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Fig. 1. £1*3Nd vs. initial 87Sr/86Sr for the shergottite meteorites (after Symes et al., 2008, and references therein). Inserted are whole rock REE patterns that define the three
groups; (1) depleted, (2) intermediate, and (3) enriched shergottites. Other isotopic and trace-element data sources are listed in Appendix 6 of the supplementary materials.

depleted and isotopically primitive, to enriched and isotopically
evolved. The depleted shergottites are considered partial melts
from an initially olivine-pyroxene-garnet cumulate portion of the
martian mantle that had undergone extensive melting (e.g. Borg et
al.,, 1997; Borg and Draper, 2003; Shih et al., 2005; Debaille et al.,
2008). This history of melting led to significant depletions in ele-
ments incompatible, particularly the LREE and radiogenic heat pro-
ducing elements K, Th, and U (e.g. Borg and Draper, 2003). These
trace element depletions are correlated with primitive radiogenic
isotope ratios that yield 4.0-4.5 Ga whole-rock model isochron
ages, indicative of early mantle depletion during, or immediately
following, magma ocean crystallization (e.g. Shih et al., 1982, 2005;
Blichert-Toft et al., 1999; Borg et al., 1997; Brandon et al., 2012;
Debaille et al., 2008; Bouvier et al., 2005).

The intermediate and enriched shergottites are also considered
melts from the depleted mantle, but have experienced variable
degrees of contamination from an isotopically evolved and trace
element enriched ancient geochemical reservoir (e.g. Borg et al.,
1997; Borg and Draper, 2003). This evolved and enriched reser-
voir is considered to represent either (1) ancient oxidized mar-
tian crust, assimilated during emplacement and crystallization of
a depleted mantle melt (e.g. Jones, 1989; Usui et al,, 2012), or
(2) an incompatible-trace-element-rich component, analogous to
lunar KREEP, that represents a trapped residual melt formed dur-
ing fractional crystallization of the martian magma ocean (e.g.
Borg et al, 1997; Borg and Draper, 2003; Brandon et al., 2012;
Debaille et al., 2008; Symes et al., 2008; Basu Sarbadhikari et al.,
2011). Distinguishing between either model and constraining the
location of the enriched reservoir relative to the depleted shergot-
tite mantle source, however, remains debated, but has important
implications for the geodynamic evolution of the martian mantle,
generation of an early martian crust, and the possibly of Earth-like
crustal recycling early in the history of Mars.

Here we address the origin(s) of trace element enriched (and
isotopically evolved) signatures for the depleted shergottite me-
teorites using the trace element compositions of olivine-hosted

melt inclusions in two depleted olivine-phyric shergottite mete-
orites, Y980459 (Y98) and Tissint, and the interstitial glass of Y98.
The data presented suggests both Y98 and Tissint melt inclusions
record the progressive collection of melt components from a resid-
ual olivine, orthopyroxene, and garnet mantle source. It is also
shown that the origin of an enriched component in Y98 occurs
early in its magmatic history, either inherited from its source or
incorporated at a time prior to the onset of host crystallization.
This early incorporation of enriched trace element signatures is
discussed in the context of recent models to represent assimila-
tion of an ancient portion of martian crust, recycled into the upper
mantle during an early stage in the history of Mars.

2. Samples

Yamato 980459 (Y98) and Tissint are olivine-phyric sher-
gottite meteorites, displaying a porphyritic texture with olivine
megacrysts set among a fine-grained groundmass. They are ~18
wt% MgO, with <1% total alkalis (i.e. Na,O + K;O), similar to
high-temperature picritic or basaltic komatiitic melts (e.g. Le Bas,
2000), and closely represent true liquids (e.g. Usui et al., 2008;
Aoudjehane et al., 2012).

Y98 and Tissint are ideal candidates to probe their primitive
mantle source. They are two of the most magnesian shergot-
tites (Y98 Mg#eg: Shirai and Ebihara, 2004; and Tissint Mg#g:
Aoudjehane et al, 2012), and have particularly primitive &'43Nd
values; +37 at 475 Ma (Fig. 1: Shih et al., 2005) and +44 at 472
Ma (Fig. 1: Shih et al, 2014), for Y98 and Tissint, respectively.
These initial £143Nd values are 4-9 epsilon units lower than that of
QUE 94201 (Fig. 1: £'43Nd = 48 at 327 Ma), the best-characterized
and most isotopically primitive depleted shergottite (Borg et al.,
1997).

Y98 is an Antarctic find and the most mineralogically primitive
olivine-phyric shergottite (e.g. Greshake et al, 2004; Usui et al,
2008). The sample studied herein, Y-980459 (51-2), is described in
Usui et al. (2008) and contains 12 vol% olivine (6.2 vol% for olivine
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Fig. 2. Backscatter (grey), X-ray (colored), and sketch maps of olivine-hosted melt inclusions in (A-C) Yamato 980459, and (D-F) Tissint analyzed in this study. Note the small
size, crystal free Y98 melt inclusions, which contrast markedly with the partially quenched cpx bearing Tissint melt inclusions. Augite dendrites are Eng_3Fs14-18WO050_56.
X-ray map colors are, Red = Mg, Yellow = Fe, Green = Al, Blue = Ca. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

megacrysts with Fo > 80), 58 vol% pyroxene, 23 vol% mesostasis
(interstitial glass with abundant olivine and augite dendrites and
immiscible sulfide droplets), and 1 vol% spinel. Importantly, Y98
lacks plagioclase/maskelynite or phosphates, which are common
groundmass phases for other olivine-phyric shergottites. Experi-
ments have determined a 1 bar liquidus temperature of ~1450°C
(Koizumi et al., 2004), and that Y98 was quenched before the ap-
pearance of plagioclase. As a result, melt inclusions are glassy,
similar to the interstitial glass.

