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Abstract

Knowing the distribution and origin of water in terrestrial planets is crucial to understand their formation, evolution and
the source of their atmospheres and surface water. The nakhlites represent a suite of minimally shocked meteorites that likely
originated from lava flows from a single volcano or from a shallow intrusion or sill complex on Mars. Measuring the water
contents and D/H ratios of their igneous minerals allows identification of phases that have preserved their magmatic hydro-
gen, and therefrom permits estimation of the water content of their mantle source. Pyroxene, olivine, melt inclusions and
mesostasis of five nakhlites (NWA 998, Nakhla, Y 000593, MIL 03346 and NWA 6148) were analyzed in situ for water con-
tents and H isotopes, and major and trace element contents. No water was detected in olivine grains except in Y 000593. The
water content of pyroxenes is highly heterogeneous within individual grains and between grains within a single meteorite.
Water concentrations in pyroxene (<0.1-387 ppm H,0), melt inclusions (26-4130 ppm H,0) and mesostasis (1130—
7850 ppm H,O) decrease with increasing 3D (from —268 to 4858%o) in all nakhlites.

After ruling out significant influence from spallation, exchange with the martian atmosphere, shock, surface alteration, and
hydrothermal processes, the H data of the pyroxenes can be explained by degassing and crystallization processes. Degassing is
consistent with a decrease of water content from pyroxene interior to edge. Fractionation of H isotopes during degassing
results in increases of 6D during H loss from pyroxene but in decreases in 8D during H,O-OH loss from a melt. Consequently,
the low-water content, high-6D of most pyroxenes is best explained by degassing after the pyroxenes had crystallized. All melt
and plagioclase inclusions analyzed are located in degassed pyroxenes and are also degassed. The lower 6D of the mesostasis
(24 + 131%o0) compared to that of the least-degassed pyroxenes (430 & 172%o) is likely the result of melt degassing and inter-
action with hydrothermal fluids.

Magmatic H, however, has been preserved in each nakhlite in some pyroxenes that are characterized by >15 ppm H,O and
dD < 700%0. The H composition of the least-degassed, most-Mg-rich augites can be interpreted in two ways. If Cl-bearing
hydrothermal fluids were assimilated by the parent magma of nakhlites prior to pyroxene crystallization, the H composition
could represent a crustal signature. If hydrothermal fluid assimilation occurred after pyroxenes start crystallizing, it could be a
mantle signature. We favor the latter scenario, in which case the martian mantle sampled by the nakhlites is estimated to con-
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tain 59-184 ppm H,O and to have a dD of 430 + 172%¢. These water contents, similar to those of the upper part of the ter-
restrial mantle, represent those of a shallow depleted martian mantle reservoir. The two to four times higher 8D of the martian
mantle relative to that of Earth could have resulted from the two planets acquiring their water from different proportions and

types of carbonaceous chondrite-like planetesimals.
© 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Estimating the abundance and distribution of water in
the martian mantle and thereby of the entire planet is the
ultimate goal of studying hydrogen (H) and other volatiles
in martian meteorites. Knowing how much water Mars
originally held has implications for determining the distri-
bution of water in the Solar System and thereby would con-
strain our models of planetary formation and the origin of
water in terrestrial planets (Drake, 2005; Albarede, 2009;
Peslier, 2010; Halliday, 2013; Alexander, 2017; Hallis,
2017; Peslier et al., 2017; Sharp, 2017b). Moreover, H iso-
topes can help pinpoint the source material that brought
volatiles to Mars (e.g., Alexander, 2017). Water also played
a role in the geological evolution of Mars given that H
influences melting, deformation and thermal properties of
rocks and melts (Mackwell et al., 1985; Hofmeister, 2004;
Médard and Grove, 2006; Morschhauser et al., 2011;
Pommier et al., 2012; Kiefer and Li, 2016). In turn, this
has consequences for our understanding of the origin and
composition of the martian atmosphere, ice and probable
liquid water on its surface, and thereby the potential for life
on the planet (Farmer et al., 1976; Bibring et al., 2004;
Elkins-Tanton, 2008; Carr and Head, 2010; Cockell et al.,
2012; Lammer et al., 2013; Usui et al., 2015).

Because no human or robotic mission has brought back
samples from Mars, we only have meteorites, raising con-
cerns on the effect of shock, surface processes and space
exposure on the measured water contents and hydrogen iso-
topes. Moreover, the search of the amount and origin of
water in the interior of Mars has been hampered by the fact
that martian meteorites are all from the crust (McSween,
2015), resulting in weakly-constrained calculations to esti-
mate the water content of the martian mantle. Nakhlites
may be the best candidates we have to test and sort out
these various processes in order to evaluate mantle water
contents. The similarity in nakhlite crystallization ages
(~1.3 Ga), their cosmic ray exposure ages (~11 My), and
their compositions suggest that they may represent samples
from one single area on Mars and that nakhlites were
ejected by one impact event (e.g., Nyquist et al., 2001;
Mikouchi et al., 2003; Treiman, 2005; Park et al., 2009;
Korochantseva et al., 2011; McCubbin et al., 2013). It is
exceptional for meteorites, to have several samples from
the same volcanic area, perhaps the same outcrop, as
opposed to other martian meteorites which likely each
come from different areas. These clinopyroxene-rich mafic
rocks are thought to be cumulates from various depths of
either thick lava flows or a sill (Bunch and Reid, 1975;
Reid and Bunch, 1975; Treiman, 2005; Lentz et al., 2011;

Richter et al., 2016; Jambon et al., 2016; Cohen et al.,
2017, Udry and Day, 2018). Another advantage of nakh-
lites is that they are the least shocked of all martian mete-
orites having only sustained <20 GPa shock pressures
(Fritz et al.,, 2005a,b; Treiman and Irving, 2008; Day
et al., 2006; Jambon et al., 2016), mitigating the concern
that their H may have been affected significantly by impact
processes.

The D/H ratio of martian meteorites has been used to
identify interactions between two end-members, a martian
mantle reservoir and one or two surficial reservoirs. Here
the D/H ratios are expressed in %o in the delta notation rel-
ative to the Vienna standard mean ocean water (VSMOW,
with (D/H)ysmow = 1.5576 x 10~% Gonfiantini, 1978):

(D/H)sample
9D = 1000 x (et 1) M
The martian mantle likely has low 3D (<500%0) and sur-
face reservoirs have high 8D, likely inherited from interac-
tion with the martian atmosphere that has a 8D of 4950%o
(Owen et al., 1988; Webster et al., 2013; Villanueva et al.,
2015) or from an ancient crustal reservoir with a 8D of
1000-2000%o (Usui et al., 2015). As a comparison, the 3D
of the Earth’s mantle is estimated at <—100%¢ (Deloule
et al., 1991; Bell and Thinger, 2000; Shaw et al., 2012;
Hallis et al., 2015; Peslier et al., 2017). Terrestrial contam-
ination (decreasing 8D towards 0%0) and epoxy contamina-
tion during sample preparation (increasing water contents,
decreasing dD) complicate the interpretations of martian
meteorite H analyses (Boctor et al., 2003; Mane et al.,
2016; Hallis et al., 2017). Hydrogen isotope analyses of
most shergottite phases evidence interaction with surficial
reservoirs (Boctor et al., 2003; Usui et al., 2012, 2015; Hu
et al., 2014; Chen et al., 2015; Giesting et al., 2015; Mane
et al., 2016; Hallis et al., 2017; Liu et al., 2018). An excep-
tion is the one melt inclusion from Yamato 980459, the
most primitive olivine-phyric shergottite known, with the
lowest 6D (275 + 10%0) measured in a martian melt inclu-
sion. It is so far considered the closest estimate for the mar-
tian mantle 6D (Usui et al., 2012). Estimations of the water
content of the martian mantle vary from <75 parts per mil-
lion by weight (ppm) H,O for the shergottite sources (Usui
et al., 2012; McCubbin et al., 2016) to 130-250 ppm H,O
for the source of Chassignites (McCubbin et al., 2010).
Work on H in nakhlites and chassignites, martian
dunites that may be related to nakhlites (McCubbin et al.,
2013; Udry and Day, 2018), has so far reported D/H anal-
yses of bulk-rocks that indicate surface interaction with the
martian atmosphere (Leshin et al., 1996), and volatile anal-
yses of apatites showing that nakhlites were infiltrated by
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Cl-rich hydrothermal fluids prior to their complete crystal-
lization (Hallis et al., 2012a; McCubbin et al., 2013). One
question in the nakhlite-chassignite suite is whether the
interaction with surficial Cl-rich fluid occurred in the
magma chamber prior to nakhlite pyroxene crystallization,
or later after emplacement as magmatic flow or shallow
intrusion. If the former, nakhlites will record crustal 6D,
if the latter, they could potentially be used to infer the 6D
of the martian mantle.

Here, five well-characterized nakhlites were selected. In
order of slowest to fastest cooled, these are: North West
Africa (NWA) 998 (Treiman and Irving, 2008), Nakhla
(Bunch and Reid, 1975; Harvey and McSween, 1992;
Wadhwa and Crozaz, 1995), Yamato (Y) 000593
(Mikouchi et al., 2003; Imae et al., 2005; Wadhwa et al.,
2004), Miller Range (MIL) 03346 (Day et al., 2006; Hallis
and Taylor, 2011; Udry et al., 2012) and NWA 6148 (paired
with NWA 5790; Jambon et al., 2016; Balta et al., 2017).
Hydrogen isotope ratios, along with water, major- and
trace-element contents, were measured in pyroxene, olivine,
melt inclusions and mesostasis using systematic in situ anal-
yses of mineral grains to search for the presence or absence
of co-variations. From these data, the processes that dis-
tributed water contents and D/H ratios in nakhlite phases
are elucidated, and the dominance of degassing and crystal-
lization processes is evidenced. Despite the multiple pro-
cesses that could affect the distribution and isotopic
composition of hydrogen in a meteorite from Mars, we
show that some pyroxenes in nakhlites preserved igneous
water contents and may have recorded mantle dD.

2. METHODS

Hand-separated nakhlite phases were doubly-polished
without the use of any glue, oil or water. Mineral grains
were then analyzed in sequence by several techniques, start-
ing with the least destructive one, Fourier transform infra-
red spectrometry (FTIR, to measure water content and
speciation), followed by electron microprobe (to analyze
major element contents), secondary ion mass spectrometry
(SIMS, to measure water contents and D/H ratios,
Fig. SI1), scanning electron microscope (SEM, to examine
the SIMS craters), and finally laser-ablation inductively-
coupled plasma mass spectrometry (LA-ICPMS, to analyze
trace element contents). As much as possible, the same loca-
tions were analyzed in situ on the same minerals with each
technique, or nearby each location (i.e., LA-ICP-MS anal-
ysis done directly in the SIMS crater or within 50 um of the
SIMS crater). Details can be found in supplementary infor-
mation (SI) 2.

3. RESULTS
3.1. FTIR OH spectra

All pyroxenes analyzed, except one in NWA 6148, have
small OH bands barely distinguishable from the baseline
(Fig. 1A). The OH bands are pleochroic, i.e. change in height
when the infrared polarizer is rotated, testifying that this H is
intrinsic to the pyroxene and located in its mineral defects (as

opposed to liquid or gas in inclusions; Libowitzky and Beran,
2006). Characteristic pyroxene OH bands are at ~3620 (only
in NWA 6148 and Y 000593), ~3515 and ~3450 cm ™. These
bands are at similar wavenumbers to those in terrestrial
clinopyroxene (Skogby et al., 1990). No OH bands could
be detected when the infrared polarizer was oriented parallel
to the optical axes o or fin NWA 998, Nakhla and Y 000593
pyroxenes. The pyroxenes in MIL 03346 also had OH bands
at 3650 and 3730 cm™!, which could be due to amphibole
inclusions (Libowitzky and Beran, 2004). It should be
emphasized that nakhlite pyroxenes are not clear, i.e. gem
quality, and typically contain abundant microscopic inclu-
sions, and a clear path for the infrared beam could not always
be found. One pyroxene from NWA 6148 (Px7, Fig. 1A) has
OH bands unlike any other pyroxene measured by FTIR in
this study: a large OH band is located at 3700-3000 cm ™!
with sharp peaks emerging at ~3570 and ~3400 cm ', The
latter OH bands are generally found in olivine, yet the major
element composition measured by electron microprobe
(Table SI1) as well as the Si—O— bands detected by FTIR
definitely characterize that grain as an augite. The minimum
water contents calculated from FTIR data range from below
detection limit (<0.5 ppm H,O) to 13 ppm H,O in the nakh-
lite pyroxenes.

