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[1] Martian primary compositions, i.e., magmas that did not experience fractionation and/or
contamination after extraction from the mantle, occur as a subset of Martian meteorites and a
few lavas analyzed on the planet’s surface by rovers. Eruptions of primary magmas are rare on
Earth and presumably on Mars. Previous studies of fractional crystallization of Martian primary
magmas have been conducted under isobaric conditions, simulating idealized crystallization in
magma chambers. Polybaric fractionation, which occurs during magma ascent, has not been
investigated in detail for Martian magmas. Using the MELTS algorithm and the pMELTS
revision, we present comprehensive isobaric and polybaric thermodynamic calculations of the
fractional crystallization of four primary or parental Martian magmas (Humphrey, Fastball,
Y-980459 shergottite, and nakhlite parental melts) using various pressure-temperature paths,
oxygen fugacities, and water contents to constrain how these magmas might evolve. We then
examine whether known Martian alkaline rock compositions could have formed through
fractional crystallization of these magmas under the simulated conditions. We find that isobaric
and polybaric crystallization paths produce similar residual melt compositions, but given
sufficient details, we may be able to distinguish between them. We calculate that Backstay
(Gusev Crater) likely formed by fractionation of a primary magma under polybaric conditions,
while Jake M (Gale Crater) may have formed through melting of a metasomatized mantle,
crustal assimilation, or fractional crystallization of an unknown primary magma. The best fits
for the Backstay composition indicate that consideration of polybaric crystallization paths can

help improve the quality of fit when simulating liquid lines of descent.
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1. Introduction

[2] The Martian crust is mainly composed of igneous rocks
of mafic and ultramafic compositions [McSween et al., 2009]
and sediments derived from these rocks [e.g., Squyres et al.,
2004]. Chemical compositions of surface terrains measured
by the gamma ray spectrometer (GRS) on Mars Odyssey
[e.g., Gasnault et al., 2010], volcanic rocks analyzed by alpha
particle X-ray spectrometers (APXS) on rovers, and Martian
meteorites analyzed in the laboratory are nearly all basalts or
cumulates from basaltic magmas. Two schools of thought
exist concerning the origin and evolution of these rocks: (1)
they are mostly primary compositions, formed by partial
melting of the mantle and largely unaffected by fractional
crystallization; or (2) they are mostly evolved compositions
derived by fractionation of primary melts. Schmidt and
McCoy [2010] modeled the compositions of volcanic rocks
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in Gusev Crater analyzed by the Spirit rover as primary
magmas, although their partial melting models did not exclude
later fractional crystallization. Baratoux et al. [2011, 2013]
likewise interpreted varying compositions in Martian basaltic
units analyzed by GRS as indicating variations in the mantle
temperatures and pressures of primary melt formation.
Conversely, McSween et al. [2006a] and Tuff et al. [2013]
modeled Gusev rocks as arising from fractionation of a pri-
mary magma composition, and Stolper et al. [2013] modeled
the Jake M alkaline rock from Gale Crater as forming from
the fractionation of basaltic magma. Numerous petrologic
studies have demonstrated that fractionation has been the key
in creating the compositions of many Martian meteorites,
including the cumulate nakhlites, chassignites, and ALH
84001 [e.g., McSween and Treiman, 1998; Mittlefehldt,
1994; Mikouchi et al., 2003; Treiman, 2005; Nekvasil et al.,
2007a], and some of the shergottites, such as the olivine-rich
lherzolitic shergottites [Goodrich, 2002]. On Earth, primary
magmas do not erupt on a global scale and are in fact uncom-
mon, as most magmas undergo fractionation and/or assimila-
tion en route to the surface [e.g., O’Hara, 1965; Stolper and
Walker, 1980; Basaltic Volcanism Study Project, 1981].
Most volcanic rocks on the Moon and on asteroid 4 Vesta
are also thought to represent fractionated magmas [e.g.,
Basaltic Volcanism Study Project, 1981; Shearer et al.,
2006a, 2006b; McSween et al., 2011], despite differences in
gravity, volatile contents, the compositions of mantle sources,
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and the crusts through which they ascended. It seems likely,
then, that most Martian magmas would be fractionated, a
hypothesis that can be tested by comparing fractional crystal-
lization paths with the compositions of observed Martian
igneous rocks.

[3] Prior studies have investigated fractionation of Martian
primary magmas under static pressure conditions using ex-
perimental techniques and petrologic modeling tools [e.g.,
McSween et al., 2006a; Monders et al., 2007; McCubbin
et al., 2008; Filiberto et al., 2008; Symes et al., 2008; Liu
et al., 2013]. While fractional crystallization of magmas un-
der near-isobaric conditions occurs in magma chambers,
complete or almost complete crystallization at a single pres-
sure is not geologically common and probably unlikely for
lavas that reach the surface. To date, researchers have not
explicitly tested the influence of polybaric crystallization
paths on Martian magmas. Here we investigate Martian mag-
matic evolution using thermodynamic modeling of three
primary and one parental magma compositions (Humphrey,
Fastball, Yamato-980459, and nakhlite parental melts),
which span much of the known range of Martian basalt com-
positions. We model isobaric as well as polybaric fractional
crystallization to compare the resulting liquid lines of de-
scent. We also evaluate whether fractionation of these tholei-
itic primary magmas can give rise to some observed Martian
alkaline rock compositions (Backstay, Jake M, and nakhlite
intercumulus glass). The various fractional crystallization
models presented here provide a basis for further experi-
ments to better constrain Martian magmatism.

2. Background and Compositions Used
in Calculations

2.1. Previous Numerical Models and Experiments of
Martian Magma Fractionation

[4] McSween et al. [2006a] performed a series of liquid line
of descent calculations using the MELTS algorithm [Ghiorso
and Sack, 1995], attempting to fit the measured compositions
of Gusev alkaline rocks (Backstay, Irvine, and Wishstone) as
products of isobaric crystallization of the Adirondack-class
Humphrey composition at different depths. They inferred that
the alkaline rocks could have formed by crystallization of
a Humphrey-like magma at distinct pressures (0.1, 0.3, and
1.0GPa, respectively), high oxygen fugacities (between
FMQ—fayalite-magnetite-quartz—and FMQ-1), and modest
water contents (0.5wt% Hy0). McCubbin et al. [2008]
performed isobaric fractional crystallization experiments
using wet (1.67 wt% H,0) and nearly dry (0.07 wt% H,0)
Humphrey-like compositions at a static pressure of 0.93 GPa,
equivalent to the base of a thick Martian crust. Although they
did not produce compositions similar to the measured Gusev
alkaline basalts, they confirmed that the compositional
evolution of a Humphrey-like parental magma depends
strongly on whether the magma was wet or dry. Therefore,
as is the case with magmas on Earth, fractionation of a limited
set of primary magmas is able to generate substantial compo-
sitional diversity.

[5] Fractional crystallization has also been modeled using
shergottite compositions. Symes et al. [2008] performed
MELTS fractional crystallization calculations using the
Y-980459 composition and concluded that shergottite
compositional diversity is produced by a combination of

both fractional crystallization and compositionally distinct
sources. Liu et al. [2013] reported pMELTS calculations on
the EETA 79001A shergottite composition and suggested
that its parental magma underwent polybaric fractionation,
with crystallization occurring first beneath the Martian crust
and continuing during ascent. In addition, based on petroge-
netic studies and MELTS calculations, numerous authors
have concluded that nakhlites formed from closed-system
fractional crystallization of a single lava flow or shallow
magma body [Mikouchi et al., 2003; Treiman, 2005;
Stockstill et al., 2005; Day et al., 2006; Imae and Ikeda,
2008; Sautter et al., 2012; Udry et al., 2012; McCubbin
et al., 2013]. Other fractional crystallization calculations
using MELTS have been performed using the compositions
of Shergotty [Dann et al., 2001], LAR 06319 [Peslier
et al., 2010; Basu Sarbadhikari et al., 2011; Balta et al.,
2013], and Dhofar 019 [Taylor et al., 2002].

2.2. Alkaline Magma Formation

[6] On Earth, alkaline magmatism can be generated in oce-
anic hotspots, continental rift settings, flood basalt provinces,
and during the late stages of island arc magmatism [e.g.,
Basaltic Volcanism Study Project, 1981]. Terrestrial alkaline
rocks can be produced in a variety of ways, including high
pressure melting (>1GPa or 30km depth, e.g., East
African Rift) [Hirose and Kushiro, 1993], low degrees of
partial melting (e.g., Maymecha River basin, Siberia)
[Arndt et al., 1998], partial melting of metasomatic veins
(e.g., French Massif Central) [Pilet et al., 2008] or metaso-
matic lithosphere (e.g., Nunivak Island, Alaska) [Menzies
and Murthy, 1980], and fractional crystallization of wet,
hotspot-derived magma at crustal pressures (e.g., Nandewar
Volcano, Australia) [Nekvasil et al., 2000, 2004]. This final
process, fractionation of mantle-derived magma in the crust,
is common on Earth and should be expected on Mars due to
its thick, stagnant crust. The combination of crustal pressures
and hydrous magmas produces alkaline magmas during crys-
tallization by delaying plagioclase crystallization in favor of
pyroxene and olivine. In addition, Nekvasil et al. [2000,
2004, 2007b] and Whitaker et al. [2005, 2007] showed that
polybaric crystallization paths, which form pyroxene at high
pressure and plagioclase at low pressure, can also contribute
to alkaline magma formation. It was also shown that the role
of CO, is critical for the formation of alkaline basalts [e.g.,
Hirose, 1997; Dasgupta et al., 2007].