Tissint was witnessed to fall over Morocco on 18 July 2011,
and consists of olivine megacrysts in a fine-grained groundmass
of pyroxene and feldspathic glass (maskelynite), Ti-poor chromite,
ilmenite, pyrrhotite and minor merrillite (Aoudjehane et al., 2012).
Similar to Y98, Tissint contains 17 vol% olivine (12 vol% for olivine
megacrysts) and 53 vol% pyroxene, but with 17 vol% plagio-
clase/maskelynite and no mesostasis (Aoudjehane et al., 2012). The
groundmass of Tissint has been highly fractured and, unlike Y98,
is penetrated by numerous dark shock veins with black vesiculated
glassy material.

Melt inclusions for Y98 and Tissint are typically circular to el-
liptical with diameters >5 to a few 10’s of um (Fig. 2). In some
cases, melt inclusions have complex shapes, representing melt
trapped between the interfaces of olivine grains. Many melt inclu-
sions are intersected by cracks and fractures in the adjacent host
olivine.

Daughter minerals can be found in some Y98 melt inclusions,
although melt inclusions that are only glass + sulfide droplets are
more typical (Fig. 2C). Skeletal needles (Fig. 2D-F) of high-Ca py-
roxene (Enyg_3s Fs14-18Wo0s50_56: Appendix 1 of the supplementary
materials) are common daughter phases in Tissint melt inclusions.
Large euhedral grains of Cr-spinel or chromite can be found along
the walls of some melt inclusions (Fig. 2E), and appear to have im-
paired the advancing olivine interface and enhanced trapping of
melt during olivine growth (e.g. Liu et al.,, 2013).

3. Analytical conditions

Trace elements were measured using the CAMECA ims1270
SIMS at UCLA. Polished samples and standards were gold-coated
prior to analysis to avoid charging. Analyses used a primary oxy-
gen beam of 20 nA and performed in mono-collection mode to
employ ion imaging for targeting of inclusions. Sample points were
pre-sputtered for 180 s. High intensity trace element peaks were
monitored at 30Si, 88sr, 83y, 917r, 93Nb, 137Ba, 139La, 140Ce, 143Nd,
149gm, 151Ey, 156Gd, 161Dy, 168Er, 172Yh, 175Lu at low mass resolu-
tion. Counting time per peak ranged between 2 to 3 s per cycle,
with 5 cycles per analysis. High energy molecules were filtered by
applying a 100 V offset to the extraction potential at a 50 eV band-
pass. For high mass elements with low secondary ion intensities,
peaks were monitored at 30Sj, 89y, 204pp, 206pp, 207pp, 208pp, 232
and 238U without energy offset and at High Mass Resolution (MRP
~ 6000). Y was included to facilitate comparison with the energy-
filtered analyses, and counting time per peak ranged between 3 to
10 s, with 5 cycles per analysis. The data were reduced using mea-
sured 30Si intensities and the known SiO, wt% for the NIST 610,
and USGS BHVO-2 and BCR-2 glass standards, and the measured
Si0, wt¥% for glass locations following conventional procedures at
UCLA (e.g., Schmitt and Simon, 2004). Precise measurement of U,
and Th, however, proved particularly challenging due to their low
concentrations (10-100 ppb). This is reflected by their 1o errors,
which exceed 100%, yielding little useful data. Original trace el-
ement analyses, prior to adjustment for secondary processes, are
reported in Appendix 2, with 1o error for trace element analyses
in Appendix 3, and reference standard analyses in Appendix 4 of
the supplementary materials.

Major element oxides of olivine, pyroxene, and glass were an-
alyzed with the Cameca SX-100 EMPA at Johnson Space Center.
The polished samples were carbon coated, following removal of
gold coat. Standards included well-characterized natural and syn-
thetic materials. Analytical conditions were 15 kV, 20 nA, 30-60 s
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count times, and a ~15 pm beam. Backscatter electron (BSE) image
collection and X-ray mapping was performed using the field emis-
sion SEM JSM-7600F at Johnson Space Center. EMPA glass analyses
were performed in the same location as their respective SIMS anal-
ysis. For a few glass locations, the presence of abundant olivine
dendrites or where the width of glass between phenocrysts was
less than the beam size, it is reasonable that the analytical vol-
ume encompassed multiple phases, generating mixed analyses and
low EMPA totals. Attempts were made to avoid these problematic
glass locations when possible. EMPA olivine analyses are reported
in Appendix 5 of the supplementary materials, with glass analyses
reported in Table T1a-c.

4. Electron microprobe characterization of glass and mineral
phases

Melt inclusions in Y98 are associated with host olivine Fo7g_75
with an average of Fo74. A similar pattern is observed for Tissint,
with Fosg_76, and an average of Fogg. These observations are
consistent with other studies, where melt inclusions are associ-
ated with olivine Fo_75_77 (e.g. Basu Sarbadhikari et al., 2011;
Liu et al., 2013).

Y98 melt inclusions have higher Mg# numbers (i.e. Mg# =
Mg/[Mg + Fe] x 100, where Mg and Fe are molar %) relative to
those in Tissint, with values up to Mg#44 and an average of Mg#s37
(Table 1a). Y98 melt inclusions also have higher CaO and MgO wt%,
and CaO/Al;03 values compared to Tissint (Fig. 3A). The Y98 inter-
stitial glass analyses have Mg#s5_15, with an average of Mg#14 (Ta-
ble 1b); consistent with quenching after olivine and low-Ca pyrox-
ene crystallization. When plotted together, the Y98 melt inclusions
and interstitial glass analyses form positive linear trends between
Mg# vs. MgO wt%, CaO wt% (Fig. 3B), SiO wt% (Fig. 3C), and neg-
ative linear trends between Mg# vs. FeO wt% (Fig. 3D), Al,O03 wt%
(Fig. 3E), and S ppm. Relative to Y98, Tissint melt inclusions span
a wider range of Mg# (Mg#o14-33), CaO wt%, and CaO/Al,03 val-
ues (1.3 to 0.4), and have lower values for FeO and MgO wt%, and
S concentration, while SiO, values are notably higher (62-73 wt%
vs. 54-62 for Y98: Table 1c). These features are consistent with
entrainment of primitive melts during closed system host crystal-
lization of olivine and cpx =+ opx, sulfide, and Cr-spinel.