No OH bands were detected in olivines from NWA 998,
Nakhla, MIL 03346 and NWA 6148 (Fig. 1C). The three
olivine grains analyzed from Y 000593, however, exhibit a
wide OH band between 3600 and 3000 cm™! that is pleo-
chroic but does not have the characteristic olivine OH
bands (e.g., at 3571, 3400 cm™ L e.g., Miller et al., 1987,
Beran and Libowitzky, 2006). The exception is a band at
~3180 cm™' that could be the expression of a hydrated
Mg-vacancy in olivine, typically found at 3165 cm™~" in for-
steritic mantle olivine (Lemaire et al., 2004; Berry et al.,
2005). The overall spectrum is likely caused by H-bearing
inclusions in Y 000593 olivines. The olivines of Y 000593
are full of pm size inclusions that could not be avoided dur-
ing FTIR analysis (Fig. SI6B) and that were identified as
clinopyroxene by EDX, consistent with previous findings
(augite according to Imae et al., 2005; clinopyroxene-
magnetite symplectites according to Mikouchi et al.,
2003). On the other hand, such inclusions are present in
Nakhla olivines too and yet no water was detected.

Analysis by FTIR of the mesostasis is hampered by its
opacity resulting from its multi-phase characteristics. A
thin (~25 pum) slice of the mesostasis from NWA 6148
had clearer area which analysis resulted in a large OH band
between 3700 and 3000 cm ™" (Fig. 1B). Sharp peaks at 3568
and 3400 cm ™! may be caused by intrinsic H in olivine. No
quantitative estimate of the water content is possible from
these spectra, however, because multiple phases were ana-
lyzed and FTIR absorption spectra are thickness and min-
eral composition specific.

3.2. Water contents and H isotopes

In all nakhlites, the SIMS data exhibit a trend from high
water content (thousands of ppm H,O) and low d&D
(<200%o), in the mesostasis and one melt inclusion but also
in a few pyroxene grains, to low water contents (<10 ppm
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H,0) and high 8D (>1000%c), in most pyroxenes and two
inclusions (Fig. 2A, Table SI1).

The water contents measured by SIMS in pyroxenes
range from below detection limit (~4 ppm H,O) to
387 ppm H,O. Water contents of pyroxenes from FTIR
analyses are about 2 to 10 times lower than those measured
by SIMS (Table SI1). This is due to the FTIR providing
only minimum values given that the mineral grains could
be analyzed only in 2 perpendicular orientations of the
infrared polarizer (Table SI2), while a full quantitative esti-
mate requires three (Libowitzky and Rossman, 1996).
Sometimes, water contents measured by SIMS can be sig-
nificantly higher than those measured by FTIR on the same
mineral grain if the areas analyzed are not exactly the same.
An example is shown in Fig. 3 where the FTIR analyses
were performed on the optically clearest areas of a pyrox-
ene from Nakhla (~1 ppm H,0), while the SIMS analyses
were performed on areas that contained inclusions/exsolu-
tions (19 and 55 ppm H,0O). Most pyroxenes in all five
nakhlites analyzed contain <50 ppm H,O (Fig. 2A). The
highest water content for a pyroxene was measured in a
pigeonite from NWA 998 with 387 ppm H,O. Water con-
tents are heterogeneous in pyroxenes with generally less
water near edges compared to interiors (Figs. 4-7). One
augite from Nakhla, however, exhibits higher water con-
tents towards its Fe-rich edge (Fig. 3).

Only the mesostasis of Y 000593, MIL 03346 and NWA
6148 could be analyzed and is dominated by glass of plagio-
clase composition mixed with Fe-Ti oxides. The SIMS anal-
yses are thus of a mix of phases and this results in the bottom
of the SIMS craters not being very smooth (Figs. 4C and D,
SI4A, SIS5). Water contents range from 1133 to 7036 ppm
H,O and the 3D from —151 to 132%o (Fig. 2A).

The inclusion analyzed in a NWA 998 pigeonite grain has
a plagioclase composition, a low water content of 26 ppm
H,O and a high 6D of 2944%. (Fig. 5). An inclusion in a
Nakhla augite is composed of Fe-rich pyroxene and a K-
bearing Si-rich phase, and contains 862 ppm H,O and has a
dD of 364%o (Fig. SI6). The inclusion from a pyroxene in
NWA 6149 has a varied composition dominated by plagio-
clase with micron sized fayalite, Fe-Ti oxides, phosphate
and K-feldspar (Fig. SI4B). The part of the melt inclusion
dominated by plagioclase contains 2862 ppm H,O and has

a 6D of 22%o. The melt inclusions of Y 000593 are also hetero-
geneous (Fig. SI3A). Two analyses were performed in one
melt inclusion of Fe-rich pyroxene composition (Mg# = 44)
and gave different values (Px3 MI B1 and B2 in Fig. SI3A):
40 ppm H,O and 619%o, and 83 ppm H,O and 2327%eo.

No water was detected in olivines except in those from Y
000593. One Y 000593 olivine contains ~320 ppm H,O and
records some of the lowest 6D (—268 and —147%o) that we
measured (Fig. SI6B), while another with less clinopyrox-
ene inclusions has water content below detection limit for
the SIMS. Analyses by FTIR in all these olivines, however,
exhibited a wide OH band (Fig. 1C). The discrepancy
between the SIMS and FTIR data likely stems from the lar-
ger volume analyzed by FTIR which likely included some
of the inclusions. Given that the FTIR spectra indicate that
the water detected in the Y 000593 olivines is not related to
H lattice defects but may be in inclusions, no single absorp-
tion coeflicient can be applied and no water content can be
calculated from these spectra. A SIMS analysis of a Y
000593 olivine results in 320 ppm H,O and a 3D of
—268%o (Fig. SI3B). Nakhla olivines also contain elongate
inclusions that could be avoided sometimes but not always
during analyses, and yet no water was detected in Nakhla
olivines, either by FTIR or SIMS. The olivines of MIL
03346 and NWA 6148 appear clear and those of NWA
998 sometimes have planes of fluid inclusions, and none
have detectable levels of water.

3.3. Major and trace element concentrations in pyroxene,
olivine and mesostasis

Major and rare-earth element (REE) content variations
in nakhlite phases (Fig. SI7, 8 and 9) are similar to previ-
ously published data (Bunch and Reid, 1975; Harvey and
McSween, 1992; Wadhwa and Crozaz, 1995; Mikouchi
et al., 2003; Wadhwa et al., 2004; Imae et al., 2005; Day
et al., 2006; Treiman and Irving, 2008; Hallis and Taylor,
2011; Udry et al., 2012; Jambon et al., 2016; Balta et al.,
2017; Udry and Day, 2018). The mm-size augites have rel-
atively homogeneous major element composition, save for
~50 pm Fe-rich edges (Mg# < 60). Only the augites in
NWA 6148 exhibit major element zoning. The augites are
characterized by a dome-shaped REE pattern when nor-

<

Fig. 1. FTIR spectra in the O—H vibration region of nakhlite pyroxene (PX), mesostasis and olivine. Sample thickness is normalized to 1 cm
and the spectra vertically off-set for clarity. Abs. = absorbance. For pyroxene and olivine, two spectra per mineral are shown, taken with the
infrared polarizer in two perpendicular directions which are aligned parallel (//) to the crystal’s indicatrix axes, i.e. // vy and // o or // B. (A)
Nakhlite pyroxenes exhibit OH bands only // y (light blue fields) and at 3620, 3615 and 3450 cm ™' (marked with dotted black lines), typical of
intrinsic H in pyroxene. The exception is Px7 in NWA 6148 that has a large OH band between 3700 and 3000 cm™! likely due to OH in
inclusions (lined light-blue pattern), but also exhibits sharp OH bands at 3670 and 3400 cm™! (Px7 is the augite shown in Fig. 6). (B)
Unpolarized spectrum of the mesostasis of NWA 6148. Sharp bands at 3567 and 3400 cm ™' may be intrinsic H in olivine (light blue field)
while the overall large band (lined light-blue pattern) results of the combination of OH in the various phases of the mesostasis (glass, feldspar,
pyroxene, phosphate). (C) No OH bands were detected in nakhlite olivines, except in those of Y 000593 which are characterized by a large OH
band between 3000 and 2800 cm™!, symptomatic of water in inclusions (lined light-blue pattern). A band at 3180 cm ™! may be caused by
intrinsic H (H filled defect in an Mg-vacancy, light blue field). Small bands <3000 cm ™! are due to a negligible surface-organics contamination.
Also shown in A and C are the FTIR spectra of the pyroxene and olivine used as blanks in the SIMS analyses (grey lines labelled Blank) and
that are experimentally-dehydrated diopside and forsterite from a Kilbourne Hole mantle xenolith. No OH bands are detected in the FTIR
spectra of the blanks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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malized to CI carbonaceous chondrites (/CI) (Anders and
Grevesse, 1989), with Nd at the apex (Fig. SISA). High field
strength elements (HFSE) exhibit negative anomalies rela-
tive to the REE/CI (Fig. SI9A). Average trace element pat-
terns of augites/CI are parallel for all five nakhlites for
REE, HFSE, B, As, Sr, Y, Sc and V. The augites of
NWA 6148 have lower Mg# (~57) in their interior and
higher REE contents compared to the other nakhlites ana-
lyzed here. Averages of incompatible trace element contents
of augite interiors increase about four times from Nakhla,
through Y 000593, MIL 03346 and NWA 998 to NWA
6148 (Fig. SI9A); i.e. the ones with intermediary cooling
rates (Nakhla, Y 000593) having the lowest amounts. The
augites of Nakhla and Y 000593 also have major element
compositions extending to “more primitive” values, record-
ing some of the highest Mg# and lowest Al,O; and CaO
contents compared to other nakhlites (Fig. SI7A and B).
Positive correlations are evidenced between incompatible
trace elements (REE, Y, HFSE, Sc, Ga, V) and Al,O;,
CaO contents and rough negative correlations with Mg#
in augites of each nakhlite (Fig. SI7A and B). At the scale
of individual augite grains, however, the Fe-rich edge does
not always have higher incompatible trace element contents
compared to the interior (for example Ce in
Figs. 4, 6 and 7F). A pigeonite grain from NWA 998 has
LREE-enriched edges compared to its interior, relative to
HREE and when normalized to chondrites (Figs. 5 and
SI8C). Some trace elements do not correlate with Mg# or
Al,O3 in augites, such as Li, B, T1, Pb, As, Sn.

3.4. Water contents and 8D variations with other elements

When the water content of pyroxene is low (<50 ppm
H,0), no correlation between major and trace element
and water contents are observed, whether at the scale of
one nakhlite or within individual grains (Fig. 7). When a
pyroxene grain contains areas with higher water contents,
correlations with major element content and analysis loca-
tion in individual grains start to emerge: at the grain edges,
water content decrease (Figs. 4 and 6) or increase (Fig. 3).
The D/H ratio sometimes increases towards the edge of a
pyroxene grain (Fig. 4) and sometimes decreases (Figs. 3
and 6). In particular, the water content increases while
the 8D decreases from interior to edge, correlating with
major elements (Al,O; increase, Mg# decrease) in one
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augite from Nakhla (Figs. 3 and 8). In the mesostasis of
Y 000593, water contents correlate with Mg# or MgO/
FeO (Figs. 4 and 9A).

4. INTERPRETATION
4.1. Terrestrial contamination

All nakhlites analyzed here were found either in Antarc-
tica (MIL and Y) or in hot deserts where they were sub-
jected to terrestrial alteration. Given that such alteration
occurs via the circulation of fluids in shock-induced frac-
tures, terrestrial alteration is generally considered low for
nakhlites which have not been shocked strongly. Terrestrial
alteration would be expected to lower the 6D (towards and
even below 0%o, the 8D of the Earth’s hydrosphere) and
increase the water content of affected phases (Gonfiantini,
1978; Lécuyer et al., 1998; Stephant et al., 2018). The con-
cern is thus that the low 8D, high water content end of the
trend in Fig. 2 could be, partly, due to terrestrial
contamination.

First, we purposefully selected (i) fresh mineral phases
devoid of visible alteration; (ii) areas devoid of fractures
for SIMS analysis and verified the lack of fracture by
SEM imaging of the SIMS craters post-analysis, and (iii)
area devoid of grain boundaries in all phases except the
mesostasis (Figs. 4B and C, SI4A and SI5) and some melt
inclusions (those of Nakhla and NWA 6148; Figs. SI6
and SI3) where analysis of multiple phases could not be
avoided. For the mesostasis, the concern is that terrestrial
alteration fluids could have seeped at grain boundaries
and that our SIMS analyses could have incorporated the
water and H isotopic signature of these fluids, and iv) min-
erals located as far as possible from the edge of the mete-
orites. Stephant et al. (2018) experimentally demonstrated
that desert alteration of the highly fractured martian mete-
orite Tissint only affected the water content and 8D of min-
erals next to the edge of the meteorite chunk exposed to
atmosphere.