[7]1 Dreibus and Winke [1985, 1987] were the first to pro-
pose alkali-rich basalts on Mars. Martian alkaline rocks have
been analyzed in situ by rovers [McSween et al., 2006a;
McSween et al., 2009; Stolper et al., 2013] but have not been
distinguished from orbit [Dunn et al., 2007]. GRS (with a
footprint of 300 km) measured Si and K but not Na [e.g.,
Boynton et al., 2007] and likewise cannot clearly distinguish
alkaline compositions. Consequently, alkaline rocks may be
widespread on the Martian surface and simply not be recog-
nizable by the available measurements. None of the primary
magmas studied here are alkaline, raising the question of
whether the processes that form alkaline rocks on Earth are
analogous on Mars.

2.3. Martian Primary and Parental Magmas

[s] On planetary bodies, a primary bulk composition
should display high Mg# (molar Mg/[Mg+Fe] >70) and
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Table 1. Bulk Rock Composition of Martian Basalts Used in This Study

Nakhlite Parental Melts

Humphrey® Fastball® Y98° (NPM) Stockstill® NPM Sautter® Jake M’ MR Nakhlite®

SiO, 459 453 49.66 47.2 49.1 51.8 60.2
TiO, 0.55 0.67 0.48 0.88 1.10 0.91 0.53
Al,O4 10.7 7.85 6.03 5.90 6.20 16.0 17.7
Fe,04 3.55 9.26 0 0 0 0 0

Cr,03 0.6 0.49 0.71 0 0.04 0 0

FeO 15.6 8.54 15.88 26.9 22.6 11.66 6.82
MnO 0.41 0.47 0.43 0.71 0.55 0.17 0.09
MgO 10.4 12 18.2 4.60 5.30 3.61 0.15
CaO 7.84 5.8 7.24 10.1 12.1 6.76 4.63
Na,O 2.54 2.35 0.80 2.30 1.80 6.39 6.11
K,O 0.1 0.23 0.02 0.39 0.32 2.23 1.68
P,05 0.56 0.79 0.31 0.09 0.36 0.56 1.09
Total 98.8 93.8 99.8 99.1 99.5 100.0 98.9

McSween et al. [2008].

Squyres et al. [2007].

“Musselwhite et al. [2006].

dStockstill et al. [2005].

Sautter et al. [2012].

fStolper et al. [2013].

€Average from Day et al. [2006] and Udry et al. [2012].

MgO content (>11 wt%), have no trace element or isotopic
indicators of fractionation or assimilation, and be multiply
saturated with the residual phases of the mantle (e.g., olivine
and pyroxenes) at a particular combination of pressure
and temperature [Basaltic Volcanism Study Project, 1981;
Asimow and Longhi, 2004]. The multiple saturation point,
taken to approximate the pressure and temperature at which
the primary magma formed, can be found by experiments
or calculated using an appropriately calibrated model [Balta
and McSween, 2013a]. Investigations of Martian meteorites
and rocks analyzed by rovers indicate that a few Martian ba-
salts are candidates for primary magmas. For our calcula-
tions, we chose three possible Martian primary magmas and
one parental magma that cover the presently recognized com-
positional range (Table 1).
2.3.1. Humphrey

[9] Humphrey is an Adirondack-class basalt from Gusev
Crater analyzed by the Spirit rover [McSween et al., 2004,
2006a, 2006b]. The rock is picritic [McSween et al., 2008]
as revealed by the Rock Abrasion Tool (RAT)-abraded rock
analyzed by APXS and Mdssbauer. Based on phase equilibrium
experiments, Monders et al. [2007] inferred that Humphrey is a
primary magma that formed by ~15-20% melting of an
undepleted Martian mantle source. These authors measured a
multiple saturation point with olivine + orthopyroxene + spinel
at 1.0 GPa and 1320°C, corresponding to a depth of ~85 km,
which they inferred to be the depth of the mantle source
region. Alternatively, Filiberto et al. [2008] conducted dry
experiments and suggested that Humphrey does not display
a primary composition based on the fact that its composition
is multiply saturated with the wrong pyroxene (pigeonite,
rather than orthopyroxene as found in the Monders et al.
[2007] experiments).
2.3.2. Fastball

[10] Fastball was analyzed by the Spirit rover at the Home
Plate outcrop in the Columbia Hills of Gusev Crater and was
interpreted as pyroclastic based on its texture. Its composi-
tion is depleted in Al,O3;, FeO, and CaO compared to
Humphrey (Table 1). Fastball was an unbrushed rock, and
its measured composition might have greater uncertainties

than others compositions discussed in this paper; however,
we adopt the composition as Filiberto et al. [2010] argued
that Fastball represents a primary magma based on its
multiple saturation point with olivine + orthopyroxene occur-
ring at~ 1.2 GPa and ~ 1430°C. Fastball and Humphrey are
the only rover-analyzed compositions for which multiple
saturation experiments suggest that they could represent
primary compositions.
2.3.3. Yamato-980459

[11] The most primitive and magnesian (Mg#=0.67) of
the shergottites is the olivine-phyric shergottite Yamato-
980459 (henceforth Y-98). It consists of olivine megacrysts
set in a groundmass of Fe-rich olivine and pyroxene, basaltic
glass, and skeletal Fe-Ti-Cr oxides [Greshake et al., 2004;
Ikeda, 2004; McKay et al., 2004; Musselwhite et al., 2006;
Usui et al., 2008]. Musselwhite et al. [2006] argued that
Y-98 represents a primary composition with an experimen-
tally produced multiple saturation point (olivine +low-Ca
pyroxene) at 1.2+0.5GPa and 1540+ 10°C. Although a
few other shergottites have been proposed as primary
magmas (NWA 5789 and NWA 6234 [Gross et al., 2011;
Filiberto and Dasgupta, 2011; Gross et al., 2013]), experi-
ments have only been conducted on Y-98. Usui et al.
[2012] measured low water contents in olivine-hosted melt
inclusions in Y-98 and suggested they required a dry parental
magma. However, Balta et al. [2013] argued that those
inclusions could be susceptible to water loss after trapping
while the crystals resided in the magmatic system, so in our
calculations we also consider the possibility that Y-98 (or a
similar magma) was more hydrous than argued by Usui
et al. [2012]. In addition, Draper [2007] and Balta and
McSween [2013b] hypothesized its composition could be
consistent with the presence of some magmatic water.
2.3.4. Nakhlite Parental Melts

[12] The nakhlites are olivine-bearing clinopyroxenites
thought to have crystallized in a cumulate pile from a single
magma [Harvey and McSween, 1992; Mikouchi et al.,
2003]. They are mainly composed of augite, olivine, and
glassy intercumulus phase [e.g., Treiman, 2005; Day et al.,
2006; Udry et al., 2012]. Although the nakhlite parental melt
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Table 2. MELTS and pMELTS Thermodynamic Calculations Performed in This Study

Humphrey Fastball Y-98 Nakhlite Parental Melt
Water Contents Oxygen Fugacities (pMELTS) (pMELTS) (pMELTS) (MELTS and pMELTS)
P-T Path a: High Pressure Fractionation Followed by Subadiabatic Ascent
Dry (0.0/0.07 wt% H,0) FMQ-3.5-FMQ-2.5 X
FMQ-2.5-FMQ-2-FMQ-1 X X
FMQ-1-FMQ X
Wet (0.5/1.67 wt% H,0) FMQ-3.5-FMQ-2.5 X
FMQ-2.5-FMQ-2-FMQ-1 X X
FMQ-1 - FMQ X
P-T Path : Medium Pressure Fractionation Followed by Subadiabatic Ascent
Dry (0.0/0.07 wt% H,0) FMQ-3.5-FMQ-2.5 X
FMQ-2.5-FMQ-2-FMQ-1 X X
FMQ-1-FMQ X
Wet (0.5/1.67 wt% H,0) FMQ-3.5-FMQ-2.5 X
FMQ-2.5-FMQ-2-FMQ-1 X X
FMQ-1-FMQ X
P-T Path y: Subadiabatic Ascent Followed by Low Pressure Fractionation
Dry (0.0/0.07 wt% H,0) FMQ-3.5-FMQ-2.5 X
FMQ-2.5-FMQ-2-FMQ-1 X X
FMQ-1-FMQ X
Wet (0.5/1.67 wt% H,0) FMQ-3.5-FMQ-2.5 X
FMQ-2.5-FMQ-2-FMQ-1 X X
FMQ-1-FMQ X
P-T Path o: Isobaric Fractionation
Dry (0.0/0.07 wt% H,0) FMQ-3.5-FMQ-2.5 X
FMQ-2.5-FMQ-2-FMQ-1 X X
FMQ-1-FMQ X
Wet (0.5/1.67 wt% H,0) FMQ-3.5-FMQ-2.5
FMQ-2.5-FMQ-2-FMQ-1 X X
FMQ-1-FMQ

is not necessarily a primary magma [e.g., Sautter et al.,2012;
McCubbin et al., 2013], it was included in this study in order
to expand the range of available Martian compositions.
Augite-liquid partition coefficients and augite- and olivine-
hosted melt inclusions have been used to constrain the nakhlite
parental melt composition [e.g., Harvey and McSween, 1992;
Treiman and Goodrich, 2001; Varela et al., 2001; Stockstill
etal.,2005; Sautter et al., 2012]. Stockstill et al. [2005] argued
that the nakhlite parental melt had a low water content, al-
though recent measurements have identified some hydrous ap-
atites and amphiboles that may contradict this conclusion
[McCubbin et al., 2009; Hallis et al., 2012]. For the nakhlite
parental melt compositions, we used the estimates of
Stockstill et al. [2005] and Sautter et al. [2012], which
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Figure 1.

analyzed melt inclusions in Nakhla augites after fast-heating
rehomogenization. These compositions are broadly similar to
other proposed nakhlite parental melts [e.g., Harvey and
McSween, 1992; Treiman, 1993; Treiman and Goodrich,
2001] but differ slightly from each other: The composition
of Sautter (NPMO5) is moderately depleted in CaO, MgO,
P,0s, and alkalis and enriched in FeO relative to that of
Stockstill (NAO03) (Table 1). The NKOI1 parental melt
composition calculated by Treiman and Goodrich [2001]
was not used in this study because Stockstill et al. [2005]
showed that their NAO3 models better matched the major
element compositions measured in nakhlites, despite the
fact that NKO1 and NAO3 major element compositions are
very similar.
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(a) Various P-T paths used in this study with highlighted endmembers P-T paths. (b) Schematic

representing fractional crystallization of a primary tholeiitic magma in the Martian interior following differ-
ent endmembers P-T paths: Path a (green): fractionation at high pressure followed by subadiabatic ascent.
Path  (blue): fractionation at medium pressure followed by subadiabatic ascent. Path y (red): subadiabatic
ascent of primary magma followed by stagnation at shallow level. Path ¢ (turquoise): isobaric fractionation
at static pressure (~0.5 GPa). Crustal thickness from Wieczoreck and Zuber [2004].
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Figure 2. Total alkali-silica diagram for classifying volcanic
rocks [Le Bas et al., 1986], showing the compositions of
Humphrey, Fastball, Y-98, nakhlite parental melts (NPM),
Backstay, Jake M, and nakhlite Miller Range intercumulus
glass average compositions (references as in Table 1). Gray
line is the boundary between alkaline and subalkaline compo-
sitions [[rvine and Baragar, 1971]. Different colored lines rep-
resent calculated liquid lines of descent for fractional
crystallization of a Humphrey-like magma, under dry, isobaric
conditions from 0.1 to 1.4 GPa at FMQ-1. Tick marks delin-
eate 25% fractionation increments.