5. Reconstruction of original melt trace element composition

The impact of crystallization on the trace element composition
of the melt and melt inclusions, prior to and following olivine en-
trapment, was evaluated using the thermodynamic modeling soft-
ware PETROLOG3 (Danyushevsky and Plechov, 2011). PETROLOG3
is specifically designed for modeling forward and reverse melt
crystallization, and post-entrapment re-equilibration of olivine-
hosted melt inclusions (Danyushevsky and Plechov, 2011). Condi-
tions were set at fO, equal to iron-wustitie and pressures of 10
and 5 kbar, following the results of Y98 crystallization experiments
by Rapp et al. (2013). The model selected for olivine calculation
was the Kp re-mg® ™!t equilibrium value 0.35 from Filiberto and
Dasgupta (2011).

Crystallization models using bulk-rock compositions demon-
strate the Y98 melt inclusions were trapped shortly around the
appearance of low-Ca pyroxene. For Tissint, which experienced
a longer cooling history, the timing of melt inclusion entrap-
ment occurred after pyroxene crystallization. Post-entrapment re-
equilibration modeling of melt inclusions in both Y98 and Tissint
identifies ~30-40% by volume wall-rock olivine crystallization. For
Tissint melt inclusions, the volume of secondary cpx crystallization
was estimated at ~30-40%, using backscatter images and pixel
counting. For these melt inclusions, their compositions were re-
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Table 1
Major and trace element composition of (a) olivine hosted melt inclusions in Y98, (b) the interstitial glass of Y98, and (c) olivine hosted melt inclusions in Tissint. Trace
element concentrations have been adjusted to account for post-entrapment olivine and cpx crystallization.

a

Y98MI1 Y98MI2 Y98MI3 Y98MI4 Y98MI5 Y98MI6 Y98MI7 Y98MI8
Si0; 53.9 61.5 61.2 60.0 61.3 60.8 62.2 54.3
TiO, 1.12 0.96 0.95 1.17 0.98 0.90 0.96 1.34
Al 03 14.8 12.1 12.0 12.8 11.3 13.3 12.3 16.4
FeO 7.54 5.14 6.83 6.25 8.37 6.81 5.50 11.01
MnO 0.28 0.09 0.32 0.27 0.28 0.23 0.20 0.27
Ca0 12.87 14.22 13.98 14.34 13.31 13.90 13.22 11.33
MgO 2.34 2.30 2.61 2.44 2.62 2.30 2.34 1.28
Na,0 2.25 1.42 1.23 1.33 1.06 1.29 1.33 2.25
K,0 0.10 0.05 0.04 0.03 0.07 0.09 0.07 0.09
Cr03 0.08 0.18 0.27 0.23 0.22 0.08 0.14 0.02
NiO 0.01 0.02 0.05 0.05 0.00
SO, 0.22 0.22 0.23 0.13 0.33 0.16 0.09 0.29
Sum 95.5 98.2 99.7 99.0 99.9 99.9 98.3 98.6
Mg# 35.6 44.4 40.5 41.0 35.8 37.6 43.1 17.2
Ca0/Al,03 0.87 1.17 1.16 1.12 1.18 1.05 1.08 0.69
La (ppm) 0.23 0.06 0.08 0.13 0.09 0.15
Ce 0.64 0.13 0.20 0.27 0.19 0.31
Nd 0.90 0.26 0.38 0.35 0.20 0.23
Sm 0.91 0.26 0.34 0.23 0.25 0.33
Eu 0.38 0.12 0.15 0.14 0.12 0.14
Gd 1.45 0.57 0.68 0.84 0.62 0.67
Tb 0.10 0.15 0.16 0.12 0.13
Dy 2.41 0.75 0.95 1.14 0.98 1.15
Er 1.51 0.47 0.69 0.69 0.49 0.89
Yb 2.15 0.59 0.69 0.74 0.69 1.11
Lu 0.06 0.09 0.14 0.10 0.12
Sr 25.8 6.3 9.5 8.0 8.6 14.4
Zr 20.4 8.2 8.7 13.5 113 28.8
Y 141 4.6 5.8 6.4 5.6 6.3
Ba 3.73 2.03 1.87 2.63 1.63 5.62
Nb 0.20 0.06 0.10 0.13 0.12 0.13
Pb 0.19 4.70 1.81 1.00 1.21
b