Second, REE patterns can be used to detect terrestrial
contamination in meteorite phases (Crozaz et al., 2003).
A positive Ce anomaly in a chondrite normalized pattern
has been suggested to characterize oxidation of meteorite
phases during terrestrial alteration of meteorites (Crozaz
et al., 2003). However, the pyroxenes (Fig. SIS), olivines

Fig. 2. Deuterium to hydrogen ratios expressed in 8D (%o) versus the reciprocal of the water content (1/H,0) obtained by SIMS on nakhlite
pyroxene (squares), inclusions in pyroxenes (incl, circles), and mesostasis (triangles). (A) Blank-corrected water content and 8D, and reservoirs
or processes that cannot explain the data. (B) D corrected for cosmic ray exposure spallation effects (8Dcrg) using Merlivat (1976) H and D
production rates, and reservoirs and processes that are involved in producing the range of data. Data for a melt inclusion from olivine-phyric
depleted shergottite Y 980459 (Y98 melt incl) is included for reference as it has so far been taken as being the closest we have to Mars mantle
values (Usui et al., 2012). Similarly, data for the breccia NWA 7043 is shown to represent martian crustal composition (Agee et al., 2013). The
orange line with tick marks in A is a mixing model between igneous martian water contents and 8D and those of martian ice (Usui et al.,
2015). The tick marks represent 1% increments of mixing. Simple mixing with ice cannot reproduce the pyroxene data. In B, the bright blue
lines show degassing models of H and D loss from already crystallized pyroxene, and the lighter blue lines show degassing models of water
(OH and H,0) loss from a melt. The green line shows the evolution of 8D during interaction of a melt with hydrothermal fluids at 700 °C. The
pyroxene degassing model is the closest to the data for the water-poor pyroxenes. The low 6D of the evolved phases can be explained by a
combination of degassing of the intercumulus melt and interaction with hydrothermal fluids. The red ellipse encompasses water contents and
SD that are thought to be igneous, i.e. derived from the nakhlite mantle source. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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and mesostasis (Fig. SI10) analyzed here do not exhibit Ce
anomalies. The LREE can also be affected by terrestrial
alteration in low-Ca pyroxene (Crozaz et al., 2003) and it
may explain the higher LREE relative to HREE at the edge
(La/Yb = 9.6) of the NWA 998 pigeonite grain relative to
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its center (La/Yb = 1.2; Fig. SI7C). The olivines analyzed
here all have depletions in LREE relative to HREE, incon-

sistent with terrestrial alteration (Fig. SI10).

Third, the water content of the mesostasis (1100-
7850 ppm H>0), which is dominated by plagioclase, is
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higher than that of most terrestrial igneous plagioclases
(<1000 ppm H,O; Johnson and Rossman, 2004). However,
this does not necessarily imply that terrestrial alteration is
responsible for the high water contents. When water is
located in fluid inclusions instead of lattice defects, water
contents ~2000 ppm H,O are common in terrestrial plagio-
clases (Johnson and Rossman, 2004). Moreover, we ana-
lyzed multiple phases in the mesostasis that can include
water-rich late crystallized phases such as evolved glasses
and apatite, which contributions could have enhanced the
water content of the mesostasis analyses. Finally, a positive
correlation of water content and MgO/FeO ratio in the
mesostasis of Y 000593 can be best explained by igneous
rather than terrestrial alteration processes (Figs. 4 and 9A,
see Section 4.4.1.1).

In summary, although terrestrial contamination cannot
be completely ruled out for some of the mesostasis and melt
inclusion analyses, we consider their water content and 8D
to be the results of processes on Mars. The ranges of water
and REE contents and 6D of the nakhlite pyroxenes and
olivines are thus not considered to have resulted from ter-
restrial alteration.

4.2. Processes potentially affecting H during meteorite transit
from Mars to Earth

Addition of H by solar wind to the surface of airless
extraterrestrial bodies is limited to <200 nm depths
(Keller and McKay, 1997; Hashizume et al., 2000;
Chamberlin et al., 2008; Burke et al., 2011; Bradley et al.,
2014). This and the fact that the exterior of meteorites
ablate during their passage through the Earth’s atmosphere
rules out H implantation by solar wind as a contribution to
our measured water contents.

Exposure to cosmic rays, on the other hand, results in
spallation processes that produce H and D to several meters
depths in meteoroids, with D/H produced in higher ratios
than SMOW (Reedy, 1981; Reedy et al., 1983; Eugster
et al., 2006). However, the time of exposure of the nakhlites
to cosmic rays (~11 My; Terribilini et al., 2000; Eugster
et al., 2002; Christen et al., 2005; Korochantseva et al.,
2011) is too short to significantly alter the H and D contents
of nakhlite phases, as detailed in SI3 and Table SI4. The
difference between the spallation corrected 8D (8Dcrg, cal-
culated using H and D production rates of (Merlivat, 1976)
and the uncorrected 6D are minor relative to the range of
dD exhibited by the nakhlite phases to the point of being
barely visible when comparing Fig. 2A and B: larger correc-
tions occur at low water contents (<100 ppm H,O, 6D on
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average 43%o lower and with larger error bars) and are
smallest at high water contents (>100 ppm H,O, D on
average 0.3%o0 lower). The water contents hardly changed,
i.e. they are similar within uncertainties (Table SI1). The
range of 8D observed in nakhlite pyroxene (>4000%o,
Fig. 2) cannot be explained by cosmic ray interactions.

4.3. Interaction with surficial martian reservoirs

The atmosphere of Mars has an elevated D/H ratio that
results from preferential loss of H to space throughout its
history (Yung et al., 1988; Chassefiere and Leblanc, 2004;
Webster et al., 2013). During this process, fractionation
of the isotopes of hydrogen result in an atmosphere with
an average 0D of 4950%c (Owen et al., 1988; Webster
et al., 2013). Surficial reservoirs (crust, ice, alteration prod-
ucts) are thus expected to have an elevated 6D (>500%o)
inherited from interaction with the atmosphere (e.g.,
Watson et al., 1994; Boctor et al., 2003). Here, we assess
whether the high 3D (500-4500%0) of the martian pyroxe-
nes and some melt inclusions (Fig. 2) could have been influ-
enced by interaction with surficial martian reservoirs. Two
possible scenarios are examined: (1) shock implantation,
and (2) interaction with surficial fluids.

4.3.1. Shock

The high pressure, albeit for a brief time period (<1 s),
and potentially high temperature, that characterizes shock
(e.g, Sharp and DeCarli, 2006) could potentially increase
H mobility in martian rocks and their minerals during an
impact event. However, as detailed in SI4, shock is unlikely
the cause of the high 6D and low water contents of most
nakhlite pyroxenes because: (i) nakhlites are minimally
shocked (Fritz et al., 2005a,b), (ii) Xe isotope systematics
shows that shock implantation of volatiles is limited to
grain boundaries in nakhlites (Gilmour et al., 2001); (iii)
shock experiments on hydrous phases resulted in increases
of 8D that are small compared to the D range observed
in nakhlite phases (Tyburczy and Ahrens, 1988; Tyburczy
et al., 1990; Minitti et al., 2008a,b; Sekine et al., 2012,
2015).

4.3.2. Interaction with surficial fluids

4.3.2.1. Interaction with atmosphere and ice. The next
hypothesis to test is that the pyroxenes had initially low
“mantle” 8D (<500%c) and that interaction with surficial
fluids increased their 6D. Although the martian atmosphere
contains little water vapor at present (<150 ppm H,O;
Rodin et al., 1997; Fedorova et al., 2009), equilibration of

Fig. 3. Water content, 3D, Al,Os, Ce, Pb, Li and B contents, and Mg# (Mg/(Mg + ZFe*")) along cross sections through a zoned augite from
Nakhla. The 8D values are corrected for cosmic ray exposure (3Dcgrg). The error bar on the distance in panels featuring water content and 6D
are +15 pm (i.e. correspond to a diameter of ~30 um for the area analyzed by SIMS). The Mg# profile and the lighter grey at the edge of the
pyroxenes compared to its interior in the back-scattered electron (BSE) image (B) indicates lower Fe contents. Panels C and D show secondary
electron (SE) and BSE images of the SIMS craters. Panel E shows a plane-polarized photo of the augite and the squares indicate where FTIR
analyses were performed, i.e. on the locations having the clearest path (minimum amount of inclusions) through the mineral for the infrared
beam. The pink star is next to a SIMS crater that had a hole at its bottom and which analysis was not taken into account in the interpretation.
This Nakhla augite preserved evidence for water content and 3D variations being controlled by pyroxene igneous crystallization. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the pyroxenes with this ’dry’ atmosphere at martian surface
temperatures is unlikely. First, only the pyroxene grains
directly exposed to the atmosphere, such as at the surface
of a lava flow, would be affected. Second, the nakhlite crys-
tallized during the Amazonian (Nyquist et al., 2001; Cohen
et al., 2017), a time when the climate of Mars was likely so
dry that, since then, rain was unlikely and aqueous alter-
ation was rare (Carr and Head, 2010). Third, diffusion rates
of H and D in pyroxene would be too slow to significantly
change the pyroxene water content. The pleochroism and
position of the OH bands in the FTIR spectra of the Nakh-
lite pyroxenes (Fig. 1) shows that the water analyzed is
located in the mineral lattice, and not in water-rich inclu-
sions (except for NWA 6148 Px7). The diffusion of H incor-
porated in that manner in pyroxene can be modelled
(details in SI6) with experimentally determined diffusion
rates (Hercule and Ingrin, 1999). At the average tempera-
ture of the martian surface determined from Viking landers
and rover measurements; (—43 °C; Seiff and Kirk, 1977;
Fergason et al., 2006), however, this modeling shows that
only the outer 0.06 um of a pyroxene grain would be
affected after 1.3 Ga, the crystallization age of the nakhlites
(dotted blue line in Fig. 10).

Another possibility is that the outcrop from which the
nakhlites originate has been covered by ice that could either
be the seasonal water ice at the poles, local condensate
(Webster et al., 2013), or underground ice (Farmer et al.,
1976; Bibring et al., 2004; Mouginot et al., 2012; Orosei
et al., 2015). The isotopic H ratio of martian ice has never
been measured in situ, but an estimate of a dD of 1000—
2000%o comes from modelling shergottite impact-melt data
(Usui et al., 2015). Hydrogen exchange with surficial ice
could increase the 8D of the martian phases and is modelled
with a simple binary mixing (orange line in Fig. 2A). How-
ever, this process would also increase the amount of water
in the nakhlites, the opposite of what the analyses shows.
Changing the 3D of ice to higher (+5000%¢) or lower values
(e.g., 0%0) does not provide a better fit to that observed in
the nakhlite pyroxenes.

4.3.2.2. Interaction with hydrothermal fluids3.2.2.1. Mesosta-
sis. A more realistic scenario is infiltration of martian surfi-
cial hydrothermal fluids through the nakhlite cumulate pile
at temperature >25 °C (Bridges et al., 2001; Filiberto et al.,
2014; Liu et al., 2016). Nakhlites show evidence of low tem-
perature (<150 °C) hydrothermal activity on Mars with the
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circulation of brines perhaps linked to an impact occurring
nearby the nakhlite pile (Gooding et al., 1991; Bridges and
Grady, 2000; Bridges et al., 2001; Treiman and Irving, 2008;
Changela and Bridges, 2010; Hallis and Taylor, 2011;
Bridges and Schwenzer, 2012; Cartwright et al., 2013; Lee
et al., 2013; Hallis et al., 2014; Niles et al., 2017). Alteration
features are typically localized in veins, leaving most of the
igneous textures and minerals intact. A martian alteration
fluid may have elevated 6D reflecting exchange with the
atmosphere or ice. Analysis of smectites in Nakhla suggest
that a 6D of 1165 4 116%o is a minimum value for martian
aqueous surface fluids (Hallis et al., 2012b). Other estima-
tions for the 6D of martian alteration fluids range from
500-870%0 (Liu et al., 2016), 1000-2100%0 (Usui et al.,
2015) to 4000%oc (Leshin et al., 2013). The 8D of martian
surficial fluids are higher than those of the nakhlites’
mesostasis (—151 to 231%o), suggesting that this mesostasis
was unaffected by martian surficial aqueous fluids.