2.4. Alkaline Martian Magmas

[13] Our fractional crystallization modeling produced a
wide variety of plausible Martian igneous compositions. We
selected several Martian alkaline rock compositions measured
by rovers and in meteorites (Table 1) and attempted to use our
database to better understand magma formation conditions.
2.4.1. Backstay

[14] Backstay was one of the first alkaline basaltic rocks
encountered by Spirit in the Columbia Hills in Gusev
Crater [McSween et al., 2006a]. Backstay is a trachybasalt
(also called hawaiite) [McSween et al., 2006a] and is the least
altered rock found on the Columbia Hills [Ming et al., 2006].
It is silica-saturated and hypersthene-normative, as are vari-
ous terrestrial continental and oceanic island alkaline basalts
(e.g., Nandewar Volcano, Ascension Island) [Nekvasil et al.,
2000, 2004; Harris, 1983]. McSween et al. [2006a] argued
that in these alkaline rocks, the plagioclase is richer in
sodium, the olivine is richer in iron, and the pyroxene:
olivine ratio is higher than in Adirondack-class rocks (e.g.,
Humpbhrey).

2.4.2. Jake M

[15] Near the beginning of its traverse in Gale Crater, the
Curiosity rover analyzed a volcanic rock named Jake M
[Grotzinger et al., 2013]. Based on the norm calculated from
APXS analyses, it contains >15% nepheline, as well as albite
and orthoclase, and has a composition similar to a terrestrial
mugearite (also called trachy-andesite) [Stolper et al., 2013].
Using isobaric MELTS calculations and a terrestrial starting
composition, Stolper et al. [2013] argued that Jake M formed

by suppression of plagioclase during fractionation of a paren-
tal magma, which they estimated could occur at ~0.4 GPa in
the presence of water (~1 wt%).
2.4.3. Nakhlite Intercumulus Glass

[16] Based on rare earth element abundance patterns,
nakhlites are interpreted to have fractionally crystallized in
a closed system [e.g., Wadhwa and Crozaz, 1995; Day
et al., 2006; Udry et al., 2012] in which augite crystallized
prior to olivine. The intercumulus glass in Miller Range
(MR) nakhlites displays alkaline compositions, plotting in
or around the trachy-andesite and trachyte fields in the TAS
diagram [Day et al., 2006; Udry et al., 2012].

3. Modeling Techniques

[17] In total, we conducted more than 600 polybaric and
isobaric fractional crystallization calculations using different
P-T paths, variable oxygen fugacities (between FMQ-3.5 and
FMQ), and water contents that ranged from dry to ~1.67 wt%
H,O using the AlphaMELTS front end of the MELTS algo-
rithm [Smith and Asimow, 2005]. The calculations are sum-
marized in Table 2. AlphaMELTS runs the routines of
MELTS, pMELTS, and pHMELTS [Ghiorso and Sack,
1995; Ghiorso et al., 2001; Asimow et al., 2004]. MELTS
is a thermodynamic-based algorithm calibrated using petro-
logic experiments on both terrestrial and planetary composi-
tions [Balta and McSween, 2013a] and is commonly used in
calculating mineral assemblages along crystallization paths.
pMELTS is an updated calibration to the initial version
which allows for application of the algorithm at elevated
pressures up to 3 GPa. Balta and McSween [2013a] argued
that calculations using the MELTS algorithm can be
expected to reproduce Martian compositions close to the
liquidus to within uncertainties better than 1 wt% for most
major oxides if the conditions of crystallization are fully ex-
plored. In this study, we used both MELTS and pMELTS,
depending on the conditions. pMELTS has been found to
be more accurate in determining pyroxene and olivine
stabilities [Balta and McSween, 2013a]; consequently, the
pMELTS calibration was principally used for determining
the pressure and temperature of multiple saturation points in-
volving these minerals. However, the pMELTS calibration
poorly simulates the composition of phases that crystallize
outside its calibrated range and thus calculations using the
MELTS calibration were required at low pressures. It
was shown that the effect of water modeled by pMELTS
yields similar results to experiments, whereas MELTS
does not reproduce the effect of water on olivine liquidus tem-
peratures [Medard and Grove, 2008]. Spinel stability is also
overestimated in both calibrations [Balta and McSween,
2013a], so we avoid drawing conclusions based on its crystal-
lization. Apart from water, other volatiles such as F, Cl, and
SO; have been hypothesized as contributors to Martian
magmas, particularly CI in nakhlites [Filiberto and Treiman,
2009; McCubbin et al., 2013] and CO, in alkaline magmas
[e.g., Hirose, 1997; Dasgupta et al., 2007], but the software
is not well constrained for these components, and thus, we
are unable to consider them explicitly. Instead, we focus on
whether crystallization involving the available components
can reproduce the trends discussed.

[18] We calculated the results of magmatic crystallization
along a large series of P-T paths (Figure 1). These P-T paths
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(a) Total alkali-silica diagram showing liquid lines of descent calculated with pMELTS for

fractional crystallization of the Humphrey composition with 1.67 wt% H,O at FMQ-2 and P-T paths.
The liquid line of descent under wet conditions from McCubbin et al. [2008] is indicated in grey. (b)
P-T paths used to calculate liquid lines of descent in Figures 3a and 3c—3e. Olivine, low-Ca pyroxene,
high-Ca pyroxene, and feldspar liquidi are shown as black and gray solid and dashed lines, respectively.
Plots of Al,03, FeO*, and CaO versus MgO for liquid lines of descent in Figures 3c—3e, respectively.

Tick marks delineate 20% fractionation increments.

can be generally described by four endmembers: (1) high-
pressure fractionation followed by subadiabatic ascent
(requiring minor heat loss) and decompression (Path o), (2)
medium-pressure fractionation followed by subadiabatic
ascent (Path ), (3) subadiabatic ascent followed by low-
pressure fractionation (Path y), and (4) isobaric fractionation
(Path o), calculated for comparison with polybaric paths.
Path o in Figure 1 shows simple fractionation at static
pressure within a magma chamber. The three polybaric P-T
paths a, B, and y do not involve true adiabatic ascent because
that would cause remelting of previously formed phases,
effectively resetting the calculation until it again becomes
subadiabatic [Liu et al., 2013]. We began calculations
~10°C above the liquidus temperatures, which depend on
the starting compositions and water contents. For isobaric

calculations, fractional crystallization was modeled in 5°C
steps, whereas for polybaric calculations, the temperature
steps varied from ~1°C to 10°C and pressure steps varied
from 5 to 200 bars. The calculations were halted when they
became unstable, stopping the calculated crystallization se-
quence, or at ~900°C, as lower temperatures are outside of
the MELTS-calibrated range.

[19] We also investigated the effect of water on fractional
crystallization. Previously, it has been demonstrated that
some Martian magmas were wet based on several lines of ev-
idence, including (1) hydrated minerals in trapped melt inclu-
sions (0.2 wt% H,O in the original magma) [ Treiman, 1985],
(2) soluble light lithophile element zoning patterns in pyrox-
enes (1.8 wt% H,O in parent magma) [Lentz et al., 2001;
McSween et al., 2001], (3) pyroxene crystallization
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(a) Total alkali-silica diagram showing liquid lines of descent calculated with pMELTS for the

fractional crystallization of the Humphrey composition with 0.07 wt% H,O at FMQ-2 and P-T paths. The
liquid line of descent under dry conditions from McCubbin et al. [2008] is indicated in grey. (b) P-T paths
used to calculate liquid lines of descent in Figures 4a and 4c—4e. Olivine, low-Ca pyroxene, high-Ca
pyroxene, and feldspar liquidi are shown as black and gray solid and dashed lines, respectively. Plots of
Al,03, FeO*, and CaO versus MgO for liquid lines of descent in Figures 4c—4e, respectively. Tick marks

delineate 20% fractionation increments.