Y98 Y98 Y98 Y98 Y98 Y98 Y98 Y98 Y98

Glass1 Glass2 Glass3 Glass5 Glass6 Glass7 Glass8 Glass9 Glass10
SiOy 49.7 52.4 50.7 50.7 52.1 50.1 49.6 52.2 46.8
TiO, 1.56 0.97 1.01 1.08 1.18 1.18 1.24 1.04 1.18
Al 03 15.3 17.7 16.3 16.4 17.3 171 16.4 17.9 14.3
FeO 18.60 14.14 17.47 17.15 12.90 16.14 17.40 12.66 18.59
MnO 0.40 0.42 0.31 0.44 0.41 0.36 0.37 0.40 0.41
Ca0 10.26 11.62 8.76 8.93 10.89 9.04 8.91 10.57 9.24
MgO 1.50 0.73 0.49 0.64 0.52 0.55 0.63 0.96 1.55
Na0 1.92 2.02 2.74 2.34 2.56 2.25 2.35 2.46 2.43
K,0 0.04 0.06 0.07 0.05 0.07 0.07 0.06 0.05 0.04
Cr03 0.03 0.02 0.02 0.01 0.02 0.05
NiO 0.03 0.02 0.03 0.05
SO, 0.69 0.34 1.01 0.53 0.34 0.30 1.28 0.29 0.49
Sum 99.9 100.4 99.0 98.3 98.3 97.1 98.3 98.6 95.0
Mg# 12.6 8.4 4.7 6.2 6.7 5.7 6.0 11.9 12.9
Ca0/Al,03 0.67 0.66 0.54 0.54 0.63 0.53 0.54 0.59 0.65
La (ppm) 0.47 0.42 0.48 0.51 0.36 0.47 0.43 0.46
Ce 1.40 1.12 1.30 1.30 1.06 1.40 0.98 0.99 1.26
Nd 1.87 1.62 1.87 2.01 1.91 1.92 1.29 1.47 1.77
Sm 1.42 1.37 1.77 1.37 1.37 1.42 1.04 0.96 1.12
Eu 0.78 0.69 0.86 0.98 0.82 0.88 0.58 0.59 0.65
Gd 3.29 2.70 2.91 3.17 3.01 3.11 2.02 2.93 2.60
Tb 0.64 0.58
Dy 4.63 4.06 4.20 4.02 4.71 4.55 3.31 4.08 4.60
Er 2.45 2.49 2.61 2.57 2.96 2.78 2.20 2.63 2.68
Yb 3.09 2.74 2.75 2.81 2.65 3.28 2.46 2.94 2.44
Lu 0.44 0.37
Sr 51.6 51.5 59.1 57.7 443 42.4 47.6
Zr 37.4 36.2 38.2 40.1 36.6 32.5 33.7
Y 25.8 22.8 24.9 24.8 25.9 24.5 23.8
Ba 5.10 5.39 5.41 5.18 4.79 5.12 6.09 4.51 4.36
Nb 0.62 0.51 0.62 0.59 0.56 0.66 0.49 0.53 0.47
Pb 0.24 0.23 0.42 0.24

(continued on next page)
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Table 1 (continued)

C

Tissint Tissint Tissint Tissint Tissint Tissint Tissint Tissint

MI2 MI3 Ml4 MI5 MI6 MI7 MI10 MI11
SiOy 69.9 69.2 67.5 70.2 61.7 61.6 65.9 72.7
TiO; 1.38 0.97 1.67 1.08 1.45 1.21 1.14 1.09
Aly03 14.2 15.4 13.6 14.7 12.5 14.6 13.8 14.7
FeO 2.46 2.34 2.66 1.74 4.36 4.61 4.12 2.57
MnO 0.08 0.11 0.17 0.12 0.13 0.12 0.12 0.10
Ca0 8.44 6.90 11.36 10.19 15.66 15.08 12.32 6.55
MgO 0.64 0.00 0.21 0.11 1.47 1.10 0.32 0.43
Nay0 2.08 2.23 1.41 1.53 1.32 0.91 1.68 2.08
K;0 0.08 1.32 0.67 0.86 0.04 0.28 0.05 0.08
Cry03 0.03 0.00 0.04 0.02 0.25
NiO 0.04 0.02 0.01 0.01 0.05
SOz 0.08 0.06 0.12 0.03 0.00 0.07 0.01
Sum 99.3 98.6 99.3 100.7 98.7 99.5 99.8 100.4
Mg# 31.5 0.1 12.6 10.4 37.6 29.7 12.3 23.0
CaO0/Al,03 0.59 0.45 0.83 0.69 1.25 1.04 0.89 0.45
La (ppm) 0.22 0.15 0.16 0.21 0.28 0.14
Ce 0.67 0.54 0.46 0.72 0.88 0.50
Nd 0.92 0.90 0.63 1.14 1.03 0.74
Sm 0.74 0.70 0.47 0.48 0.71 0.51
Eu 0.28 0.24 0.23 0.27 0.41 0.34
Gd 1.21 1.06 0.76 1.20 1.53 1.00
Tb 0.25 0.25 0.20 0.28 0.31 0.29
Dy 1.64 1.59 1.22 1.46 2.15 1.46
Er 0.99 1.30 0.66 0.99 1.07 0.84
Yb 1.19 0.91 0.67 1.13 1.07 0.88
Lu 0.11 0.10 0.06 0.14 0.13 0.10
Sr 22.4 19.7 16.0 233 27.1 25.1
Zr 15.0 16.1 10.9 17.0 19.4 18.8
Y 9.3 9.0 6.6 9.3 11.2 8.8
Ba 1.48 0.78 1.04 1.19 1.41 1.12
Nb 0.15 0.08 0.08 0.12 0.17 0.10
Pb 0.20 0.22 0.16 0.31

calculated to add back the volume of cpx prior to post-entrapment
re-equilibration modeling.

Trace elements analyzed in the study are all highly incom-
patible in olivine (and opx), generally D;nmeral/melt << 0.01 (e.g.
Kennedy et al., 1993). For cpx, DP*/Melt yalyes can be an order
of magnitude higher, generally >0.01, with almost all elements
being moderately incompatible (e.g. Johnson, 1998). Adjustments
for pre- and post-entrapment olivine and cpx crystallization, using
the results of PETROLOGS3, resulted in a decrease in the trace el-
ement concentration (Table la-c; Fig. 4) due to the reduction in
melt volume with mineral crystallization, but generated no signifi-
cant change (i.e. do not exceed the errors on analyses) for ratios of
moderately incompatible to highly incompatible elements in cpx,
(i.e. Zr/Nb).

5.1. Diffusive melt inclusion re-equilibration during cooling

Olivine-hosted melt inclusions exhibit rapid secondary melt
Fe-Mg re-equilibration and post-entrapment diffusive exchange
with their host and daughter phases during slow cooling (e.g.
Danyushevsky et al., 2000; Gaetani and Watson, 2000). While
traditionally assumed immobile on magmatic timescales, recent
observations have shown incompatible trace elements (i.e. REE)
in olivine to behave in a similar manner during cooling (e.g.
Spandler and O’Neill, 2010). In contrast, however, Cherniak (2010)
reports melt-olivine REE diffusion values that are over three or-
ders of magnitude slower to those of Spandler and O'Neill (2010).
These conflicting studies support the need for a greater un-
derstanding of incompatible element mobility in olivine, leaving
the potential for secondary trace element re-equilibration unre-
solved.