On the other hand, the nakhlite mesostasis 8D are sim-
ilar to that of bulk measurements of the one martian crustal
breccia known, NWA 7034: step heating of bulk aliquots of
this meteorite yielded 6D from —100 to +327%oc (Agee et al.,
2013). The low 8D of NWA 7034 water released at 50 °C
likely originated, at least in part, from terrestrial alteration
since 8D ~0 have been measured in situ in Fe-
oxyhydroxides as alteration products of martian pyrite
(Lorand et al., 2015). The high 6D water released at 900 °
C may be intrinsic to the breccia, which has high water con-
tent of ~0.6% (Agee et al., 2013). Incorporation of crustal
material, perhaps via interaction with deep crustal fluids
(as opposed to surficial fluids with higher D), or via melt-
ing/assimilation at the edge of a magma chamber, is thus a
more likely explanation for the 8D of the nakhlite mesosta-
sis. This scenario of hydrothermal fluids mixing with the
intercumulus melt is supported by evidence that the mag-
matic hydrous phases of nakhlites (apatite, amphibole)
crystallized from a melt that was Cl-rich (McCubbin
et al., 2013; Filiberto et al., 2014; Giesting and Filiberto,
2016). Although it has been suggested that this high
amount of Cl could be igneous, i.e. the melt’s mantle source
was Cl-rich (Filiberto and Treiman, 2009), it is most likely
exogenous. Chlorine was added to the melt at crustal levels
via mixing with Cl-rich hydrothermal fluids and brines cir-
culating through the nakhlite melt prior to complete crys-
tallization at the martian surface or in a sill (Cartwright
et al., 2013; McCubbin et al., 2013; Magna et al., 2015;

Fig. 4. Water content, 3D, Li, B, AL,O;, Ce and Pb contents and Mg# (Mg/(Mg + SFe*") along cross sections through a zoned augite and
mesostasis of Y 000953. The 0D values are corrected for cosmic ray exposure (6Dcrg). The Mg# profile (A) and the lighter grey at the edge of
the Y 000593 augite (Px) compared to its interior in the back-scattered electron (BSE) image (B) indicates lower Fe contents (Fe-Px). The error
bar on the distance in the H,O and 8D panels are +15 pm (i.e. correspond to a diameter of ~30 um for the area analyzed by SIMS). C shows a
secondary electron (SE) image and D shows a BSE image of the SIMS craters, with 1-10 numbers to better identify the location of the
analyses shown in (A). The pink star is next to a SIMS crater that has obvious fractures and which SIMS analysis was not taken into account
in the interpretation. The bottom of the craters in the mesostasis of Y 000593 are also not smooth which is the result of the mesostasis being
composed of multiple phases: mainly plagioclase (Plag.), but also SiO, and Fe-Ti oxides. Except the crater right at the boundary between the
pyroxene and mesostasis that is clearly on a fracture, the 3D of the mesostasis analyses (>—56%o, A) are significantly above that of the SIMS
background (—300 to —100%o0), and can likely be trusted. The high 3D and low water content at the edge of the pyroxenes are consistent with
degassing of H and D through an already crystallized pyroxene. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 5. Water content, 8D, Al,O;, Li, B, Ce and Pb contents and Mg# (Mg/(Mg + ZFe>") along a cross section through a pigeonite from
NWA 998. Three of the Li contents and one water content are below detection limits in the NWA 998 pigeonite and are plotted at 0 ppm.
Consequently, the one water content below detection limit has no corresponding 8D. The 8D values are corrected for cosmic ray exposure
(8Dcrg). The error bar on the distance in the H,O and 8D panels are +15 pm (i.e. correspond to a diameter of ~30 pm for the area analyzed
by SIMS). Panel C shows a secondary electron image (SE) of the SIMS craters. The pink stars are next to SIMS craters that have fractures or
holes and which analyses were not taken into account in the interpretation. The high D and low water content at the top edge of the pyroxene
are consistent with degassing of H and D through an already crystallized pyroxene. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Shearer et al., 2018). For example, the range of CI-F com-
positions of apatites from the mesostasis in nakhlites, along
with their water-poor characteristics, reflect a history of
crystallization from a Cl-rich degassing melt (McCubbin
et al., 2013). Sulfur isotopes also reveal assimilation of mar-
tian salts in the mesostasis, i.e. in the intercumulus liquid
when the partially-crystallized nakhlite magma may have
flowed on the martian surface (Franz et al., 2014; Dottin
et al., 2018).

Fractionation of H isotopes during fluid-melt interac-
tion can be modeled using the equation of De Hoog et al.
(2009) to model fluid-melt interaction during melt degassing

(Eq. (SI4)) and the equation of Suzuoki and Epstein (1976,
Eq. (S16)) to calculate the fractionation factor (see details in
SIS). There is no fractionation factor available for martian
fluid and melt compositions, but experimental studies for
aqueous fluids coexisting with aluminosilicate melts are
available (Mysen, 2013; Dalou et al., 2015). The results of
D/H fractionation using Eq. (SI6) with @ = —126 and
b =263 (Dalou et al., 2015) results in a fractionation factor
Ofuid-mete Of 0.88 at 700 °C, a reasonable temperature for the
cooling nakhlite mesostasis melt (Richter et al., 2016).
Assuming that the most water-rich mesostasis (Y
000593A with 7036 ppm H,O and a 8D of 104%o) as initial
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Fig. 6. Water content, 8D, Al,O5, Ce, Pb, Li and B contents, and Mg# (Mg/(Mg + £Fe?")) are shown along a cross section through an augite
from NWA 6148. The 6D values are corrected for cosmic ray exposure (dDcrg). The error bar on the distance in panels featuring water
content and 8D are £15 um (i.e. correspond to a diameter of ~30 pm for the area analyzed by SIMS). Panels C and D show secondary
electron (SE) and BSE images of the SIMS craters. Panels E shows a plane-polarized photo of the augite and the squares indicate where FTIR
analyses were performed, i.e. on the locations having the clearest path (minimum amount of inclusions) though the mineral for the infrared
beam. The edges of the augite have lower water content and lower 6D than the center, correlating with major element contents, that indicates
crystallization from a degassing melt.
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Fig. 7. Water content determined by FTIR, Mg# (Mg/(Mg + Fe)) and Al,O3, Ce, B and Tl or Pb contents in augites from NWA 6148 (A and
B), MIL 03346 (C and D) and NWA 998 (E and F). Transmission light photos of the pyroxene grains are provided to show the location of
each analysis. The lack of correlation between water and major element contents, while pyroxene edges typically have less water than their
cores, evidences H degassing from pyroxenes. No water was detected at C and D in the augite from MIL 03346 and the water content is
plotted here for illustration at 0.1 ppm H,O, an arbitrary value below detection limit. Positive error bars of 50% on the water contents indicate
that FTIR water contents are minimum values (see SI2.2 for details).
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Fig. 8. Water content versus Mg#, Al,Oz content in weight % and 8D in %o in the least degassed nakhlite pyroxenes (>5 ppm H,O,
8D < 700%0). The D values are corrected for cosmic ray exposure (8Dcrg). “Nakhla Rehyd. Augite” is an average of analyses of three
Nakhla augites that initially contained <10 ppm H,O and that were rehydrated experimentally at 700 °C and 2 kb by Weis et al. (2017). The
red arrow shows the general trend of crystallization during slow degassing exhibited by the Nakhla augite data. The red ellipse encompasses
the undegassed Mg-rich augites used to calculate the water content and 8D of the martian mantle. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

composition, the resulting modelled D overlap with the
highest 6D measured in the mesostasis (green curves in
Fig. 11B). If a lower initial 3D is chosen (such as that of
the mesostasis in NWA 6148 with 6D ~ —95 to —150%o),
the fluid-melt 8D fractionation curves would pass through
most of the 6D measured in the mesostasis. Exchange of
hydrothermal fluids with the intercumulus melt is thus con-
sistent with the range of 8D observed for the mesostasis
(Fig. 11B).
4.3.2.2.2. Pyroxene. Theoretically, interaction of the pyrox-
enes with hydrothermal fluids could either occur before
complete crystallization of the nakhlites via the mixing of
the hydrothermal fluids with the residual melts and diffu-
sion of H at high temperature into the pyroxenes, or after
nakhlite complete crystallization with the fluids seeping
along pyroxene grain boundaries at low temperatures.

For the latter case, however, diffusion of H and D is
extremely slow through pyroxene and olivine at the low
temperatures (<150 °C) under which this hydrothermal

alteration occurred (Bridges and Schwenzer, 2012; Hallis
et al., 2014). It has been suggested that hydrothermal
fluid temperatures could have reached 700 °C (Filiberto
et al., 2014). Typical hydrothermal systems on Earth,
however, rarely reach temperatures >300°C (e.g.,
Chiodini et al., 2001; Lowell and Rona, 2002). Rather
than the ingress of hydrothermal fluids, the 700 °C tem-
perature recorded by scapolite in an olivine melt inclu-
sion from Nakhla (Filiberto et al., 2014) could testify
to the evolution of a magmatic volatile-rich melt as a
closed system during the cooling of Nakhla. This has
been evidenced in a melt inclusion from a MIL 03346
pyroxene (McCubbin et al., 2009). Moreover, as pointed
out by Richter et al. (2016), the similarity of Ar ages for
all nakhlites (Park et al., 2009; Cohen et al., 2017), pre-
cludes heating events above the Ar closure temperature
(350 °C) from having occurred after complete crystalliza-
tion. In other words, temperatures >150°C for
hydrothermal activity in nakhlites are unlikely.
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The duration of the fluid hydrothermal event(s) that
affected the nakhlites is unknown but is likely short enough
that H diffusion in olivine and pyroxene was negligible. It
could occur during an impact event when ice would melt
locally or during volcanic activity. Aqueous alteration
resulting from impact in a low permeability media (like a
pyroxenite flow) has been modeled to have persisted for a
few thousand years (Barnhart et al., 2010). Modeling H dif-
fusion into a pyroxene at 50 °C using a diffusing time of
5000 years adds water only to the 10 um edge of a pyroxene
containing 60 ppm H,O (SI6, dotted grey curve in Fig. 10).
Only if the fluid would come in direct contact with a pyrox-
ene grain continuously for >5 Ma, could it start modifying
the water content of the 100 um edge of the grain (black
curve in Fig. 10). At 150 °C, it would take 500 years of con-
tinuous exposure to hydrothermal fluids to achieve the
same water enrichment of the outer 100 um of the pyroxene
(orange curve in Fig. 10). Continuous exposure for these
time spans is, however, unlikely and short duration spo-
radic episodes are more realistic. In summary, it is unlikely
that low-temperature hydrothermal alteration played a sig-

nificant role in establishing the range of water contents and
H isotopes observed in the nakhlite augites.

Hydrogen diffusion into pyroxene and olivine is consid-
erably faster if temperatures are higher, such as igneous
temperature when the intercumulus liquid was in contact
with the already crystallized pyroxene. Cooling rate estima-
tions for nakhlites suggest that a temperature of <700 °C is
reasonable for the cooling intercumulus melt (Richter et al.,
2016). At 700 °C, the water content of a mm-size pyroxene
containing initially 60 ppm H»O in continuous contact with
a melt containing 3640 ppm H,O (average of the mesostasis
water contents) can be modeled using Eq. (SI10) to have its
water content increased 10 times in less than a day within
1 mm of its edge (red curve in Fig. 10). Although the nakh-
lites are thought to have cooled very rapidly, time estimates
for cooling are still of several days (Richter et al., 2016).
However, at the time of cooling of the inter-cumulus
magma, processes other than simple diffusion of water into
pyroxene were at play, such as continuous growth of the
augites via crystallization (resulting in the Fe-rich edges;
Richter et al., 2016) and degassing (resulting in H loss from

H,O0 (ppm)
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Fig. 10. One-dimensional modelling of hydrogen diffusion in clinopyroxene from a hydrothermal fluid or a melt at various temperatures. The
hydrothermal fluid contains 50% H,O and the nakhlite clinopyroxene grain initially contains 60 ppm H,O (grey dotted curve). Minimal H is
added to the clinopyroxene 1 pm outer edge if diffusion occurs at the average temperature at the Mars surface of —43 °C, even after 1.3 Ga,
the crystallization age of nakhlites (blue dotted curve). If diffusion is allowed to last for 5 My at 50 °C (black curve) or if temperature is
increased to 150 °C and diffusion lasts 500 years (orange curve), the water content of the pyroxene is affected within 200 pm of the edge. At the
temperature of 700 °C, however, the water content of a 1 mm large clinopyroxene in contact with a melt containing 3640 ppm H,O can gain 10
times its initial water content within a day (red curve). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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the augites). These competing processes likely mitigated the
potential diffusive intake of H by the pyroxenes.