systematics (1.8 wt% H,O in the parent magma) [Dann et al.,
2001], (4) H and O isotopic compositions (75—116 ppm H,O
in the parent magma) [Usui et al., 2012], and (5) water
analyses in apatite (at least 0.07-0.29wt% H,O in the
parent magma) [McCubbin et al., 2012] and in amphiboles
(0.15-0.25 wt% H,O in the parental magma) [Watson et al.,
1994; McCubbin et al., 2010]. We selected 0.5 wt% H,O as
a reasonable approximation for wet primary magmas [e.g.,
Watson et al., 1994; McSween et al., 2001; Usui et al., 2012;
McCubbin et al., 2012] and also calculated crystallization of
the Humphrey composition with 1.67 wt% H,O in order to
compare with the experiments of McCubbin et al. [2008].
[20] To examine the influence of oxygen fugacity on the
fractionation of Martian primary magmas, we varied oxygen

fugacities for each composition within the ranges estimated
for those samples (Table 2). The oxygen fugacity of
Humphrey was estimated between FMQ-3.1 and FMQ-1.7
[Schmidt et al., 2011], whereas no clear oxygen fugacity
has been determined for Fastball. Martian meteorites show
oxygen fugacities between FMQ-3.5 (equal to the iron-
wiistite buffer) and FMQ-0.5 [Righter et al., 2008]. The de-
pleted Martian mantle is thought to be reduced (~FMQ-3.5)
[Herd et al., 2002], and the source of oxidation in some me-
teorites is debated. The oxidized character may be due to
metasomatism, ferric iron-rich material, or the presence of
water, and its source may be located within the crust or
within a heterogeneous mantle [Herd et al., 2002; Herd,
2003; Wadhwa, 2008]. Thus, we used FMQ-2.5 and
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FMQ-1 in Humphrey and Fastball calculations, which rea-
sonably encompass the range of Martian meteorite oxygen
fugacities and those calculated by Schmidt et al. [2011], as
well as FMQ-2, in order to compare our results to the
McCubbin et al. [2008] experiments. Oxygen fugacities
applied to Y-98 and nakhlite parental melt calculations
are the same as those assessed for their magma sources:
FMQ-3.5 and FMQ-2.5 for Y-98 [Shearer et al., 2006a]
and FMQ and FMQ-1 for nakhlites [Wadhwa et al., 2004;
Righter et al., 2008; McCubbin et al., 2013].

[21] To explore how known Martian alkaline compositions
(Backstay, Jake M, and nakhlite intercumulus glass) may
have formed on Mars, we used major element compositions
to constrain the plausible conditions of formation (e.g., iso-
baric and polybaric P-T paths, water contents, and oxygen
fugacities) from the investigated starting compositions. To
obtain major element composition best fits, we applied a least
squares fit calculated from deviations between the calculated
and measured compositions. We cross-checked the least
squares method manually with the individual important
oxide values to estimate the accuracy of the fits.

4. Isobaric and Polybaric Fractional
Crystallization of Martian Magmas

4.1.

[22] Isobaric fractional crystallization calculations (starting
at 1.25 GPa and 1400°C) for a dry magma showed that unsur-
prisingly, the liquid lines of descent vary due to changes in
mineral stability associated with the pressures and the vola-
tile contents. Under dry conditions, at relatively low pres-
sures (<0.6 GPa), the liquid evolves toward the subalkaline
field in the total alkalis versus silica (TAS) diagram
(Figure 2) due to plagioclase fractionation with a decrease
in FeO* due to olivine crystallization, whereas at higher

Humphrey

pressure (>0.7 GPa), the liquid decreases in SiO, (extending
to the tephrite field), increases in FeO*, and moves toward
the alkaline field due to increasing pyroxene stability at
higher pressures. Under wet conditions, the residual liquid
shows increasing SiO, and decreasing FeO* at every pres-
sure and forms alkaline magma at pressures >0.8 GPa under
isobaric conditions. The evolution of these liquid lines of de-
scent is similar to those of terrestrial silica-saturated alkaline
rocks [Nekvasil et al., 2004].

[23] Polybaric P-T paths for Humphrey began at 1.25 GPa
and 1350-1390°C (Figure 3b). Our calculations show that
the liquid evolution paths are not significantly impacted by ox-
ygen fugacity. However, the addition of water stabilizes oliv-
ine relative to pyroxene and plagioclase, such that residual
melts increase in SiO, and decrease in FeO* under wet condi-
tions (0.5% H,0). Humphrey-like magma that ponds at shal-
low depth (path y) remains subalkaline, whereas alkaline
magma forms during fractionation at depth (>0.8 GPa: path
). Alkaline magma formation is favored when crystallization
takes place at elevated pressures with water present as those
conditions reduce the crystallization of plagioclase, causing re-
tention of alkali elements (such as Na) in the magma. Under
anhydrous conditions, liquids decrease in SiO, but can still
form alkaline compositions if the parental magma is fraction-
ated at high or medium pressure (>0.8 GPa, corresponding
to paths a and B). Silica enrichment and subalkaline composi-
tions are found for magma that undergoes lower pressure,
subadiabatic ascent (path ).

[24] We also calculated conditions to match the experiments
of McCubbin et al. [2008] (0.07 and 1.67wt% H,O and
fO,=FMQ-2) and to compare isobaric and polybaric fraction-
ation and the effects of water. Polybaric calculations and
isobaric experiments [McCubbin et al., 2008] reveal that resid-
ual melts from fractionation of a wet Humphrey magma
(1.67 wt% H,O: Figures 3, Figure S1 in the supporting infor-
mation) increase in SiO, and decrease in FeO* (a, B, and vy),
whereas relatively dry residual magma (0.07wt% H,0,
Figure 4, Figure S1) broadly decreases in SiO, and increases
in FeO*. One exception occurs when dry magma undergoes
subadiabatic ascent (path y), which first increases in SiO, and
decreases in FeO* but then increases in FeO* during late-stage
crystallization. Both dry and wet magmas show decreases in
Al,Oj3 due to plagioclase crystallization after 40% solidification
(Figures 3c and 4c) and decreases in CaO after augite and pla-
gioclase crystallization begins (20% fractionation, Figures 3e
and 4e; orders of mineral appearance for Humphrey and other
compositions are shown in the supporting information).

4.2. Fastball

[25] pMELTS crystallization models started at 1.25 GPa
and 1350-1390°C. As with Humphrey, the oxygen fugacities
did not significantly influence the liquid paths. Isobaric cal-
culations performed using a Fastball composition result in
liquid lines of descent similar to Humphrey. Figure 5 shows
liquid lines of descent for FMQ-1 with 0.5 wt% H,O for
isobaric fractionation: As with Humphrey, at high pressure
(>0.9 GPa: path a), the melt evolves toward an alkaline com-
position with decreasing SiO, and increasing FeO*, whereas
low-pressure isobaric crystallization results in subalkaline
magmas, increasing SiO,, and decreasing FeO*.

[26] Polybaric calculations for 0.5 wt% H,O reveal that if
the magma is held at depth followed by subadiabatic ascent
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(a) Total alkali-silica diagram showing liquid lines of descent calculated with pMELTS for the

fractional crystallization of the Fastball composition with 0.5 wt% H,O at FMQ-1 and P-T paths. (b) P-T
paths used to calculate liquid lines of descent in Figures 6a and 6¢c—6e. Olivine, orthopyroxene, low-Ca py-
roxene, high-Ca pyroxene, and feldspar liquidi are shown as black and gray solid and dashed lines,
respectively. Plots of Al,O3, FeO*, and CaO versus MgO for liquid lines of descent in Figures 6c—6e,
respectively. Tick marks delineate 20% fractionation increments.

(>0.8 GPa: paths a and PB), the residual melt has an alkaline
composition regardless of oxygen fugacity. Conversely,
the residual melt compositions from magma that underwent
lower-pressure, subadiabatic ascent remain subalkaline
(Figure 6, path ). If the primary magma is dry, the liquid
paths are similar to those of Humphrey and decrease in
SiO, and increase in FeO* when the magma is held at high
or medium pressures (=>0.8 GPa: paths a and ) and increase
in SiO, and decrease in FeO* when it is held at low pressures
(path vy). Decreasing Al,Oj3 is again observed when plagio-
clase crystallizes (after 40% fractionation) and decreasing
CaO when augite and plagioclase crystallize. Calculations
of Fastball crystallization show that the residual melts are
similar to those produced from Humphrey magma under
similar conditions, which is predictable, as their bulk

compositions are very similar and they may be derived from
the same mantle source, consistent with the occurrence of
both rocks in Gusev Crater.

4.3. Y-98 Shergottite

[27] Calculations for the Y-98 composition start at 1.25 GPa
and 1480°C. As with the previous calculations, varying oxy-
gen fugacities did not significantly change the liquid evolution
paths. Isobaric crystallization calculations performed under
both dry and wet (0.5 wt% H,0O) conditions show that the
liquid lines of descent remain mostly within the subalkaline
field and show increases in FeO*. Only under very high-
pressure conditions (1.3 and 1.4 GPa) do liquids reach into
the alkaline field (not shown). The liquid shows decreasing
SiO, at high pressures (>0.7GPa) due to increasing
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Figure 7. (a) Total alkali-silica diagram showing liquid lines of descent of melts formed from fractional
crystallization of the Y-98 shergottite composition, calculated with pMELTS under dry, polybaric condi-
tions at FMQ-2.5. (b) P-T paths used to calculate liquid lines of descent in Figures 7a and 7c—7e.
Olivine, orthopyroxene, low-Ca pyroxene, high-Ca pyroxene, and feldspar liquidi are shown as black
and gray solid and dashed lines, respectively. Plots of Al,O3, FeO*, and CaO versus MgO for liquid lines
of descent in Figures 7c—7e, respectively. Tick marks delineate 20% fractionation increments.

pyroxene stability with higher pressure and increasing SiO,
at lower pressures (<0.7 GPa).

[28] For the polybaric paths (a, B, and y) in dry or wet sys-
tems at FMQ-3.5 and FMQ-2.5, the liquid lines of descent also
remain subalkaline (Figure 7). The fact that mostly subalkaline
magma is produced is due to the fact that Y-98 bulk composi-
tion is depleted in alkali elements relative to the other compo-
sitions studied. However, overall decreases in SiO, are
observed for P-T paths a and B, whereas those representing
path y increase in SiO,. Again, both Al;0; and CaO decrease
when plagioclase and augite begin to crystallize.