5.2. The influence of terrestrial alteration and contamination

Although Y98 experienced impact shock and displays abundant
fracture networks (Greshake et al.,, 2004), there exists no petro-
graphic evidence to support infiltration of terrestrial fluids during
residence on the Antarctic ice (i.e. iron oxides and hydroxides, Ca-
Fe-K sulfates and other evaporates, clay weathering products, silica
and carbonate precipitates, dissolution of phosphates and glasses:
e.g. Crozaz et al, 2003). The mobilization of LREE in Antarctic
meteorites is typically associated with dissolution of calcium phos-
phates; a rich source of REE (i.e. Crozaz et al., 2003). Y98, however,
contains no phosphates or other trace element enriched phases.
Despite spot analysis locations chosen to spatially characterize its
composition, the Y98 interstitial glass is remarkably homogeneous
(Figs. 4A and 5A), lacking evidence to suggest post-magmatic alter-
ation. For their olivine-hosted melt inclusions, Usui et al. (2012),
using the same Y98 thin section, report constant ratios of H,O/F,
Cl/F, and S/F, supporting them to have remained closed to terres-
trial alteration during residence on the Antarctic ice.

In contrast to Y98, Tissint was collected soon after falling, and
terrestrial contamination is not expected. Despite this, Aoudjehane
et al. (2012) report an LREE enriched component, with a small
but resolvable Ce anomaly (indicating hydrothermal oxidation of
Ce?t3 to Cet*), in the Tissint impact glass. This is proposed to
represent the impact of martian surface weathering and fluid in-
filtration. Barrat et al. (2014), however, observe no exotic LREE
component in their Tissint impact melt analyses. The degree to
which any surface component may have penetrated the matrix
of Tissint, prior to or during impact melting, is also not imme-
diately clear. Melt inclusions reported here, however, parallel their
LREE-depleted whole-rock values (Fig. 4c; Aoudjehane et al., 2012),
and display no evidence for LREE contamination or heterogeneity
among other fluid mobile elements (Figs. 4C and 5C).
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Fig. 4. Chondrite normalized REE profiles. Y98 whole rock REE data from Shirai and
Ebihara (2004), and Aoudjehane et al. (2012) for Tissint.

6. The most primitive trace element records observed in depleted
shergottites are recorded in their olivine-hosted melt inclusions

Chondrite-normalized REE profiles for both Y98 and Tissint
melt inclusions, and the Y98 interstitial glass, are characteristi-
cally LREE depleted and parallel those of their host rock (Shirai
and Ebihara, 2004; Aoudjehane et al,, 2012; Fig. 4). For Y98, the
interstitial glass REE profiles plot above their whole rock (Fig. 4A),
as expected. The Y98 melt inclusion REE profiles plot close to, but
below the Y98 whole-rock value (Fig. 4B), while the Tissint melt
inclusion REE profiles overlap with their whole rock.

It is expected that melt inclusion REE profiles should overlap
with their whole rock profile, assuming closed system behavior.
The scatter in absolute elemental concentrations likely reflects un-
certainties with secondary olivine and cpx crystallization volume
estimates and spot specific dilution with sputtering variable pro-
portions of daughter phases or the olivine host (Fig. 2).

Importantly, REE profiles for Y98 display a flattening between
La and Ce (Fig. 4A, B), where La values plot above the LREE profiles
expected with melt depletion. This feature is not clearly observed
in the REE profiles for Tissint melt inclusions (Fig. 4C), however,
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Fig. 5. Calculated parental melt inclusion trace element concentration. Elements are
arranged in their order of decreasing concentration from Sr to Pb. Error bars are 1o
error. Y98 whole rock REE data from Shirai and Ebihara (2004), and Aoudjehane et
al. (2012) for Tissint.

they do display a concave MREE-HREE profile, peaking between
Gd-Tb-Dy (Fig. 4C), consistent with a residual garnet mantle min-
eralogy.

A comprehensive list of trace elements has yet to be produced
for the whole Y98 composition, limiting comparisons with melt
inclusion and interstitial glass analyses. The concentration of Ba
in the interstitial glass is 3 to 4 times higher than the whole
rock value (Fig. 5A), while the melt inclusions broadly overlap
(Fig. 5B) (Shirai and Ebihara, 2004). Y, Zr, and Sr concentrations
in the Y98 melt inclusions range between ~2 to 15 ppm, while
Nb is 0.13 to 0.03 ppm (Fig. 5B); consistent with a melt depleted
mantle source. Trace element concentrations in Tissint melt inclu-
sions (Fig. 5C) are elevated relative to those in Y98, and over-
lap with values reported for their whole rock (Aoudjehane et
al.,, 2012). Identical to Y98, the highly incompatible elements Ba
and Nb have the lowest concentrations (average Ba = 1.17 ppm,
Nb =0.12 ppm), relative to the moderately incompatible elements
Y, Zr, and Sr (average Zr = 16 ppm, Sr =22 ppm), in Tissint melt
inclusions.
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Zr[Y values display very little variability between Y98 melt in-
clusions (Zr/Y = 1.3 to 2.3, with one at 4.5), Y98 interstitial glass
(Zr/Y = 1.33 to 1.62), and Tissint melt inclusions (Zr/Y = 1.75
to 2.34), indicating a coupled partitioning behavior during melt-
ing and crystallization. In contrast, Y/Nb and Zr/Nb values are
variable between the three glass analyses (Fig. 6), reflecting the
highly incompatible behavior of Nb in a cpx-garnet bearing mantle
source.