A final test for interaction of the augites with hydrother-
mal fluids is to examine elements that are mobile in fluids:
B, As, Sb, Tl, Pb, Mo, Sn are elements diagnostic of
hydrothermal processes, and alkalis and U are markers of
metasomatism by fluids (Noll et al., 1996; Scholten et al.,
2018). Potassium, Rb, Na, Mo and Sb in pyroxene are
too close to the detection limit of our LA-ICP-MS measure-
ments to be used, but Na,O measured by electron micro-
probe and B and Pb abundances by LA-ICP-MS were
used to assess fluid mobility. The water content of augites,
however, does not correlate with any of these fluid-mobile
elements (B, Na,O or Pb shown in Fig. SI7D-F). At the
scale of individual pyroxene grains, fluid-mobile elements
are enriched at the edge compared to the interior of the
NWA 998 pigeonite (Fig. 5) and of the water-rich augite
from NWA 6148 (Fig. 6). These elements being incompat-
ible, their enhanced concentrations at the pyroxene edges
could be the result of growth from an evolving melt being
progressively enriched in incompatible elements as the crys-
tallization proceeds, consistent with the model of crystal-
lization from a fast-cooling evolving melt of Richter et al.
(2016). In contrast, in a water-rich augite from Nakhla,
the concentrations of the fluid-mobile elements B and Pb
are low and show no variation (Fig. 3). In water-poor
pyroxenes, however, the fluid-mobile elements B, Tl and
Pb appear depleted at the water-poor edges (Fig. 7C-F).
The lack of consistent correlations between water and
fluid-mobile elements at the edges of individual pyroxene
grains signifies that water was not added to the augites by
the hydrothermal fluids that may have interacted with the
intercumulus melts.

It should be noted that the edges of augite grains are
enriched in Li compared to their interior in Nakhla and
NWA 6148 augites (Figs. 3 and 6) although this is a little
ambiguous in an augite from Y 000593 (Fig. 4). Lithium
diffuses almost as fast as H in pyroxene (Coogan et al.,
2005; Richter et al., 2014). Moreover, no correlation is
observed between Li and water contents or with 3D
(Fig. 7G). These observations are consistent with previous
results on nakhlites MIL 03346 and NWA 817, and are
interpreted as diffusion of Li from the intercumulus melt
into the edges of already crystallized pyroxenes during a
final fast cooling stage (Richter et al., 2016). This Li
exchange may have been contemporary to exposure to
hydrothermal activity at the surface of Mars. Alternatively,

the source of the Li may also be igneous, given that the
mesostasis is not enriched in Li relative to the pyroxenes
and Li is incompatible during crystallization processes
(Brenan et al., 1998; Fig. 7G).

The conclusion is that the nakhlite inter-cumulus melt
likely interacted with hydrothermal fluids. However, the
range of 6D and water content of nakhlite pyroxene cores
was likely not caused by interaction with martian surficial
fluids with high 8D or martian crustal fluids with low 3D.

4.4. Magmatic processes

4.4.1. Degassing

4.4.1.1. Degassing of the nakhlite melts. When magmas
reach upper crustal levels, the solubility of volatiles drops
dramatically and they exsolve a gas phase (e.g., Sparks
et al., 1994) during which water loss and fractionation of
H isotopes can occur (De Hoog et al., 2009; Sharp,
2017a; Taylor and Sheppard, 1986). Both melt and their
crystal cargoes degas contemporaneously. To model melt
degassing (details in SIS), we chose as initial water content
that of the most water-rich mesostasis (Y 000593A with
7036 ppm H,0) and the average 6D of the mesostasis mea-
sured in nakhlites (46%oc). These values appear a reasonable
estimate of the least degassed melt because they are similar
to those of a melt in equilibrium with the most water- and
Mg-rich augites (6883 28 ppm H,O and a 3D of 430
+ 172%o; see Section 4.5). Using Eq. (SI8) that calculates
the fractionation factor for a melt degassing water as
H,O and OH (De Hoog et al., 2009), generates an oyapor-
mete = 1.04. Degassing models of a melt result in a decrease
in 3D of up to 40-422%o (closed and open system respec-
tively, light blue curves Fig. 11B). Although the curves
match reasonably the range of 8D of the mesostasis
(382%o difference between highest and lowest 8D), some
mesostasis analyses have too high or too low 6D for their
water content relative to these degassing models. This
may be due, as discussed above, by the ingress of
hydrothermal fluids into the intercumulus melt.

Evidence for a pyroxene crystallizing from a degassing
melt, however, is seen at the scale of a single augite grain
from NWA 6148 (Fig. 6). Both water contents and 6D
decrease toward the more Fe-rich edge of the pyroxene,
while Li content increases. This could be explained by the
pyroxene crystallizing from a fast degassing melt, or by
the edges of the pyroxenes exchanging Li and H with a melt
being rapidly depleted in water via degassing. However,

<

Fig. 11. Degassing models and effect on 8D. The variation of 8D during degassing is calculated using Eq. (SI4) (closed system) and SI5 (open
system). f is the proportion of water left in the degassing phase. The starting water contents to which f is normalized to are those of a water-
rich least degassed Mg-rich augite in Nakhla (A) and of the most water-rich mesostasis (from Y 000593) (B). o is the fractionation factor and
incl. = inclusion. The degassing modelling labelled “H,O-OH in melt” (light blue curves) illustrates degassing via hydroxyl and water
molecules diffusive loss from the melt (De Hoog et al., 2009) and a fractionation factor f calculated from Eq. (SI8). The degassing curves
labelled H-D in px (bright blue curves) were calculated using a fractionation factor of 0.87 from Eq. (SI7) assuming faster diffusion for H
relative to D in pyroxene. Fractionation of H isotopes during fluid-melt interaction at 700 °C to simulate a high-temperature hydrothermal
system (green curves) is also shown with fractionation factors from Eq. (S16) and Dalou et al. (2015) parameters. The low water content and
high 6D in most nakhlite pyroxenes and some of their melt inclusions are best explained by H loss via degassing through already crystallized
pyroxene. The range of 3D of the mesostasis likely resulted from both melt degassing and hydrothermal interaction. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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degassing alone is not sufficient to explain the range of 3D
values exhibited by this augite. To calculate the extent of
melt degassing that would have caused a drop from 92 to
58 ppm H,O in the augite, we calculated the water content
of melts in equilibrium with these augites (10,000-6000 ppm
H,O) using the pyroxene-melt partition coefficient of
O’Leary et al (2010). Using the melt degassing model illus-
trated in Fig. 11B (light blue lines), this 40% decrease in the
water content of the melt corresponds to a 6D decrease of
up to 20%o. This number is lower than the decrease in 5D
(~300%0) observed in the NWA 6148 augite. An additional
mechanism must have lowered the 8D of the melt to 247%o,
again possibly the ingress into the melt of martian crustal
fluids with low 8D (Agee et al., 2013).

The Fe-rich edge of the augites likely formed (by crystal-
lization or melt-rock reaction) at the same time as the
mesostasis which represents the last part of the melt to crys-
tallize. Whether the mesostasis is in equilibrium for water
with the Fe-rich pyroxenes can be tested. A temperature
of 1000 °C is used to calculate a KE/Me of 0.48 (Grove
and Bence, 1977) and obtain the MgO/FeO ratio of melts
in equilibrium with the Fe-rich pyroxenes (i.e. late stage
crystallization). The water content of melts in equilibrium
with the more evolved pyroxenes are higher than those
measured in the mesostasis (Fig. 9A). This discrepancy
could have arisen from the mesostasis crystallizing from
more degassed melts, or from more rapidly degassing melts,
than the pyroxenes did. However, the analyses of the
mesostasis were performed on NWA 6148, MIL 03346
and Y 000593, while the evolved pyroxenes were measured
in Nakhla and NWA 998, and so the two data populations
may not be directly comparable. Nevertheless, the water
content of the mesostasis of Y 000593 shown in Fig. 4
(taken as that of the feldspar which is the major phase) cor-
relates positively with its MgO/FeO ratio (Fig. 9A;
R>=0.83). During crystallization of a melt, the water con-
tent should increase due to the incompatibility of water and
Mg# should decrease in crystallizing phases. The fact that
the opposite is observed here is consistent with the intercu-
mulus melt extensively degassing as crystallization pro-
ceeds, i.e. losing water faster than can be accumulated
from crystallization processes. Moreover, the mesostasis
analyses reveal decreases in 8D of 100%0 towards the edge
of the mesostasis (Fig. 4). This could be explained by solid-
ification from a melt undergoing open-system degassing
near grain boundaries (light blue curve in Fig. 11B). Evi-
dence for degassing of the intercumulus melt of nakhlites
is consistent with the degassing scenario invoked to explain
their apatite volatile compositions (McCubbin et al., 2013).

A similar correlation between water content and major
element may be seen in the mesostasis of MIL 03346
(Fig. 9A). However, in this case, the major element compo-
sition reflects that of the phases analyzed. In MIL 03346,
lower Mg# and water content characterize the part of the
mesostasis dominated by Fe-Ti oxides relative to that dom-
inated by Na-rich glass, Fig. SI5). In NWA 6148, the MgO/
FeO ratio is that of an average of all electron microprobe
analyses of that mesostasis area (i.e. a mix of mainly felds-
pathic glass and Fe-Ti oxides, Fig. SI4A).

Finally, melt degassing could be in part responsible for
the relatively low 8D of the mesostasis (average 47
+ 117%o) relative to that of the Mg- and water-rich pyrox-
enes (average 430 + 172%o; Fig. 2B; see Section 4.4.2). The
pyroxenes crystallized first acquiring the 8D of the melt
they crystallized from. The mesostasis crystallized later,
from the intercumulus liquid that had degassed and there-
fore had a lower 8D (Fig. 11B).

4.4.1.2. Degassing of nakhlite pyroxenes. Pyroxenes also
degas during the ascent of a crystal-loaded melt because
of the lower solubility of H in pyroxene with decreasing
pressure and the preferential partitioning of H into a gas
or melt relative to a nominally anhydrous mineral (e.g.,
Bromiley et al., 2004; Aubaud et al., 2004; Grant et al.,
2006). However, a decrease in oD with decreasing water
content as generated by modeling the degassing of a melt
(light blue lines in Figs. 11A and 2B) is the opposite of what
is seen in the nakhlite pyroxene trend to water contents
<30 ppm H,O (Fig. 2). Instead, another mechanism of dif-
fusion must be at play for pyroxenes. In pyroxenes, water is
incorporated as protons (H) in lattice defects (primarily
vacancies) and bound to structural oxygen (Skogby et al.,
1990). Diffusion through pyroxene occurs as H and its rate
is limited by the diffusion rate of vacancies. A mm-sized
pyroxene can lose most of its H in a few hours at magmatic
(>800 °C) temperatures (Ingrin and Blanchard, 2006;
Ferriss et al., 2016). Diffusion experiments show that the
kinetics of H-D exchange can be 5 to >100 times faster than
that of H loss or gain in diopside at low Fe contents, but
that at higher Fe contents, they are the same (Hercule
and Ingrin, 1999; Ingrin and Blanchard, 2006). These exper-
iments, however, were done on diopsides containing signif-
icantly less Fe (Mg# > 96.4) than nakhlite clinopyroxenes
(Mg# = 50-62). We could speculate that at the higher Fe
content of nakhlite pyroxenes, the diffusion of H is faster
than D. It may thus be relevant to use a fractionation factor
approximated by using the respective atomic masses of H
and D (Eq. (SI7) using wp and Wg; Oyapor-cpx
= /wu/wp = 0.71). Moreover, degassing experiments in
garnet that, like pyroxene, is a nominally anhydrous min-
eral, show extreme kinetic fractionation of the H isotopes
that can only be modeled by such a fractionation factor
(Roskosz et al., 2018). A similar fractionation of H isotopes
is observed during H loss from (nominally anhydrous) silica
(Roskosz et al., 2016). To model pyroxene degassing
(details in SI5), we chose as initial water content that of
the most water- and Mg-rich augite (Nakhla Px6B with
104 ppm H,0) and the average 8D of the most Mg-rich
augites with 8D < 700%o (430%o, see Section 4.4.2). Using o
vapor-cpx = 0.71, the 8D of most of the pyroxenes with low
water content can be matched by a range of closed (with
Eq. (SI4)) and open system (with Eq. (SI5)) degassing mod-
els with loss of >80% of their H (bright blue curves in
Figs. 2B and 12A). As with the experimentally dehydrated
garnet of Roskosz et al. (2016), the fractionation factor
for pyroxene is likely not exactly of pure kinetic origin,
i.e. depending solely on the atomic masses of H and D,
but will vary with mineral composition. Bracketing the H
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data of the nakhlite augites, we obtain a fractionation fac-
tor of 0.5-0.8 (SIS, shaded blue area in Fig. 11A).