4.4. Nakhlite Parental Melt

[20] Both Stockstill et al. [2005] and Sautter et al. [2012]
used MELTS (at FMQ and FMQ-1) to assess crystallization
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of the nakhlite parental magmas believed to have occurred
at a shallow level (low pressure) [Day et al., 2006]. As the
MELTS routine is calibrated for low-pressure processes and
to compare results from both routines, we used MELTS in
addition to pMELTS for nakhlite parental melt calculations.
Starting conditions were 1.25 GPa and 1330-1380°C. We
performed calculations for both nakhlite parental melt com-
positions, Stockstill (NA03) and Sautter (NPMOS), under
dry conditions. The liquid lines of descent evolve differently
for the two parental melts. Residual melts from NPMO5
remain within the subalkaline field at all pressures (not
shown), whereas residual melt from NAO3 extends into the
trachy-andesite field on the TAS diagram (Figure 8). This
difference is likely due to the fact that NAO3 is enriched in
alkalis compared to NPMO5. However, both compositions
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in Figures 8a and 8c—8e. Olivine, high-Ca pyroxene,

(b) P-T paths used to calculate liquid lines of descent
and feldspar liquidi are shown as black and gray solid

and dashed lines, respectively. Plots of Al,Os, FeO*, and CaO versus MgO for liquid lines of descent in
Figures 8c—8e, respectively. Tick marks delineate 20% fractionation increments.

show initial increases in SiO, and FeO¥*, followed by de-
creases in FeO*, due to olivine fractionation, at high and
low pressures.

[30] For both NAO3 and NPMO0S5 compositions, pMELTS
polybaric calculations at FMQ and FMQ-1 for the dry and
wet (0.5 wt% H,0) systems remain in the subalkaline field
for all P-T paths (o, B, and 7y), although wet melts more
closely approach the alkalic field than dry melts. MELTS cal-
ibration calculations for NPMOS5 under dry and wet condi-
tions also remain subalkaline (Figure 8). Finally, MELTS
calculations using NAO3 (for a dry magma with FMQ-1)
evolve into the alkaline field and toward trachyte composi-
tions for all P-T paths, similar to isobaric calculations.
FeO* variation in the magma is due to crystallization of
augite and olivine. Feldspar crystallization is responsible

for decreasing Al,O5 (which begins after 30% fractionation).
The only pyroxene to crystallize is augite, so the residual
liquid shows continuously decreasing CaO.

4.5. Alkaline Magma Generation

4.5.1. Backstay

[31] Based on our calculations, we conclude that despite
some differences, Backstay could have formed from a primary
magma similar to Humphrey or Fastball if the fractionation of
the primary magma occurred under appropriate conditions.

[32] Figure 9 shows liquid lines of descent for paths B, v,
and o, all of which lead to major elemental compositions
close to Backstay. The P-T path which gives the best fit for
Backstay from an Adirondack basalt parent involves me-
dium-pressure fractionation followed by subadiabatic ascent

11
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10% until 60% fractionation with 10% increments).

(path B). Based on our least squared comparison, using a
polybaric path improves the quality of the fit compare to an
isobaric path. Calculations show that water (~0.5 wt% H,0)
must have been present in the initial magma to produce this
composition, and it requires 10-30% fractionation of olivine
and pyroxene. Although fO, only slightly impacts the final
composition, the fit is slightly better at FMQ-1.
4.5.2. Jake M

[33] We performed best fit calculations on Jake M;
however, we considered a wider range of conditions than
Stolper et al. [2013] (isobaric and polybaric conditions,
fO, values, water contents, and Martian starting primary
compositions) for our calculations and used pMELTS. It
has been shown that MELTS underestimates the pressure of
multiple saturation for Martian liquids while pMELTS more
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accurately reproduces them [Balta and McSween, 2013a].
Using their correction, isobaric MELTS calculations between
1 bar and 0.6 GPa conducted by Stolper et al. [2013] would
correspond roughly from 1bar to 2.4 GPa [Balta and
McSween, 2013a]. Our pMELTS calculations show that the
Jake M composition can be obtained from crystallization
of a Humphrey starting composition with 0.5 wt% H,O and
an oxygen fugacity of FMQ-1 if the fractionation occurs at
high pressures (1.0-1.25 GPa) followed by subadiabatic as-
cent (Figure 10b, path o). The calculated residual liquid com-
position has a very low MgO content compared to the actual
Jake M composition (0.3 versus 3.6 wt%: Figure 10). This
low MgO content is a consequence of the best fit composition
occurring after 90% fractionation of olivine, garnet, feldspar,
and pyroxene, whereas Stolper et al. [2013] argued that the
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rock formed by 57% fractionation of olivine and pyroxene.
The percentage of fractionation calculated in our polybaric
model seems too high to be realistic. Thus, we cannot con-
clude that Jake M formed from a primary Humphrey-like
magma but instead requires an unknown primary magma pro-
duced by melting of an alkali rich, possibly metasomatized
mantle source or by crustal assimilation.
4.5.3. Nakhlite Intercumulus Glass

[34] We obtained residual liquids similar in composition to
the Miller Range intercumulus glass using MELTS fractional
crystallization calculations from the NAO3 parental melt
composition [Stockstill et al., 2005]. According to our models,
the best fit crystallization path occurs when the initial NAO3
magma follows polybaric path § while dry and close to
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FMQ-1 (Figure 11), consistent with previous nakhlite studies
[Wadhwa et al., 2004; Righter et al., 2008]. The requirement
that the magma is dry is consistent with the melt inclusion
measurements of Stockstill et al. [2005] (but contrary to
hydrous apatite measurements of Hallis et al. [2012]).
Fractionation of approximately 70% augite and 10% olivine
is required to fit the groundmass composition, similar to the
abundances observed in the Miller Range nakhlites [Udry
et al., 2012] (Figure 11). However, despite these calculations,
nakhlite formation by polybaric fractionation appears impossi-
ble according to the petrological observations of Day et al.
[2006], who argued that nakhlites formed in two steps: (1)
isobaric crystallization of olivine and pyroxene in a magma
chamber, and (2) eruption at the Martian surface with
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on the liquid of lines of descent correspond to the amount of fractionation during the ascent of the primary
magma (from 10% until 50% fractionation with 10% increments).

subsequent crystallization of the intercumulus phase. Notably,
no continuous fractionation occurred during magma ascent
and we present several possible explanations to explain this
behavior. First, the MELTS and pMELTS calibrations may
simply not be precise enough to produce an accurate pressure
estimate in these high-augite content magmas [Balta and
McSween, 2013a]. Alternatively, as we show below, continu-
ous crystallization on a polybaric path can approximate iso-
baric crystallization or crystallization at several pressures;
thus, our polybaric path could be describing the case where
the melt formed most of its crystals at some pressure in a
magma chamber and then upwelled to the surface where
final crystallization took place, similar to the sequence
hypothesized by Day et al. [2006]. Finally, McCubbin et al.
[2013] hypothesized assimilation of a Cl-rich brine during
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crystallization of the nakhlites. The algorithms do not include
Cl as a component, and although there has been initial charac-
terization of its impact on phase equilibria [e.g., Filiberto and
Treiman, 2009], estimating its effect on compositions would
require experiments detailing its impact on the full liquid line
of descent (including compositions far from the liquidus).
The assimilation of Cl could possibly produce a liquid line
of descent for the Miller range groundmass that mimics those
simulated in our Cl-free polybaric crystallization paths.

5. Discussion

5.1. Primary and Parental Martian Magma Evolution

[35] Both Fastball and Humphrey compositions show
similar magmatic evolution paths under both isobaric and
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polybaric conditions. High- and medium-pressure fraction-
ation followed by subadiabatic ascent (paths o and ) causes
evolution of both magmas to alkaline compositions, although
the exact P-T paths which produce alkaline compositions de-
pend on water content. The residual magmas that underwent
low-pressure crystallization following subadiabatic ascent
(path y) remain subalkaline. Thus, Humphrey and Fastball
melts can produce alkaline magmas under appropriate condi-
tions. We note again that other mechanisms for generating al-
kaline compositions, such as direct melting of metasomatized
mantle or low-degree melting, cannot be ruled out on Mars;
however, they are not required by the Backstay composition.

[36] The evolution of nakhlite parental melts is distinct from
that of the Humphrey and Fastball compositions. The NPMO05
composition only yields subalkaline compositions even if the
primary magma is held at high pressures; however, the dry
NAO03 magma produces alkaline compositions under both iso-
baric and polybaric conditions. These results show that water
is not always necessary to form alkaline magmas by fractional
crystallization of primary and parental magmas on Mars, anal-
ogous to Earth [e.g., Whitaker et al., 2007].

[37] The evolution of the Y-98 shergottite magma differs
from that of other Martian primary magmas in that only very
high pressure conditions yield alkaline magma. Shergottites
may not be abundant at the Martian surface [Balta and
McSween, 2013b], even if we assume that shergottites are de-
rived from primary magmas with similar composition to Y-98.

[38] The main conclusion we can draw from these thermo-
dynamic models is that isobaric and polybaric fractional crys-
tallization of the known primary and parental Martian magmas
can lead to a large range of residual liquid compositions. Our
calculations suggest that Martian igneous rocks could easily
be more diverse than suggested by the limited Martian meteor-
ites and mission data sets. Specifically, we hypothesize that al-
kaline rocks may be more common at that surface than has
been recognized to date. This claim may be supported by the
observation of clasts with alkaline composition in the
Martian meteorite breccia NWA 7034 [Santos et al., 2013],
which is thought to be a sample of the Martian regolith.

[39] In addition, liquid lines of descent for each primary
magma do not show significant differences between most
isobaric and polybaric paths. The liquid lines of descent for
each primary magma, determined using major-element
trends under high-pressure isobaric conditions, are similar
to the polybaric fractionation paths a and . Likewise, trends
under low-pressure, isobaric conditions are similar to path y
under polybaric conditions. These results imply that isobaric
experiments conducted at different static pressures can likely
reproduce realistic magmatic processes regardless of modest
changes in pressure as the magmas migrate through the crust.
In general, oxygen fugacity does not significantly alter
Martian liquid evolution paths if the changes remain within
the measured Martian magma range. However, water con-
tents significantly influence the compositions of residual
magmas, as shown in experiments [e.g., McCubbin et al.,
2008; Nekvasil et al., 2009].