Both Y98 and Tissint melt inclusions have elevated and variable
Zr/Nb values (Tissint =94 to 192, Y98 = 93 to 225). The whole
rock Tissint Zr/Nb value (83 to 90) falls just below its lowest melt
inclusion value (TissintMI3 = 98). Similarly, despite no whole rock
Zr and Nb data, the Y98 interstitial glass analyses have lower and
restricted Zr/Nb values (60 to 71) relative to their melt inclusions.
Interestingly, a few melt inclusion analyses display Zr/Nb values
that exceed the QUE 94201 whole rock value (Zr/Nb = 147).

The origin of this melt inclusion diversity is not immediately
clear, and the occurrence of Zr/Nb values greater than that re-
ported for QUE 94201 may have important implications on the
nature of the depleted mantle. What is clear, for at least Y98,
is that the melt inclusion analyses display a greater magnitude
of trace-element heterogeneity than their groundmass glass. This
could be explained as evidence for polybaric melt accumula-
tion, prior to mixing and averaging of the whole rock composi-
tion.

For the Y98 melt inclusions, Pb concentrations range between
0.11 to 2.17 ppm (Fig. 5B). Interestingly, the single Pb enriched
melt inclusion also contains a small sulfide at the surface, which
was sputtered along with its host glass (Fig. 2C). This supports Pb
to have been preferentially partitioned into these sulfides, form-
ing Pb hotspots amongst Pb depleted glasses. The high abundance
of sulfides in the mesostasis may help explain why Pb concen-
trations in the Y98 interstitial glasses are lower than the melt
inclusions (0.24 to 0.25 ppm Pb, with one at 0.42 ppm: Fig. 5A);
a trend opposite to all other elements. Tissint melt inclusions dis-
play a narrower range of Pb concentrations, 0.16 to 0.32 ppm Pb
(Fig. 5C), which overlap with those reported for the whole rock
(0.15 to 0.25 ppm: Aoudjehane et al., 2012).
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tite EETA 79001 Lith-C (Liu et al., 2013), and an enriched shergottite LAR06319
(Basu Sarbadhikari et al., 2011). Error bars for our analyses are 1o. See Fig. 1 for
whole rock data references.

7. Comparison with the shergottite suite and the generation of
compositional heterogeneity

The extended Sr-Nd radiogenic isotope array for the shergot-
tite meteorites (Fig. 1) is considered to represent mixing between
depleted mantle melts and an enriched component (e.g. Borg et
al.,, 1997). Tissint and Y98 plot close to QUE 94201 (Fig. 1) (Borg
et al., 1997), but along the trend towards slight isotopic and trace
element enrichment.

Unlike Y98 and Tissint, QUE 94201 is an olivine-free, maske-
lynite and pyroxene bearing sample (e.g. Borg et al., 1997). While
not petrographically primitive, QUE 94201 is one of the most iso-
topically primitive amongst the LREE depleted shergottites, with
a Sm-Nd age of 327+19 Ma, an initial 87Sr/%6Sr value of 0.701298,
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&Nd = +48 and eHf = +43, and is the best characterized represen-
tation of an uncontaminated melt from the depleted shergottite
mantle (e.g. Borg et al., 1997; Blichert-Toft et al., 1999). The en-
riched end-member is defined by shergottites such as NWA 4468,
Zagami, and the olivine-phyric Larkman Nunatak (LAR) 06319
(Fig. 1). They display broadly flat REE profiles, an initial 87Sr/86Sr
value of > 0.72100, eNd = —7 (Fig. 1), and are generally younger
than the depleted shergottites with ages ~160 to 190 Ma (e.g.
Nyquist et al., 2001; Usui et al., 2010).

On a plot of whole rock shergottite Zr/Nb vs. (La/Sm)y (Fig. 7A),
a hyperbolic relationship is observed, similar to that seen with
radiogenic isotopes (i.e. Fig. 1). These ratios allow a comparison
between melt inclusion and whole rock trace element analyses,
which in turn permit connections to be drawn between the melt
inclusion data and the isotopic sources represented by the shergot-
tites.

In Fig. 7B, data from this study is plotted atop whole rock data,
along with trace element analyses for olivine-hosted melt inclu-
sions from enriched olivine phyric shergottite LAR (Basu Sarbad-
hikari et al., 2011) and intermediate olivine phyric shergottite EETA
Lith-A (Liu et al., 2013). It is clear that trace element diversity in
the melt inclusions for these four olivine-phyric shergottites covers
the entire array generated by the whole rock analyses. These cou-
pled relationships suggest that fractionation of incompatible trace
elements accompanies systematic trends in their isotopic diversity,
and that the generation of geochemical heterogeneity occurs early
in the magmatic history of the shergottites; i.e. during partial melt-
ing or immediately upon migration from their respective source.

8. Origin of depleted and enriched end members
8.1. Partial melting and original depletion of the shergottite mantle

Mantle melting models, the majority of which use the di-
verse Sm-Nd, Rb-Sr (i.e. Fig. 1), and Lu-Hf shergottite meteorite
isotope trends (e.g. Borg et al., 1997; Borg and Draper, 2003;
Shih et al.,, 2005; Debaille et al., 2008; Symes et al., 2008; Blinova
and Herd, 2008), posit that the shergottite mantle experienced at
least two melting events. One is thought to have occurred soon
after magma ocean crystallization and mantle differentiation, and
another at a time close to the final stage of melting and shergot-
tite formation (Borg et al., 1997; Debaille et al.,, 2008); although
the specific timing and number of melting events remains uncer-
tain.

The mantle melting model presented here follows a fractional
fusion approach, calculating an approximate mantle source com-
position for the depleted shergottites through extraction of melt
from an initially undifferentiated source. The generation of a fi-
nal depleted shergottite mantle source (C;“) is calculated through
mass balance using the batch melting equation (Eq. (1)):

C
= F—" (1)
+D;j(1—F)
where, C[' = F — (C; x F), F is the melt fraction, D; is the min-
eral/melt distribution coefficient for element i, C is the concen-
tration of element i in the melt, and C, is the concentration of
element i in the source.