This process of degassing from already crystallized
pyroxene can be observed at the scale of individual pyrox-
ene grains in the nakhlites. A lack of correlation with major
elements is most consistent with degassing because H is one
of the fastest diffusing elements through pyroxene while
major elements are orders of magnitude slower (Ingrin
and Blanchard, 2006; Cherniak and Dimanov, 2010). In
particular, the incorporation of H in pyroxene is favored
by the presence of Al (e.g., Aubaud et al., 2004; Hauri
et al., 2006; Tenner et al., 2009). If no degassing occurred,
crystallization from an evolving melt should result in
enhanced contents of Al and H at the edge of a pyroxene
because they are both incompatible elements and because
the partition coefficient of H between melt and solid
increases with the pyroxene Al content. Most of the nakh-
lite pyroxenes analyzed here, however, show the opposite:
despite the increase in Al content at the edge of the augites,
most evidence a decrease in water content. For example,
FTIR measurements of augites from NWA 6148, MIL
03346 and NWA 998 (Fig. 7) show lower water contents
in the edges of grains compared to their interiors, uncorre-
lated with major and trace element contents, and consistent
with H loss during degassing. Similarly, in a pyroxene from
Y 000593 (Fig. 4), the Mg# decreases and the Al content
increases at the edge of the pyroxene, consistent with crys-
tallization processes. However, the water content decreases
at the edge and the analysis closest to the edge records a 6D
of 2459%o. This is consistent with degassing after the pyrox-
ene, including its Fe-rich edge, was already crystallized.

Another example is the pyroxene from NWA 998 shown
in Fig. 5. This pigeonite likely formed later than the ubiqui-
tous augite in the nakhlite crystallization sequence, maybe
due to a pressure decrease during crystallization (Treiman
and Irving, 2008). The decrease in water content (from 380
to below detection limit for the SIMS) and increase in 3D
(to 3032%0 for the lowest detectable water content of
16 ppm H,0) while the Mg# stays relatively constant is con-
sistent with degassing of that pigeonite. The Al,O; content
also decreases towards that edge but not significantly
enough to explain the decrease in water content. Given that
the spatial context of the pigeonite grain we analyzed is lost,
it is difficult to interpret its compositional variations. But the
high-water content end of the profile may have been at the
core of the pigeonite (likely broken in sample preparation)
while the low-water content edge may represent a true edge
that may have been adjacent to mesostasis.

4.4.1.3. Degassing of the inclusions. The water content of the
melt inclusions found in pyroxene is higher than that of the
pyroxene they are found in, consistent with water being
incompatible in a melt relative to pyroxene. The two inclu-
sions (Fe-rich pyroxene + Fe-Ti oxide) in an augite from Y
000593 have low water contents and high 6D (40 ppm H,O,
2327%0 and 83 ppm H,O, 619%o; Fig. 2, SI3A). The enclos-
ing augite from Y 000593 contains <1 ppm H,O. These H
compositions can be explained by degassing of the crystal-
lized melt inclusions through their host pyroxene (bright
blue lines in Fig. 11B). The other melt inclusions, from

augites in Nakhla and NWA 6148, have higher water con-
tents and lower 6D (862 ppm H,O, 364%0 and 2862 ppm
H,0, 22%o, respectively; Fig. 2, SI4B and SI6). The melt
inclusion from NWA 6148 has water content, dD (Fig. 2),
texture and mineralogy (Fig. SI4B) similar to that of the
mesostasis, and may actually be mesostasis showing
through an augite in the plane of the polished surface of
the sample. Alternatively, if it is indeed a melt inclusion,
it must have degassed while still molten because its 3D is
low (22%o; light blue degassing curves in Fig. 11B). The pla-
gioclase inclusion in the water-poor part of the pigeonite
from NWA 998 (Fig. 5) also has low water content
(26 ppm H»0) and high 3D (2894%0) consistent with open
system degassing from the inclusion through the pyroxene
(bright blue lines in Fig. 11B). A final observation is the
water content being below detection limit in a pyroxene
inclusion in a Nakhla olivine, consistent with H loss via
degassing of that inclusion through the olivine.

Another test of degassing for the melt inclusions is to
calculate whether they are in equilibrium for water with
the Mg-rich augites. Melt inclusions may indeed represent
trapped melt similar to that from which the first augites
crystallized. The water content of melts in equilibrium with
the undegassed pyroxenes (high water contents, low dD) is
calculated, using the measured pyroxene compositions and
the partition coefficients from Eq. (10) of O’Leary et al.
(2010; Table SIS). The water contents of the melts are plot-
ted versus their Mg/Fe ratio (Fig. 9B). The Mg/Fe ratio of
the melt in equilibrium with pyroxenes is calculated using
the KE/M2 between pyroxene and melt as a function of
temperature (Grove and Bence, 1977). A temperature of
1250 °C is used for the Mg-rich augite (K5/™¢ of 0.62)
because augite was stable at that temperature in experi-
ments reproducing Nakhla’s composition (Longhi and
Pan, 1989). The MgO/FeO ratio of the melt in equilibrium
with the plagioclase inclusion found in a NWA 998 augite is
calculated using the KI¥/™M¢ between plagioclase and melt of
1.4 (Longhi et al., 1976). The water content of melts in equi-
librium with the earliest crystallized pyroxenes are higher
than those measured in the melt inclusions in each nakhlite
(Fig. 9B), consistent with degassing. Even the melt inclusion
from a Nakhla augite that has relatively high water content
and low 8D (862 ppm H,O and 364%.; Fig. SI6) has a
slightly lower water content than melts in equilibrium with
the Mg-rich undegassed Nakhla augites (Fig. 9B), i.e.
recording degassing. This inclusion is also located in an
augite with only a few ppm H,O (Table SI1), i.e. that likely
sustained degassing. The water content and 6D of melt
inclusions analyzed in this study all indicate degassing
and therefore cannot be used to calculate those of the par-
ent melts of the nakhlites.

4.4.1.4. Degassing of olivine?. The reason why the nakhlite
olivines contain undetectable water is probably the result
of the same crystallization and degassing effects as exempli-
fied by the pyroxenes. As detailed in SI7, loss of H from oli-
vine by degassing is compounded by the low solubility of H
in olivine at low pressure, and the low compatibility of H in
olivine compared to pyroxene (Demouchy et al., 2006;
Peslier et al., 2008, 2015; Peslier and Luhr, 2006; Férot
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and Bolfan-Casanova, 2012; Hauri et al., 2006; Tenner
et al., 2009; Withers et al., 2011). The 320 ppm H,O
detected in the olivines of Y 000593 is likely from the inclu-
sions of clinopyroxene that are abundant in these olivines
(SI7; Fig. SI3B).

4.4.2. Crystallization
The augites were the first phases to crystallize from the
nakhlites and correlations of incompatible trace elements
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and Al,O3 content or Mg# within each augite reflect crys-
tallization processes (Fig. SI7A and B). Recent modelling
showed that the generally homogeneous major-element
composition of the interior of the augites resulted from
crystallization in a slow (years) cooling episode, rather than
re-equilibration with the melt because Fe-Mg diffusion in
augite is too slow within that time span (Richter et al.,
2016). The interpretation of the Fe-rich rims is debatable.
Richter et al. (2016) argue that the Mg-Fe exchange in
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augite is too slow to have caused the Fe-rich rims of nakh-
lite augites, thus the latter are likely due to crystallization
from an evolving melt during a fast cooling stage. On the
other hand, the fact that REE concentrations do not sys-
tematically increase at the edges of augites (Ce shown in
Figs. 3, 4 and 7E, F) is more compatible with an Fe-rich
fluid interacting with the pyroxene edges. In any case, the
Ti/Al ratio of the interior of the augites (Fig. SI7C) can
be used to infer the pressure of crystallization (Nekvasil
et al., 2004). This method can be applied here because the
parental magma of chassignites, thought to be related to
nakhlites (McCubbin et al., 2013), may be alkalic in compo-
sition (Nekvasil et al., 2007), i.e. similar in composition to
the experiments used to calibrate the augite Ti/Al ratio with
pressure (Nekvasil et al., 2004). Second, this method is valid
only if no plagioclase crystallizes, which is ensured by
selecting the augites with Mg# > 59, i.e. early enough in
the crystallization sequence that it is unlikely that plagio-
clase had started forming. The resulting pressures at which
the most magnesian augites crystallized are 0.93-0.43 GPa
(Fig. SI7C). This correspond to depths in Mars of 78—
36 km, i.e. at the base of the crust (Zuber et al., 2000). Note
that this is not in contradiction with cumulate formation,
crystallization of the Fe-rich rim of the augites and of the
olivines, and cooling, at shallower depths (Harvey and
McSween, 1992; Day et al.,, 2006; Lentz et al., 2011;
McCubbin et al., 2013; Udry and Day, 2018). It only shows
that the nakhlite augites started to crystallize at depths cor-
responding to the lower crust.

The fact that Nakhla and Y 000593 have more primitive
augites (higher Mg#, lower Al and lower incompatible trace
element contents, Fig. SI7) than the other nakhlites is likely
a consequence of magma chamber processes. This is unre-
lated to their intermediate cooling rates relative to NWA
998 (slowest rates, rare mesostasis; Treiman and Irving,
2008) and MIL 03346 and NWA 6748 (fastest rates and
most abundant mesostasis; Day et al., 2006; Jambon
et al., 2016) which are due to eruption processes at the sur-
face of Mars, possibly different lava flows of various thick-
nesses (Richter et al., 2016; Balta et al., 2017; Cohen et al.,
2017; Udry and Day, 2018). Ascent of the nakhlite augite-

laden magma resulted in degassing. Eruption at the surface
was followed by rapid cooling (Richter et al., 2016), which
as discussed previously, was not enough time for the core of
the augites and the intercumulus melt to exchange water
and Li, the fastest diffusing elements in that mineral.
Augites in Nakhla appear to have preserved evidence for
crystallization processes, including in their water contents.
Nakhla augites display a positive correlation between
H,O0 and Al,Oj3 content (Fig. 8B) and negative correlations
with Mg# (Fig. 8A), Ca0, and Cr,O3 contents. These cor-
relations are controlled by analyses of one augite grain
from Nakhla, where an increase in water, Fe and Al con-
tents and a decrease in 6D towards the Fe-rich edge of
the pyroxene can be observed (Fig. 3). Apparently in this
crystal, the melt, and the augite crystallizing from it,
became progressively enriched in Fe and in Al, the latter
promoting the incorporation of H. Alternatively, given that
H and Li are both fast diffusers, and because the edge of the
augite is enriched both in H and Li, diffusion of Li (Richter
et al., 2016) and H from the melt into the edge of the
Nakhla augite is possibly responsible. Despite the fact that
H isotopes should not be fractionated during crystalliza-
tion, the Nakhla augite exhibits a lowering of 3D towards
its Fe-rich edge (Fig. 3). Degassing of the melt while pyrox-
enes are crystallizing could explain the decrease in oD (as
predicted; Fig. 11). But the rimward increase in water con-
tent could indicate this degassing must have been a slow
event, allowing crystallization processes to result in
increased water content in the differentiating melt and in
the augite edges that crystallized from it (Fig. 8C).
Terrestrial pyroxenes, including undegassed phe-
nocrysts, show a general range in H,O contents of ~40-
440 ppm (Peslier et al., 2002, 2012, 2017; Peslier, 2010;
Xia et al.,, 2013; Liu et al., 2015; Peslier and Bizimis,
2015; Lloyd et al., 2016). The most H-rich nakhlite augites
fall in this range of water contents. In addition, these water-
rich augites have 8D < 700%o, significantly lower than in the
H-poor pyroxenes (Fig. 2). Thus, we interpret the water-
rich augites as having undergone minimum degassing.
There are some exceptions, in that two augites, in MIL
03346 (16 ppm H,0) and in Nakhla (19 ppm H,0), have