5.2. Implications for Mars Magmatic Evolution
Over Time

[40] Our calculations imply that alkaline magma formation
on Mars is analogous to Earth in that subalkaline magmas
like Humphrey and Fastball are predicted to stagnate at

15

elevated pressures. Furthermore, high-pressure fractionation
might be more common for younger rocks as Martian crustal
thickness has increased over time [Baratoux et al., 2011].
Consequently, formation of alkaline magmas on Mars should
be more common in recent Martian history. McCubbin et al.
[2008] hypothesized that crustal thickening with time could
lead to magmas underplating the crust and forming cumu-
lates; generation of residual alkaline magmas would be a
byproduct of that process. Alkaline magmas in Gusev
Crater have been dated as early Hesperian [Greeley et al.,
2005], suggesting that significant crustal thickening might
have occurred by this time.

[41] The presence of water in Martian magma has been
long debated [e.g., Watson et al., 1994; McSween et al.,
2001; Usui et al., 2012; McCubbin et al., 2012]. This study
provides indirect support for some wet Martian magmas
due to the fact that Backstay requires water in order to be
formed from a tholeiitic primary magma.

6. Summary

[42] More than 600 pMELTS and MELTS fractional crys-
tallization calculations were conducted under isobaric and
polybaric conditions using three Martian primary and one pa-
rental magma compositions. The results provide a better un-
derstanding of the evolution of primary Martian magmas and
the formation of alkaline rocks.

[43] 1. Fractional crystallization of the different investi-
gated magmas explains much of the observed diversity of
Martian rock compositions. Residual liquids resulting from
fractional crystallization of Humphrey and Fastball evolve
similarly under the same conditions. The Y-98 shergottite
and the nakhlite magma composition of Sautter et al.
[2012] do not form alkaline magmas, whereas the Stockstill
et al. [2005] dry nakhlite parental melt evolves toward a
trachy-andesite composition similar to nakhlite intercumulus
glass compositions.

[44] 2. MELTS and pMELTS calculations demonstrate that
the liquid lines of descent determined from major element
trends under high-pressure isobaric conditions are similar to
the polybaric paths a and B, which remain at elevated pres-
sures for the early portions of their crystallization paths. In
addition, our calculations show that liquid lines of descent
representing low-pressure isobaric conditions are similar to
polybaric fractionation path y. These results demonstrate that
isobaric and polybaric calculations yield residual liquids with
similar compositions, suggesting that isobaric experiments
on Martian primary magmas can produce realistic results, even
in cases where polybaric crystallization may have occurred.

[45] 3. Backstay may have formed from fractionation of a
wet primary magma having a Humphrey- or Fastball-like
composition, under either isobaric or polybaric conditions
with 10-30% fractionation. Backstay calculations suggest
that Martian magmatic water was present during the early
Hesperian. The best fits for Backstay suggest that consider-
ing a polybaric crystallization path may improve the quality
of the fit when simulating liquid lines of descent.

[46] 4. Jake M was not formed by fractionation of any
of the primary magma compositions evaluated here but
more likely formed from a magma affected by melting of a
metasomatized mantle source, crustal assimilation, or by
fractional crystallization of a yet unrecognized primary melt.
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[47] 5. Despite the fact that our models allow the nakhlite
intercumulus glass to have formed by polybaric fractional
crystallization of a nakhlite parental melt under dry condi-
tions with 80% fractionation, our model seems to differ from
petrological observations, arguing that nakhlites formed
mostly under isobaric conditions, requiring an alternative
explanation for the fit.

[48] 6. Because alkaline magmas are easily formed if crys-
tallization occurs at high pressure, progressive thickening of
the Martian crust may imply that alkaline magmas have
become more widespread during recent Martian time.

[49] As shown in this study, MELTS and pMELTS are
very useful in calculating isobaric and polybaric fractionation
models with different variables. Experimental results to con-
firm these results are desirable, and further crystallization
experiments under varying conditions can be guided by the
results of these calculations.

[50] Acknowledgments. We thank Paula Antoshechkina for help in
running the MELTS algorithm. We also thank F.M. McCubbin, M.E.
Schmidt, and E. Medard for thorough reviews. This work was partly
supported by Cosmochemistry grant NNX13AH86G to HYM.

References

Arndt, N., C. Chauvel, G. Czamanske, and V. Fedorenko (1998), Two man-
tle sources, two plumbing systems: Tholeiitic and alkaline magmatism of
the Maymecha River basin, Siberian flood volcanic province, Contrib.
Mineral. Petrol., 133,297-313.

Asimow, P. D., and J. Longhi (2004), The significance of multiple saturation
points in the context of polybaric near-fractional melting, J. Petrol., 45,
2349-2367.

Asimow, P. D., J. E. Dixon, and C. H. Langmuir (2004), A hydrous melting
and fractionation model for mid-ocean ridge basalts: Application to the
Mid-Atlantic Ridge near the Azores, Geochem. Geophys. Geosyst., 5,
QO01E16, doi:10.1029/2003GC000568.

Balta, J. B., and H. Y. McSween (2013a), Application of the MELTS algo-
rithm to Martian compositions and implications for magma crystallization,
J. Geophys. Res. Planets, 118, doi:10.1002/2013JE004461.

Balta, J. B., and H. Y. McSween Jr. (2013b), Water and the composition of
Martian magmas, Geology, doi:10.1130/GS34714.1.

Balta, J. B., M. Sanborn, H. Y. McSween Jr., and M. Wadhwa (2013),
Magmatic history and parental melt composition of olivine-phyric
shergottite LAR 06319: Importance of magmatic degassing and
olivine antecrysts in Martian magmatism, Meteorit. Planet. Sci., 48,
1359-1382.

Baratoux, D., M. J. Toplis, M. Monnereau, and O. Gasnault (2011), Thermal
history of Mars inferred from orbital geochemistry of volcanic provinces,
Nature, 472, 338-341.

Baratoux, D., M. J. Toplis, M. Monnereau, and V. Sautter (2013), The petro-
logical expression of early Mars volcanism, J. Geophys. Res. Planets, 118,
59-64, doi:10.1029/2012JE004234.

Basaltic Volcanism Study Project (1981), Basaltic Volcanism on the
Terrestrial Planets, pp. 1286, Pergamon Press, Inc., New York.

Basu Sarbadhikari, A., C. A. Goodrich, Y. Liu, J. M. D. Day, and
L. A. Taylor (2011), Evidence for heterogeneous enriched shergottite
mantle sources in Mars from olivine-hosted melt inclusions in Larkman
Nunatak 06319, Geochim. Cosmochim. Acta, 75, 6803—-6820.

Boynton, W. V., et al. (2007), Concentration of H, Si, Cl, K, Fe, and Th in
the low- and mid-latitude regions of Mars, J. Geophys. Res., 112,
E12S99, doi:10.1029/2007JE002887.

Dann, J. C., A. H. Holzheid, T. L. Grove, and H. Y. McSween Jr. (2001),
Phase equilibria of the Shergotty meteorite: Constraints on preeruptive
H,O contents of Martian magmas and fractional crystallization under
hydrous conditions, Meteorit. Planet. Sci., 36, 793-806.

Dasgupta, R., M. Hirschmann, and N. Smith (2007), Partial melting experi-
ments of peridotite + CO2 at 3 GPa and genesis of alkalic ocean island ba-
salts, J. Petrol., 48, 2093-2124.

Day,J. M. D., L. A. Taylor, C. Floss, and H. Y. McSween Jr. (2006), Petrology
and chemistry of MIL 03346 and its significance in understanding the petro-
genesis of nakhlites on Mars, Meteorit. Planet. Sci., 41, 581-606.

Draper, D. S. (2007), Water-undersaturated near-liquidus phase relations of
Yamato 980459: Preliminary results, Lunar Planetary Sci. [CD-ROM],
XXXVIII, Houston, Abstract 1447.

16

Dreibus, G., and H. Wénke (1985), Mars, a volatile-rich planet, Meteoritics,
20, 367-381.

Dreibus, G., and H. Winke (1987), Volatiles on Earth and Mars—A compar-
ison, Icarus, 71, 225-240.

Dunn, T. L., H. Y. McSween Jr., and P. R. Christensen (2007), Thermal
emission spectra of terrestrial alkaline volcanic rocks: Applications to
Martian remote sensing, J. Geophys. Res., 112, E05001, doi:10.1029/
2006JE002766.

Filiberto, J., and R. Dasgupta (2011), Fe2+-Mg partitioning between olivine
and basaltic melts: Applications to genesis of olivine-phyric shergottites
and conditions of melting in the Martian interior, Earth Planet. Sci.
Lett., 304, 527-5317.

Filiberto, J., and A. H. Treiman (2009), Martian magmas contained abundant
chlorine, but little water, Geology, 37, 1087-1090.

Filiberto, J., A. H. Treiman, and L. Le (2008), Crystallization experiments on a
Gusev Adirondack basalt composition, Meteorit. Planet. Sci., 43, 1137-1146.

Filiberto, J., R. Dasgupta, W. S. Kiefer, and A. H. Treiman (2010), High
pressure, near-liquidus phase equilibria of the Home Plate basalt Fastball
and melting in the Martian mantle, Geophys. Res. Lett., 37, L13201,
doi:10.1029/2010GL043999.

Gasnault, O., G. Jeffrey Taylor, S. Karunatillake, J. Dohm, H. Newsom,
O. Forni, P. Pinet, and W. V. Boynton (2010), Quantitative geochemical
mapping of Martian elemental provinces, Icarus, 207, 226-247.