The final depleted shergottite mantle is assumed to be capa-
ble of generating trace element features in shergottite QUE 94201,
while the initial post-accretion shergottite mantle (or magma
ocean) is assumed to have a carbonaceous chondritic (CI) com-
position. This approach follows that of Borg and Draper (2003),
although a starting composition based on magma ocean crystalliza-
tion models is not used due to uncertainties in the depth of melt-
ing during shergottite formation, the source mineralogy, mecha-
nism of crystal accumulation and cumulate formation, number and
timing of melting events, and mineral-melt partition coefficients.

Ci

8.2. Melting in the martian mantle

During melting, the HFSE and REE systematics of the melt and

residual mantle are controlled principally by garnet and pyrox-
Mineral/melt

ene. DZr/Nb values are similar for both garnet and pyroxene
(D;f;(Nb ~ 15 and D%;;Nb ~14), and for a given melt fraction, the

magnitude of Zr/Nb fractionation generated during melting will be
similar (Fig. 8). In contrast, Dg‘/’;f;a'/melt values vary from 0.318 for
cpx, to 0.058 for garnet; a result of the decreasing incompatibly of
the REE from LREE to MREE, and compatibility of HREE in garnet.

A number of estimates have been made to determine the
residual mineralogy of the shergottite mantle during shergot-
tite generation; however, uncertainty persists (e.g. Jones, 1989;
Longhi and Pan, 1989; Longhi et al., 1992; Blichert-Toft et al., 1999;
Borg and Draper, 2003; Debaille et al., 2008). Modeling here began
with the compiled mineral proportions, cpx 18.4%, opx 28.6%,
olivine 42.6%, garnet 10.4%, from Blinova and Herd (2008), and
partition coefficients from McDade et al. (2003), Tuff and Gibson
(2007), chosen to best represent melting conditions in a deep Fe
enriched mantle.

In their models, Borg and Draper (2003) calculated the com-
position of ol + pyx + garnet cumulate piles generated during
magma ocean crystallization, and compared the composition of
melts from these piles to QUE 94201. While successful at repro-
ducing many features, their model could not generate the required
degree of LREE depletion, which they admit.

To generate the low La/Sm values (i.e. LREE depletion) in QUE
94201 (Fig. 8), the best model fit is observed here when cpx is ex-
hausted first and garnet remains until final formation of the QUE
94201 source (Fig. 8), supporting at least two prior mantle melt-
ing events: (1) to exhaust cpx, and (2) to fractionate the LREE
in the presence of residual garnet. This observation, however, is
only a first order solution to the complex evolution of the mar-
tian mantle. In reality, the composition of mineral phases, and the
resulting bulk mantle composition at a particular depth, will re-
flect an equilibrium relationship with a fractionating magma ocean
composition during a complex mantle crystallization sequence (e.g.
Borg and Draper, 2003). Although incompatible element model-
ing here favors a mantle source that has exhausted its cpx, the
olivine-phyric shergottites, and shergottite suite as a whole, con-
tain abundant cpx. It may be reasonable for a portion of cpx to
remain in the source during formation of the shergottite melts, but
this cpx is sufficiently depleted in incompatible elements, relative
to garnet, as to not hold a significant controlling influence over
these elements during partial melting. Shih et al. (2005) and Bli-
nova and Herd (2008) discuss similar models as three-stage mantle
melting models involving an intermediate melting event that pro-
duces a Nakhlite-like parental melt and cpx depleted, or exhausted,
mantle residue.

The importance of residual garnet in the depleted shergottite
mantle has been proposed previously to explain the degree of
LREE depletion (e.g. Gleason et al, 1996), elevated '47Sm/143Nd
values (e.g. Borg et al., 1997; Shih et al., 2005), and 77Lu-176Hf
composition (e.g. Blichert-Toft et al., 1999). However, the role of
garnet in the martian mantle is somewhat complicated. A charac-
teristic of shergottite meteorites is their Al depletion and super-
chondritic CaO/Al,03 values (~1.0-1.5: i.e. Longhi and Pan, 1989;
Agee and Draper, 2004). Shergottite crystallization experiments
show that the Al depletion cannot be resolved by mantle melting
with a residual aluminous phase (plagioclase, spinel, or garnet) or
fractional crystallization of an aluminous phase (Longhi and Pan,
1989).

Martian mantle melting experiments have successfully gener-
ated Al depleted melts with super-chondritic CaO/Al,03 values
only at low-degrees of melting, close to the solidus, when garnet
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was residual (Bertka and Holloway, 1994; Agee and Draper, 2004;
Matsukage et al., 2013); i.e. pressures >4.5 GPa (Matsukage et al.,
2013). These primary melts, however, are enriched in FeO, depleted
in SiOy and Al;03, and match no known shergottite compositions.

8.3. Location of the enriched reservoir

The flattened chondrite normalized La-Ce trend for Y98 (Fig. 4A,
B) is a feature observed in other depleted shergottites (e.g. Shih et
al., 1982; Barrat et al., 2001), and common to terrestrial oceanic
basalts and peridotites associated with metasomatism or assimila-
tion of overlying crust (e.g. Menzies and Hawkesworth, 1987). The
origin of this La enrichment in martian shergottites is likely linked
to the involvement of an ancient and isotopically enriched source,
based on the correlation between increasingly evolved eNd val-
ues and LREE enrichment (i.e. increasing (La/Sm)y values) (Fig. 1).
More importantly, the Y98 melt inclusion data supports La enrich-
ment to have been inherited from its source or acquired prior to
extensive melt crystallization. A similar conclusion was proposed
for enriched olivine-phyric shergottite LAR 06316 (Basu Sarbad-
hikari et al., 2011) and intermediate olivine-phyric shergottite EETA
79001 (Liu et al.,, 2013).