<

Fig. 12. (A) Average water content (ppm H,O) versus 8D (%o) of the undegassed most-Mg-rich augites from Nakhlites compared to those of
various phases from shergottites Tissint, LAR 06319 and EETA 79001. Only samples not prepared in epoxy were selected from the literature
(Usuiet al., 2015; Mane et al., 2016; Hallis et al., 2017; Liu et al., 2018), the only exception being the melt inclusion from Y 980459 (Usui et al.,
2012). Departure from martian mantle values is caused by a combination of mixing with atmosphere H during shock and of mixing with
crustal fluids during shock and hydrothermal processes, in addition to degassing. Also shown are the estimated water content and 3D of the
nakhlite mantle (this study), depleted shergottite (D. Sherg) mantle (Usui et al., 2012), martian crust (Agee et al., 2013), martian atmosphere
(Owen et al., 1988) and the shallow part of the Earth’s upper mantle (Deloule et al., 1991; Michael, 1995; Sobolev and Chaussidon, 1996; Bell
and Thinger, 2000; Dixon et al., 2004; Shaw et al., 2012; Sarafian et al., 2015). The martian crust values are taken as those of the martian
breccia meteorite NWA 7034 (Agee et al., 2013). (B) Hydrogen (8D in %o) and nitrogen (8'°N in %o) isotopes of the martian mantle compared
to those of the Earth’s mantle (Deloule et al., 1991; Bell and Thinger, 2000; Shaw et al., 2012; Cartigny and Marty, 2013; Hallis et al., 2015;
Peslier et al., 2017) and of bulk carbonaceous chondrites (Kerridge, 1985; Alexander, 2017). The nitrogen isotope data on shergottites and
nakhlites are from Mathew and Marti (2002, 2004, 2005) and Mathew et al. (2003). The shergottite mantle 6D derives from that of a melt
inclusion from depleted shergottite (D. sherg.) Y 980459 (Usui et al., 2012). The range of 3D for the Earth’s mantle may get as low as —218%o
(Hallis et al., 2015). Two estimates for CO chondrites are given, one with, and one without, meteorite Ornans which has exceptionally high 6D
(Kerridge, 1985). Bulk solar and comets 8D and 8'°N are also shown (Geiss and Gloeckler, 1998; Hartogh et al., 2011; Marty et al., 2011;
Altwegg et al., 2014; Bockelée-Morvan et al., 2015; Alexander, 2017). Comets have too high 8D and &'°N to be the source of water of Mars
and Earth interiors. Carbonaceous chondrites-like planetesimals instead are the best candidates for the origin of Mars and Earth volatiles. The
3D and 5"°N of the martian mantle resembles that of CO and Tagish Lake carbonaceous chondrites. The 8D of the Earth mantle is
significantly lower and closest to that of CM chondrites.
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relatively low water contents despite having 6D < 700%o.
Overall, the water contents in the least-degassed, most
water-rich, augites range from 16 to 270 ppm H,O. The
average water content of the most Mg-rich augites that
have no evidence for degassing (red ellipse in Fig. 8) is
61 4+ 36 ppm H,O. Weis et al., 2017 rehydrated experimen-
tally at 700 °C and 2 kb three Mg-rich augites from Nakhla
that contained <10 ppm H,O. The resulting water content
of 130 ppm H,O (orange square in Fig. 8A and B) is slightly
higher than that measured in our undegassed Mg-rich
Nakhla augites. The hydrothermal rehydration procedure
may thus have added 30-50% more water than the original
igneous water content of the augite prior to their degassing.
Finally, one augite from Nakhla was measured by SIMS to
have 97 ppm H,O (Hallis et al., 2012a). Although no major
element data is available from that study, this water content
is similar to ours for Nakhla augites at Mg#~63.

Finally, four separate nakhlites contain ‘“‘water-rich”,
Mg-rich, augites with 6D < 700%0 (Fig. 9), independently
of their position in nakhlite flows deduced from their cool-
ing rates (Fig. SI7; e.g. Udry and Day, 2018). If the nakh-
lites had been generated from different parent melts,
difference in water contents and 8D would be expected in
these pyroxenes, inherited from source heterogeneities.
Instead our data is consistent with the hypothesis that all
nakhlites have a common origin in space and time.

4.5, In search of the water content and 6D of the martian
mantle

4.5.1. Low oD, high Mg# augites: crustal or mantle H
signature?

Whether the water content and 3D of the least degassed
Mg-rich augites (61 £ 36 ppm H,O and 430 4 172%¢) can
be used to infer those of the martian mantle is a matter
of debate. One possibility is the model of McCubbin
et al. (2013) and Shearer et al. (2018), based on analyses
of Cl and F in apatites, for the magmatic history of the
nakhlite-chassignite suite in three steps: (1) the olivines of
the chassignites crystallize from a mantle melt, trapping
some of it in their melt inclusions; (2) the melt in the magma
chamber assimilates crustal Cl-rich hydrothermal fluids, (3)
the nakhlite pyroxenes crystallize from this magma. If cor-
rect, the 8D and water content of the nakhlite pyroxenes
have a crustal origin. Apatites from the mesostasis record
the interaction of the mesostasis melt with Cl-rich
hydrothermal fluid and its degassing in both Chassigny
and nakhlites (McCubbin et al., 2013; Shearer et al.,
2018). Only apatites from Chassigny melt inclusions have
mantle Cl-isotope signature, while no apatite from a nakh-
lite melt inclusion has been analyzed (Shearer et al., 2018).
The validity of this model depends on the timing of addi-
tion of the Cl-rich hydrothermal fluids, before or after
augite crystallization.

A contrasting model posits that nakhlite augites began to
crystallize shortly after the chassignite olivines and prior to
infiltration of Cl-rich hydrothermal fluids. In that case, the
interior of the augites would record mantle 6D and water con-
tents. The pressures of crystallization calculated from the Ti/
Al ratio of augite interiors (Fig. SI7C) suggest crystallization

at the bottom of the crust, likely too deep for interaction with
surface hydrothermal fluids. The interpretation of Pb isotope
data on the various nakhlite phases also seem consistent with
this scenario. Lead “ages” recorded by a Nakhla apatite
(3.95 Ga, Udry and Day, 2018) as well as by an isochron from
Chassigny mineral fractions (4.4 Ga; Bellucci et al., 2016) are
significantly older than the crystallization age of the nakhlites
(1.3 Ga), indicating resetting of Pb isotopes since crystalliza-
tion. More importantly, a Pb isochron from nakhlite main
mineral fractions, including pyroxene fractions, records the
same age as the crystallization age obtained using other iso-
topic systems (Bouvier et al., 2009). Consequently, in nakh-
lites, Pb isotopes do not appear disturbed in pyroxenes,
while the apatite from the mesostasis records old ages inher-
ited from surficial hydrothermal fluids. This favors the sce-
nario of introduction of hydrothermal fluids in the nakhlites
after crystallization of the pyroxene, and at the surface of
Mars (Udry and Day, 2018). Until mantle signatures for Cl-
isotopes can be found in nakhlite melt inclusions, the model
of McCubbin et al. (2013) and Shearer et al. (2018) is specula-
tive, primarily relying on analysis of the mesostasis. We pro-
ceed below with the assumption that the undegassed Mg-rich
augites record mantle signatures.

4.5.2. A nakhlite source as hydrous as the shallow terrestrial
mantle

The composition of the interior of the least-degassed,
most Mg-rich augites can be used to calculate the water
content of the nakhlite parent melt and, from it, that of
the nakhlite mantle source (Table SIS). As detailed in SIS,
the water content of the mantle source of nakhlites is calcu-
lated at 59-184 ppm H,O. The range of water content for
the source of chassignites (130-250 ppm H,O), obtained
from that of an amphibole in a melt inclusion in Chassigny
(McCubbin et al., 2010), is mostly higher than that of the
nakhlites. Perhaps this could indicate that some degassing
took place between the crystallization of the chassignite
olivines and that of the nakhlite augites, and therefore is
not inconsistent with a common origin for chassignites
and nakhlites. In contrast, the water contents of the
depleted shergottite source (15-47 ppm H,0), calculated
from that of the Y 980459 melt inclusion with low 8D
(Usui et al., 2012), and of the enriched shergottite source
(36-73 ppm H,0), calculated from apatites (McCubbin
et al., 2016), are lower than that of the nakhlites
(Fig. 12A). These observations point to heterogeneities in
the distribution of water contents in the mantle of Mars.

The water concentrations for the nakhlite source are
overlapping, but display higher values than the range for
the terrestrial mantle lithosphere (Fig. 12A; 50-100 ppm
H,O0; e.g., Peslier et al., 2017), and lower values than that
of Earth’s upper asthenosphere (i.e. the source of mid ocean
ridge basalts (MORB); 150-200 ppm H,O; e.g., Michael,
1995; Sobolev and Chaussidon, 1996; Dixon et al., 2004;
Sarafian et al., 2015). Given that Mars does not have a con-
vective mantle, at present nor at the time of nakhlite forma-
tion 1.3 Ga ago, the most relevant comparison may be that
with the terrestrial mantle lithosphere, i.e. a depleted upper
mantle where heat is transferred conductively. Parts of the
martian mantle may be slightly wetter (nakhlite source) or
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slightly drier (depleted shergottite source) than the Earth’s
mantle lithosphere. The martian mantle composition is
likely inherited from magma ocean processes (Brandon
et al., 2000, 2012; Borg et al., 2003; Debaille et al., 2007)
and its upper part may have been variably depleted in
incompatible elements such as H during the overturn of
magma ocean cumulates and crustal formation (Elkins-
Tanton et al., 2003; Debaille et al., 2009; Breuer et al.,
2016; Day et al., 2018). In any case, our results on nakhlites
can only provide an estimate of the water content of the
upper part of the Martian mantle, which, given uncertain-
ties, has similar to or lower water contents than the upper
part of the Earth’s mantle. Given the solubility increase
of H in olivine with pressure (Kohlstedt et al., 1996;
Hirschmann et al., 2005; Bali et al., 2008; Ardia et al.,
2012; Yang et al., 2014), which is observed also for rela-
tively Fe-rich martian olivine compositions (Withers
et al., 2011), water contents might be >200 ppm H,O at
deeper levels of the martian mantle compared to the pre-
sently modeled nakhlite source.

4.5.3. Comparison of 0D in nakhlite and shergottite phases

The lower 8D of the mesostasis and some of our melt
inclusions in nakhlites is explained here by degassing pro-
cesses, while the 430 + 172%o recorded in the Mg-rich unde-
gassed pyroxenes may represent martian mantle values
(Fig. 2). However, if the chassignites and nakhlites are
related, degassing from the melt could have occurred
between the time of the olivine crystallization and the start
of the augite crystallization. In that case, the 6D of the nakh-
lite undegassed pyroxenes would not represent a mantle
value. Unfortunately, the only H isotopic microanalyses of
chassignites were obtained on samples impregnated with
epoxy. All hydrous phases (amphiboles, a biotite, an apa-
tite) in melt inclusions from chassignites, which are more
shocked than nakhlites (Floran et al., 1978; Fritz et al.,
2005a; Bogard and Garrison, 2008; Fritz and Greshake,
2009; Treiman et al., 2007), record high 8D (811-1880%o).
This has been interpreted as resulting from exchange with
fluids that interacted with the high-6D martian atmosphere
(Watson et al., 1994; Boctor et al., 2003; Giesting et al.,
2015). In contrast, glass in recrystallized melt inclusions
from Chassigny olivines have lower 8D (95-225%o, average
168 + 54%0), with the exception of one glassy inclusion that
may have been shock melted and records a D of 1754%o
(Boctor et al., 2003). The lower 8D were interpreted as pos-
sibly representing magmatic values, with hydrous phases
having been more affected by crustal fluids than glass in melt
inclusions (Boctor et al., 2003). If the above value of 168
+ 54%o is representative of that of the chassignite parent
melt, then it is lower than that of the nakhlites (430
+ 172%0). However, 168%o is probably low compared to
the true glass 3D if there was contribution from epoxy dur-
ing the SIMS analyses. Given this uncertainty, it is difficult
to use these data to prove whether degassing occurred
between the times olivine and pyroxene crystallized from
the nakhlite-chassignite parent melt.

Martian meteorites other than nakhlites have all been
significantly shocked. Their impact-affected phases system-
atically record high 6D (see impact melts, ringwoodite,

most maskelynites in Fig. 12A), even in samples prepared
in epoxy, and have been explained by shock implantation
of martian atmosphere or incorporation of surface alter-
ation (Boctor et al., 2003; Usui et al., 2012, 2015; Chen
et al., 2015; Giesting et al., 2015; Mane et al., 2016; Hallis
et al., 2017; Liu et al., 2018). In olivines from the heavily
shocked (~35 GPa) olivine-phyric shergottite Tissint, and
if only SIMS analyses performed on non-epoxied aliquots
are selected (70-485 ppm H,O, Fig. 12A), 3D vary from
12 to 470%0 (Mane et al., 2016; Hallis et al., 2017). How-
ever, water solubility in olivine decreases significantly as
pressure decreases (e.g., Kohlstedt et al., 1996;
Hirschmann et al., 2005; Bali et al., 2008; Ardia et al.,
2012; Yang et al., 2014), and therefore the water contents
of olivine formed at low pressure (such as in Tissint) seem
high for an igneous olivine. They were interpreted as “deu-
teric alteration during late stage crystallization” or as hav-
ing interacted with crustal fluids (Mane et al., 2016; Hallis
et al., 2017). Except for one melt inclusion from Y 980459
that has low 8D (275%o), all melt inclusions measured in
other shergottites, enriched and depleted, have high 6D
(>900%o; Fig. 12A; Usui et al., 2012; Hu et al., 2014;
Mane et al., 2016). These have been interpreted as contam-
inated by crustal fluids that interacted with the martian
atmosphere or as resulting from degassing (Usui et al.,
2012; Mane et al., 2016). In any case, they do not represent
martian mantle compositions. Studies of Tissint, a heavily
shocked olivine-phyric shergottite which was observed fall-
ing, argue that either the low 8D and water content of its
maskelynites (—116 to 135%0, 30-70 ppm H,O; Mane
et al., 2016) or the low 8D end-member of its impact melts
(~0%o, Chen et al., 2015) reflect that of the shergottite man-
tle source. However, the potential effect of shock and degas-
sing on these values is a concern as evidenced in the
maskelynite of shergottite LAR 06319 (Dudley et al.,
2019). Degassing has likely affected shergottites and specif-
ically Tissint (McSween et al., 2001, Chen et al., 2015;
Castle and Herd, 2017). Consequently, after reviewing the
literature of hydrogen isotope measurements of martian
meteorite phases, it appears that the most appropriate mea-
surements for estimating the 8D of the martian mantle
remains the melt inclusion of depleted shergottite Y
980459 (Usui et al., 2012) and of the undegassed Mg-rich
augites in the nakhlites analyzed here.