Ghiorso, M. S., and R. O. Sack (1995), Chemical mass-transfer in magmatic
processes IV. A revised and internally consistent thermodynamic model
for the interpolation and extrapolation of liquid-solid equilibria in mag-
matic systems at elevated-temperatures and pressures, Contrib. Mineral.
Petrol., 119, 197-212.

Ghiorso, M. S., M. M. Hirschmann, P. W. Reiners, and V. C. Kress (2001),
The pMELTS: A revision of MELTS for improved calculation of phase re-
lations and major element partitioning related to partial melting of the
mantle to 3 GPa, Geochem, Geophys. Geosyst., 3, 1-35.

Goodrich, C. A. (2002), Olivine-phyric Martian basalts: A new type of sher-
gottite, Meteorit. Planet. Sci., 37, B31-B34.

Greeley, R., B. H. Foing, H. Y. McSween Jr., G. Neukum, P. Pinet,
S. C. Van Kan, M. Werner, D. A. Williams, and T. E. Zegers (2005),
Fluid lava flows in Gusev Crater, Mars, J. Geophys. Res., 110, E05008,
doi:10.1029/2005JE002401.

Greshake, A., J. Fritz, and D. Stoffler (2004), Petrology and shock metamor-
phism of the olivine-phyric shergottite Yamato 980459: Evidence for a
two-stage cooling and a single-stage ejection history, Geochim.
Cosmochim. Acta, 68, 2359-2377.

Gross, J., A. H. Treiman, J. Filiberto, and C. D. K. Herd (2011), Primitive
olivine-phyric shergottite NWA 5789: Petrography, mineral chemistry,
and cooling history imply a magma similar to Yamato-980459, Meteorit.
Planet. Sci., 46, 116-133.

Gross, J., J. Filiberto, C. D. K. Herd, M. Melwani, S. P. Schwenzer, and
A. H. Treiman (2013), Petrography, mineral chemistry, and crystallization
history of olivine-phyric shergottite NWA 6234: A new melt composition,
Meteorit. Planet. Sci., 48, 854-871.

Grotzinger, J. P., et al. (2013), Mars Science Laboratory: First 100 sols of geo-
logic and geochemical exploration from Bradbury landing to Glenelg, Lunar
Planetary Sci. [CD-ROM], XLIV, Houston, Abstract 1259.

Hallis, L. J., G. J. Taylor, K. Nagashima, and G. R. Huss (2012), Magmatic
water in the Martian meteorite Nakhla, Earth Planet. Sci. Lett., 359360,
84-92.

Harris, C. (1983), The petrology of lavas and associated plutonic inclusions
in Ascension Islands, J. Petrol., 24, 424-470.

Harvey, R. P., and H. Y. McSween Jr. (1992), The parent magma of the
nakhlite meteorites: Clues from melt inclusions, Earth Planet. Sci. Lett.,
111,467-482.

Herd, C. D. K. (2003), The oxygen fugacity of olivine-phyric Martian basalts
and the components within the mantle and crust of Mars, Meteorit. Planet.
Sci., 38, 1793-1805.

Herd, C. D. K., C. S. Schwandt, J. H. Jones, and J. J. Papike (2002), An
experimental and petrographic investigation of Elephant Moraine 79001
lithology A: Implications for its petrogenesis and the partitioning of chro-
mium and vanadium in a Martian basalt, Meteorit. Planet. Sci., 37,
987-1000.

Hirose, K. (1997), Partial melt compositions of carbonated peridotite at
3 GPa and role of CO2 in alkali-basalt magma generation, Geophys. Res.
Lett., 24, 2837-2840.

Hirose, K., and I. Kushiro (1993), Partial melting of dry peridotites at high pres-
sures: Determination of compositions of melts segregated from peridotite
using aggregates of diamond, Earth Planet. Sci. Lett., 114, 477-489.

Ikeda, Y. (2004), Petrology of the Yamato 980459 shergottite, Antarct.
Meteorite Res., 17, 35-54.

Imae, N., and Y. Ikeda (2008), Crystallization experiments of intercumulus
melts for nakhlites under FMQ + 2 at 1 bar, Meteorit. Planet. Sci., 43,
1299-1319.



UDRY ET AL.: FRACTIONATION OF MARTIAN PRIMARY MAGMAS

Irvine, T. N., and W. R. A. Baragar (1971), A guide to the chemical classifi-
cation of the common volcanic rocks, Can. J. Earth. Sci., 8, 523-548.
Le Bas, M. J., R. W. Le Maitre, A. Streckeisen, and B. Zanettin (1986), A
chemical classification of volcanic rocks based on the total alkali-silica

diagram, J. Petrol., 27, 745-750.

Lentz, R. C. F., H. Y. McSween Jr., J. Ryan, and L. R. Riciputti (2001),
Water in Martian magmas: Clues from light lithophile elements in shergot-
tite and nakhlite pyroxenes, Geochim. Cosmochim. Acta, 65, 4551-4565.

Liu, Y., J. B. Balta, C. A. Goodrich, H. Y. McSween Jr., and L. A. Taylor
(2013), New constraints on the formation of shergottite Elephant
Moraine 79001 lithology A, Geochim. Cosmochim. Acta, 108, 1-20.

McCubbin, F. M., H. Nekvasil, A. D. Harrington, S. M. Elardo, and
D. H. Lindsley (2008), Compositional diversity and stratification of the
Martian crust: Inferences from crystallization experiments on the picrobasalt
Humphrey from Gusev Crater, Mars, J. Geophys. Res., 113, E11013,
doi:10.1029/2008JE003165.

McCubbin, F. M., N. J. Tosca, A. Smirnov, H. Nekvasil, A. Steele, M. Fries,
and D. H. Lindsley (2009), Hydrothermal jarosite and hematite in a pyroxene-
hosted melt inclusion in Martian meteorite Miller Range (MIL) 03346:
Implications for magmatic-hydrothermal fluids on Mars, Geochim.
Cosmochim. Acta, 73,4907-4917.

McCubbin, F. M., A. Smirnov, H. Nekvasil, J. Wang, E. Hauri, and
D. H. Lindsley (2010), Hydrous magmatism on Mars: A source of water
for the surface and subsurface during the Amazonian, Earth Planet. Sci.
Lett., 292, 132-138.

McCubbin, F. M., E. H. Hauri, S. M. Elardo, K. E. Vander Kaaden, J. Wang,
and C. K. Shearer Jr. (2012), Hydrous melting of the Martian mantle pro-
duced both depleted and enriched shergottites, Geology, 40, 683—686.

McCubbin, F. M., S. M. Elardo, C. K. Shearer, A. Smirnov, E. H. Hauri, and
D. S. Draper (2013), A petrogenetic model for the comagmatic origin of
chassignites and nakhlites: Interference from chlorine-rich minerals,
petrology, and geochemistry, Meteorit. Planet. Sci., 48, 819-853.

McKay, G., L. Le, C. Schwandt, T. Mikouchi, E. Koizumi, and J. Jones
(2004), Yamato 980459: The most primitive shergottite, Lunar Planetary
Sci. [CD-ROM], XXXV, Houston, Abstract 2154.

McSween, H. Y., Jr,, and A. H. Treiman (1998), Martian meteorites, in
Planetary Materials, Rev. Mineral. Geochem., vol. 36, edited by J. J.
Papike, pp. 6.1-6.53, Mineralogical Society of America, Washington, D. C.

McSween, H. Y., Jr., T. L. Grove, R. C. F. Lentz, J. C. Dann, A. H. Holzheid,
L. R. Riciputi, and J. G. Ryan (2001), Geochemical evidence for magmatic
water within Mars from pyroxenes in the Shergotty meteorite, Science,
409, 487-489.

McSween, H. Y., et al. (2004), Basaltic rocks analyzed by the Spirit rover in
Gusev Crater, Science, 305, 842-845.

McSween, H. Y., Jr., et al. (2006a), Alkaline volcanic rocks from the
Columbia Hills, Gusev Crater, Mars, J. Geophys. Res., 111, E09S91,
doi:10.1029/2006JE002698.

McSween, H. Y., Jr., et al. (2006b), Characterization and petrologic interpre-
tation of olivine-rich basalts at Gusev Crater, Mars, J. Geophys. Res., 111,
E02S10, doi:10.1029/2005JE002477.

McSween, H. Y., Jr., et al. (2008), Mineralogy of volcanic rocks in Gusev
Crater, Mars: Reconciling Mossbauer, Alpha Particle X-ray spectrometer,
and Miniature Thermal Emission Spectrometer spectra, J. Geophys. Res.,
113, E06S04, doi:10.1029/2007JE002970.

McSween, H. Y., Jr., G. J. Taylor, and M. B. Wyatt (2009), Elemental com-
position of the Martian crust, Science, 324, 736—739.

McSween, H. Y., Jr., D. W. Mittlefehldt, A. W. Beck, R. G. Mayne, and
T. J. McCoy (2011), HED meteorites and their relationship to the geology
of Vesta and the Dawn mission, Space Sci. Rev., 163, 141-174.

Medard, E., and T. Grove (2008), The effect of H20 on the olivine liquidus
of basaltic melts: Experiments and thermodynamic models, Contrib.
Mineral. Petrol., 155, 417-432.

Menzies, M., and V. R. Murthy (1980), Mantle metasomatism as a precursor
to the genesis of alkaline magmas—Isotopic evidence, Am. J. Sci., 280,
622-638.

Mikouchi, T., E. Koizumi, A. Monkawa, Y. Ueda, and M. Miyamoto (2003),
Mineralogy and petrology of Yamato-000593: Comparison with other
Martian nakhlite meteorites, Antarct. Meteorite Res., 16, 34-57.

Ming, D. W., et al. (2006), Geochemical and mineralogical indicators for
aqueous processes in the Columbia Hills of Gusev Crater, Mars,
J. Geophys. Res., 111, E02S12, doi:10.1029/2005JE002560.