For assimilation of trace-element enriched and oxidized an-
cient crust to occur prior to extensive crystallization, high tem-
peratures and rates of assimilation are required (e.g. Kent et al.,
2002). As noted previously, Y98 has a 1 bar liquidus temperature
of ~1450°C (Koizumi et al., 2004), indicating the olivine-phyric
shergottite parental melts were particularly susceptible to contam-
ination after leaving their source. Early crustal contamination is
also favored when the assimilating component is either close to,
or above, its solidus prior to melt-rock interaction, and when high
temperature melts experiences rapid adiabatic ascent (i.e. during
volcanic extrusion); leading to rapid consumption of the assimilat-
ing component with enhanced rates of thermal diffusion and the

release of latent heat with melt crystallization (e.g. Huppert et al.,
1984; Kent et al., 2002).

The presence of olivine megacrysts in the olivine-phyric sher-
gottites suggests their parental melts experienced significant un-
dercooling, possibly through having ascended rapidly from their
source and subsequently encountered shallow crustal magma
chambers or volcanic conduits (e.g. Usui et al., 2008; Welsch et
al., 2013). If this were the case, early assimilation would have
been aided by a large thermal gradient and thermal buffering
with the prolonged release of latent heat during growth of olivine
megacrysts (e.g. Settle, 1979; Wadhwa et al., 1994).

8.3.1. Evidence for martian crustal recycling?

The role of recycled crust in the martian mantle has been
explored recently using experimental approaches as a means
to understand shergottite geochemical diversity. Papike et al.
(2013) demonstrate the LREE preferentially partition into phos-
phate phases (i.e. apatite, merrilite) after the transition of basalt to
eclogite for a QUE 94201 starting composition. These phosphates
are the first phases to melt during heating and may be respon-
sible for LREE enrichment and geochemical diversity observed in
the shergottite meteorites (Fig. 1). In a separate study, Tuff et al.
(2013) demonstrate the disparate major element composition be-
tween martian surfaces analyses, performed at the Gusev crater by
the Spirit rover, and martian meteorite samples, can be resolved
through melting a Dreibus and Wanke (1985) bulk silicate Mars
mantle under different fO, conditions. Tuff et al. (2013) propose
the ~3.7 Ga old Gusev crater rocks require a more oxidized mantle
than the younger meteorite samples, which could have been gen-
erated through early recycling of oxidized martian crust into the
upper mantle (i.e. <120 km depth); analogues to subduction zones
on Earth. The depleted shergottites represent melting of a deeper,
reduced and garnet bearing mantle, while the enriched shergottites
contain a greater contribution from the oxidized upper mantle.
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In a recent study, Usui et al. (2012) report martian atmosphere
hydrogen isotope signatures in the olivine-hosted melt inclusions
of enriched olivine-phyric shergottite LAR 06319 (Shafer et al.,
2010). This provides strong evidence that the source of the en-
riched component resides, or once resided, at close enough to the
martian surface to interact with water in isotopic equilibrium with
the martian atmosphere and/or hydrosphere; i.e. martian crust.

On Earth, hydrothermal alteration of oceanic crust is limited
to just several km depth (e.g. Alt, 1995). Experimental work by
Musselwhite et al. (2006) identified the Y98 parental melt segre-
gated from its source at ~100 km depth. The overlapping whole
rock major element composition of other olivine-phyric shergot-
tites (i.e. Tissint and the enriched shergottite LAR 06319) supports
a similar depth of segregation to be expected. The observation in
olivine-hosted melt inclusions of an enrichment in La, reported
here for Y98, and martian atmosphere isotopic signatures, reported
by Usui et al. (2012) for LAR 06319, suggests primitive depleted
mantle melts either, (1) adiabatically ascended ~ 90 km towards
the martian surface without cooling or significant crystallization of
olivine prior to assimilation of martian crust, or (2) during melt
ascent, assimilated a martian crust component that had been recy-
cled back into the upper mantle, close to the source of melting.

9. Summary and conclusions

Olivine-hosted melt inclusions in Y98 and Tissint, and the Y98
interstitial glass analyses, display chondrite-normalized REE pro-
files that parallel their whole rock REE profile. This suggests both
Y98 and Tissint were closed systems during crystallization.

The Y98 melt inclusion REE profiles display a flattening be-
tween La and Ce. This feature represents the most primitive evi-
dence of an enriched component in the magmatic history of a de-
pleted shergottite mantle melt. This feature is not clearly observed
for Tissint melt inclusions, however, they do display a slight deple-
tion in their HREE relative to MREE, suggesting residual garnet in
the mantle.

Element ratios of contrasting incompatibility for a typical
olivine-pyroxene-garnet bearing mantle (i.e. Zr/Nb, Y/Nb, La/Sm)
show significant diversity for the melt inclusion analyses; with
a restricted range for the Y98 interstitial glass. The spread in
element ratios for melt inclusion analyses possibly reflects the
collection of small melt batches from a polybaric melt column.
Combining element ratios with published olivine-hosted melt in-
clusion data from the intermediate olivine phyric shergottite 79001
Lith-A and enriched olivine phyric shergottite LAR 06319, a com-
positional array is generated which both parallels and extends
beyond that produced by the whole rock shergottite analyses. This
extended compositional array further supports geochemical and
isotopic diversity between the shergottites to have been either in-
herited from their source, or incorporated early, prior to extensive
host crystallization.

The origin of the depleted shergottite mantle end-member in
this compositional array can be modeled during partial melting
only if pyroxene is exhausted early in the mantle history. The loss
of cpx leaves garnet to dominate the behavior of trace elements
during subsequent melting events prior to final shergottite forma-
tion.

The origin of trace element enriched and isotopically evolved
signatures represents either (1) assimilation during the final few
km of melt ascent towards the martian surface with little to no
cooling or significant crystallization of olivine prior to the assimi-
lation of martian crust, or (2) assimilation soon after melt segrega-
tion, through melt-rock interaction with a portion of the martian
crust recycled back into the mantle.
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