Mittlefehldt, D. W. (1994), ALH 84001, a cumulate orthopyroxenite mem-
ber of the Martian meteorite clan, Meteorit. Planet. Sci., 29, 214-221.

Monders, A. G., E. Médard, and T. L. Grove (2007), Phase equilibrium
investigations of the Adirondack class basalts from the Gusev plains,
Gusev Crater, Mars, Meteorit. Planet. Sci., 42, 131-148.

Musselwhite, D. S., H. A. Dalton, W. S. Kiefer, and A. H. Treiman (2006),
Experimental petrology of the basaltic shergottite Yamato-980459:
Implications for the thermal structure of the Martian mantle, Meteorit.
Planet. Sci., 41, 1271-1290.

17

Nekvasil, H., A. Simon, and D. H. Lindsley (2000), Crystal fractionation and
the evolution of intra-plate hy-normative igneous suites: Insights from
their feldspars, J. Petrol., 41, 1743-1757.

Nekvasil, H., A. Dondolini, J. Horn, J. Filiberto, H. Long, and D. H. Lindsley
(2004), The origin and evolution of silica-saturated alkalic suites: An
experimental study, J. Petrol., 45, 693-721.

Nekvasil, H., J. Filiberto, F. M. McCubbin, and D. H. Lindsley (2007a),
Alkalic parental magmas for Chassignites?, Meteorit. Planet. Sci., 6,
979-992.

Nekvasil, H., F. M. McCubbin, A. Harrington, M. C. O’Leary, S. Elardo, and
D. H. Lindsley (2007b), Crustal differentiation on Mars: Insights from
rocks analyzed by the MER rover, 7" International Conference on Mars
[CD-ROM], Abstract 3181.

Nekvasil, H., F. M. McCubbin, A. Harrington, S. Elardo, and D. H. Lindsley
(2009), Linking the Chassigny meteorite and the Martian surface rock
Backstay: Insights into igneous crustal differentiation processes on Mars,
Meteorit. Planet. Sci., 44, 853—-869.

O’Hara, M. J. (1965), Primary magmas and the origin of magmas, Scot.
J. Geol., 1, 19-40.

Peslier, A. H., D. Hnatyshin, C. D. K. Herd, E. L. Walton, A. D. Brandon,
T. J. Lapen, and J. T. Shafer (2010), Crystallization, melt inclusion, and
redox history of a Martian meteorite: Olivine-phyric shergottite Larkman
Nunatak 06319, Geochim. Cosmochim. Acta, 74, 4543-4576.

Pilet, S., M. B. Baker, and E. M. Stolper (2008), Metasomatized lithosphere
and the origin of alkaline lavas, Science, 320, 916-919.

Righter, K., H. Yang, G. Costin, and R. T. Downs (2008), Oxygen fugacity
in the Martian mantle controlled by carbon: New constraints from the
nakhlite MIL 03346, Meteorit. Planet. Sci., 43, 1709-1723.

Santos, A. R., C. B. Agee, F. M. McCubbin, C. K. Shearer, and P. V. Burger
(2013), Martian brecaiia NWA 7034: Basalt, mugearite, and trachy-andesite
clasts, Meteoritical Soc. Meeting, LXXVI, Edmonton, Abstract 5284.

Sautter, V., M. J. Toplis, J.-P. Lorand, and M. Macri (2012), Melt inclusions in
augite from the nakhlite meteorites: A reassessment of nakhlite parental melt
and implications for petrogenesis, Meteorit. Planet. Sci., 47, 330-344.

Schmidt, M. E., and T. J. McCoy (2010), The evolution of a heterogeneous
Martian mantle: Clues from K, P, Ti, Cr, and Ni variations in Gusev basalts
and shergottite meteorites, Earth Planet. Sci. Lett., 296, 67-77.

Schmidt, M. E., C. M. Schrader, and T. J. McCoy (2011), How oxidized are
the Gusev basalts? Lunar Planetary Sci. [CD-ROM], XLII, Houston,
Abstract 2277.

Shearer, C. K., G. McKay, J. J. Papike, and J. M. Karner (2006a), Valence
state partitioning of vanadium between olivine-liquid: Estimates of the
oxygen fugacity of Y980459 and application to other olivine-phyric
Martian basalts, Am. Mineral., 91, 1657-1663.

Shearer, C. K., etal. (2006b), Thermal and magmatic evolution of the Moon, in
New Views of the Moon, Reviews in Mineralogy and Geochemistry, Rev.
Mineral. Geochem, vol. 60, edited by B. L. Joliff, M. A. Wieczoreck,
C. K. Shearer, and C. R. Neal, pp. 365-518, Mineralogical Society of
America, Chantilly, VA.

Smith, P. M., and P. D. Asimow (2005), Adiabat_1ph: A new front end to the
MELTS, pMELTS, and pHMELTS models, Geochem. Geophys.
Geosyst., 6, 02004, doi:10.1029/2004GC000816.

Squyres, S. W., et al. (2004), In situ evidence for an ancient aqueous environ-
ment at Meridiani Planum, Mars, Science, 306, 1709-1714.

Squyres, S. W., et al. (2007), Pyroclastic activity at Home Plate in Gusev
Crater, Mars, Science, 316, 738-742.

Stockstill, K. R., H. Y. McSween Jr., and R. J. Bodnar (2005), Melt inclu-
sions in augite of the Nakhla Martian meteorite: Evidence for basaltic
parental melt, Meteorit. Planet. Sci., 40, 377-396.

Stolper, E. M., and D. Walker (1980), Melt density and the average compo-
sition of basalts, Contrib. Mineral. Petrol., 74, 7-12.

Stolper, E. M., et al. (2013), The petrochemistry of Jake M: A Martian
mugearite, Science, 341, doi:10.1126/science.1239463.

Symes, S. J. K., L. E. Borg, C. K. Shearer, and A. J. Irving (2008), The age
of the Martian meteorite Northwest Africa 1195 and the differentiation
history of the shergottites, Geochim. Cosmochim. Acta, 72, 1696—1710.

Taylor, L. A., et al. (2002), Martian meteorite Dhofar 019: A new shergottite,
Meteorit. Planet. Sci., 37, 1107-1128.

Treiman, A. H. (1985), Amphibole and hercynite spinel in Shergotty and
Zagami: Magmatic water, depth of crystallization, and metasomatism,
Meteoritics, 20, 229-243.

Treiman, A. H. (1993), The parent magma of the Nakhla (SNC) meteorite,
inferred from magmatic inclusions, Geochim. Cosmochim. Acta, 57,
4753-4767.

Treiman, A. H. (2005), The nakhlite meteorites: Augite-rich igneous rocks
from Mars, Chem. Erde, 65,203-270.

Treiman, A. H., and Goodrich C. A. (2001), A parent magma for the Nakhla
Martian meteorite: Reconciliation of estimates from 1-bar experiments,
magmatic inclusions in olivine, and magmatic inclusions in augite.
Lunar Planetary Sci. [CD-ROM], XXXII, Houston, Abstract 1107.



UDRY ET AL.: FRACTIONATION OF MARTIAN PRIMARY MAGMAS

Tuff, J., J. Wade, and B. J. Wood (2013), Volcanism on Mars controlled by
early oxidation of the upper mantle, Nature, 498, 342-345.

Udry, A., H. Y. McSween Jr., P. Lecumberri-Sanchez, and R. J. Bodnar
(2012), Paired nakhlites MIL 090030, 090032, 090136, and 03346:
Insights into the Miller Range parent meteorite, Meteorit. Planet. Sci., 47,
1575-1589.

Usui, T., H. Y. McSween Jr., and C. Floss (2008), Petrogenesis of olivine-
phyric shergottite Yamato 980459, revisited, Geochim. Cosmochim.
Acta, 72, 1711-1730.

Usui, T., C. M. O’D Alexander, J. Wang, J. 1. Simon, and J. H. Jones
(2012), Origin of water and mantle-crust interactions on Mars inferred
from hydrogen isotopes and volatile element abundances of olivine-
hosted melt inclusions of primitive shergottite, Earth Planet. Sci. Lett.,
357-358, 119-129.

Varela, M. E., G. Kurat, and R. Clocchiatti (2001), Glass-bearing inclusions
in Nakhla (SNC meteorite) augite: Heterogeneously trapped phases,
Mineral. Petrol., 71, 155-172.

Wadhwa, M. (2008), Redox conditions on small bodies, the Moon and Mars,
Rev. Mineral. Geochem., 68,493-510.

18

Wadhwa, M., and G. Crozaz (1995), Trace and minor elements in minerals
of nakhlites and Chassigny: Clues to their petrogenesis, Geochim.
Cosmochim. Acta, 59, 3629-3645.

Wadhwa, M., G. Crozaz, and J.-A. Barrat (2004), Trace element distribu-
tions in the Yamato 000593000749, NWA 817 and NWA 998 nakhlites:
Implications for their petrogenesis and mantle source on Mars, Antarct.
Meteorite Res., 17,97-116.

Watson, L. L., I. D. Hutcheon, S. Epstein, and E. M. Stolper (1994), Water
on Mars: Clues from deuterium/hydrogen and water contents of hydrous
phases in SNC meteorites, Science, 265, 86-90.

Whitaker, M. L., H. Nekvasil, and D. H. Lindsey (2005), Potential magmatic
diversity on Mars, Lunar Planetary Sci. [CD-ROM], XXXVI, Houston,
Abstract 1440.

Whitaker, M. L., H. Nekvasil, D. H. Lindsey, and N. J. Difrancesco (2007),
The role of pressure in producing compositional diversity in intraplate
basaltic magma, J. Petrol., 48, 365-393.

Wieczorek, M. A., and M. T., Zuber (2004), Thickness of the Martian crust:
Improved constraints from geoid-to-topography ratios, J. Geophys. Res.,
109, E01009, doi:10.1029/2003JE002153.


https://www.researchgate.net/publication/259534518


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