4.5.4. A higher 6D for the martian mantle relative to that of
Earth

Our estimation of 430 &+ 172%c %o for the source of
nakhlites is higher than the 8D of the Earth’s mantle
(=20 to —130%o; Fig. 12A; Deloule et al., 1991; Bell and
Thinger, 2000; Shaw et al., 2012; Hallis et al., 2015; Peslier
et al., 2017). The key here is whether this difference is signif-
icant or if the 8D values of the martian mantle extend to
lower values and overlap those of the Earth’s mantle.
Two hypotheses to explain this difference are now explored:
magma ocean and planetary formation processes.

4.5.4.1. Magma ocean processes. The small size of Mars rel-
ative to Earth may have enhanced volatile loss during
magma ocean crystallization (Elkins-Tanton, 2008;
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Greenwood et al., 2008) and the resulting D/H fractiona-
tion produced a more elevated 3D for the martian mantle
relative to that of Earth, assuming their 8D was similar
after accretion. Large fractionation of H isotopes would
be expected if water in the magma ocean degasses as H,
(from Eq. (SI7) with the atomic weights of H, and DH, o
atm-MagmaOcean = 0.82; Sharp et al., 2013). Degassing H,O
or OH results in less fractionation (at most a 8D increase
of 218%c in an open system with o,m-MagmaOcean = 0.97
from Eq. (SI7) with the atomic weights of H,O and
DHO, or of OH and OD), and could not account for the
~560%c 6D difference between Earth and Mars mantles.
For the magma ocean to degas H, necessitates reduced con-
ditions (Sharp et al., 2013). This is a reasonable assumption
if the low oxygen fugacities (fO,) recorded by the first crys-
tallized phases of primitive shergottites (AFMQ ~ —4 to
—2, with oxygen fugacity expressed relative to the
fayalite-magnetite-quartz buffer) are any indication of that
of the magma ocean (Herd, 2003; Usui et al., 2008; Peslier
et al., 2010; Balta et al., 2014; Castle and Herd, 2017). Inter-
estingly, however, nakhlites are characterized by higher fO,
(AFMQ ~ 0) than shergottites (Dyar et al., 2005; McCanta
et al., 2009; Szymanski et al., 2010). Pyroxene in Chassigny
also has lower amounts of Fe**, which suggests lower oxy-
gen fugacity during its crystallization, compared to nakh-
lites, although no exact number could be calculated
(Dyar, 2003). The sources of nakhlites and shergottites
could have different fO, inherited from magma ocean pro-
cesses (McCanta et al., 2009). But now that the shergottite
source appears drier than that of nakhlites, following a
redox reaction (Fe’* + 0% +1H, = Fe’" + OH") would
predict the opposite, i.e. a more oxidized source for shergot-
tites, if H is the main control of fO, in the martian mantle.

Two other processes can be explored to try and explain
why nakhlites are more oxidized than shergottites: crystal-
lization and degassing of their magma. Oxidation during
crystallization has been evidenced in shergottites (Peslier
et al., 2010; Castle and Herd, 2017), and could be in part
responsible for the ~1 log unit difference between the first
crystallized phases (olivine, augite and melt inclusions)
and the mesostasis (Fe-Ti oxides) of the nakhlite-
chassignite suite. Nevertheless, it appears that the first crys-
tallized phases of the nakhlites record higher fO, than those
of the shergottites, even after taking crystallization into
account (Dyar, 2003; Dyar et al., 2005). Another method
of determining fO, in basalts is to use the Eu/Gd ratio of
augites (Wadhwa, 2001). Using this method, it has been
suggested that augites in NWA 998 record AFMQ -2
(Treiman and Irving, 2008). However, this method should
not be applied to nakhlites because it requires to also know
the Eu/Gd of their parent melt. The latter cannot be
approximated by that of the whole-rock for three reasons:
(i) nakhlites are cumulates (Harvey and McSween, 1992)
and therefore their whole-rock Eu/Gd ratio is influenced
by augite accumulation; (ii) their intercumulus melt has
mixed with hydrothermal fluids (McCubbin et al., 2013)
which Eu and Gd contents are not known; (iii) stones of
paired nakhlites can have different amount of mesostasis
(Udry et al., 2012), creating a range of whole-rock Eu/Gd
ratios for each nakhlite. The second process that could

account for the oxidation of the nakhlites is that the strong
degassing that we evidenced is also responsible for oxidizing
their phases, following the Fe-H redox reaction, and that
shergottites degassed less. It is not possible to know if that
is the case at this point, although the low 6D recorded in
shergottite Tissint olivine (12-470%c; Fig. 12A; Mane
et al., 2016) could mean that this first crystallized mineral
did not experience H loss by degassing like most nakhlite
pyroxenes. Degassed and undegassed pyroxenes should be
analyzed for their Fe®¥ contents in nakhlites to explore this
hypothesis. More extensive degassing of the nakhlite melts
relative to those of shergottites remains an unverifiable
hypothesis. Given that we cannot prove whether the mantle
source of nakhlites is as reduced as that of shergottites, a
necessary requirement for H, degassing that would provide
enough D/H fractionation, the hypothesis of more exten-
sive degassing of the martian magma ocean relative to that
of Earth to explain the higher 8D of the martian mantle
cannot be validated unambiguously.

Finally, to relax the conditions for a reduced magma
ocean, another possibility is that the magma ocean, in addi-
tion to degassing and creating the martian atmosphere,
exchanged H and D with it (Sharp, 2017b). The martian
atmosphere may have had time to evolve to relatively high
6D via H loss to space before complete solidification of the
top of the magma ocean (Elkins-Tanton, 2008; Villanueva
et al., 2015; Hier-Majumder and Hirschmann, 2017).

4.5.4.2. Planet formation. Mars and Earth accreted in differ-
ent parts of the inner proto-planetary disk, and the differ-
ence in D of their mantle could have arisen from slightly
different types and/or relative proportions of material
accreted in each. The 8D of 430 + 172%¢ for the Martian
mantle is consistent with results from dynamical modeling
of accretion in the proto-planetary disk that predict 3D of
200-600%c for Mars (Lunine et al., 2003). An increasing
gradient in 8D with distance from the Sun is also suggested
to exist and to be the result of a broad mix of solar nebula
low 8D (—865%o, Bulk Solar in Fig. 12B; Geiss and
Gloeckler, 1998; Marty et al., 2011) and interstellar high
8D (851%o), the latter being a significant component of
cometary volatiles (Comets in Fig. 12B; Hartogh et al.,
2011; Altwegg et al., 2014; Bockelée-Morvan et al., 2015;
Piani et al., 2015; Alexander, 2017). Even if this simple
model is controversial and has been applied so far to the
origin of primitive materials (chondrites and comets;
Yang et al., 2013; Horner et al., 2007), it would be consis-
tent with our results given that Mars is further from the
Sun than Earth (Sharp, 2017b). Earth would have more
solar nebular component and Mars more outer solar com-
ponent. It has indeed been argued that Earth could have
preserved mantle reservoirs with H inherited from nebular
accretion processes resulting in 6D < 218%. (Hallis et al.,
2015). However, the low 8D measured in pyroxene from
eucrites (—241 + 64%o; Stephant et al., 2016) seems to con-
tradict this scenario given that these meteorites come from
the asteroid belt, i.e. even further from the Sun than Mars.

Instead, Mars and Earth may have acquired their water
after accretion while they were already differentiating
(reviewed in Peslier et al., 2017). A planetary “grand tack”
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scenario during disturbances of Jupiter’s orbit at that time
(Walsh et al., 2011; O’Brien et al., 2014) or the gas-giant
planet formation (Raymond and Izidoro, 2017) could have
propelled water-rich bodies like comets and carbonaceous
chondrites into the inner “dry” Solar System. Comets have
generally higher 8D and nitrogen isotopic ratios (8'°N)
than the Earth and martian mantle (Fig. 12B; Mathew
and Marti, 2002, Mathew et al., 2003, Mathew and
Marti, 2005; Marti and Mathew, 2004; Hartogh et al.,
2011; Altwegg et al., 2014; Bockelée-Morvan et al., 2015),
and in this scenario, could not be a source for water in
the interior of Earth and Mars. Carbonaceous chondrite-
like material has been suggested to have provided the water
locked in the Earth’s and Mars interiors because the ranges
in 8D and 8'°N of these meteorites overlap (Fig. 12B) and
they contain significant amounts of water (Alexander et al.,
2012; Alexander, 2017; Stephant et al., 2017). Here, as we
evidence differences in 8D between Mars and Earth’s man-
tles, Mars may have acquired its water from CO- and Tag-
ish Lake-like material while Earth acquired its water from a
higher proportion of CM-like material (Fig. 12B).

5. CONCLUSIONS

Detailed in-situ analyses were performed on the igneous
phases of a well-characterized group of clinopyroxenites
from Mars, the nakhlites, that most likely originated from
the same parent melt. The effect of shock was also largely
ignored because nakhlites are minimally shocked. The
nakhlite minerals analyzed here were prepared without
epoxy or any other glue and polished without any lubricant.
This allows confidence that the variations in water contents
and 6D reported are linked to processes that affected the
meteorite and not to laboratory contamination. Combining
major and trace element contents with water contents and
dD together with spatial relationships at the scale of indi-
vidual mineral grains allows to sort out the different pro-
cesses that influenced the distribution of H and D in
nakhlites.

The dominant process controlling H content and isotope
distribution in nakhlites appears to be degassing. Fraction-
ation of H isotopes during degassing of a H,O-OH bearing
melt results in a decrease in 8D (~300%o after most of the H
has left the melt in an open system; light blue curves in
Fig. 2B). This process likely contributed to the range of
dD values and water contents of the mesostasis, although
influx of crustal fluids with low 3D into the intercumulus
melt also influenced the mesostasis H composition. Melt
degassing also in part explains the lower 6D of the mesosta-
sis (—60 to 230%o) relative to that of the least degassed
pyroxenes (430 + 172%o): the pyroxenes crystallized when
the 8D of the degassing melt was higher than when the
phases of the mesostasis crystallized. Fractionation of H
isotopes during degassing of pyroxene, on the other hand,
results in a large 6D increase (~3000%0 after most of the
H has left the melt in an open system; bright blue curves
in Fig. 2B). Most nakhlite pyroxenes have undergone
degassing, explaining their low water contents and high
D (<20 ppm H,0, 8D > 1000%oc). Inclusions in nakhlite
pyroxenes also appear to have undergone degassing. The

lack of water in olivine resulted from a combination of
degassing and low solubility and compatibility of H in that
mineral.

The least degassed, most Mg-rich augites of the nakh-
lites analyzed here have a 6D of 430 + 172%o0 which either
represents an average crustal value or the 3D of the nakhlite
mantle source. The two possibilities depend on when the CI-
rich hydrothermal fluids interacted with the nakhlite melt,
before or after pyroxene crystallization. The latter is our
preferred scenario, in which case it can be calculated that
the nakhlite mantle source has a 8D of 430 4 172%o0 and a
water content of ~60-185 ppm H,O. The mantle source
of the shergottites, the basaltic suite of martian meteorites,
is estimated to have a similar 6D within uncertainties (275
4+ 10%0; Usui et al., 2012) but a lower water content (15—
46 ppm H,0). The shallow part of the Earth mantle has
similar water contents to the nakhlite and shergottite
sources. The 6D of the Earth’s mantle (Bell and Ihinger,
2000; Deloule et al., 1991; Hallis et al., 2015; Peslier
et al., 2017; Shaw et al., 2012), however, is significantly
lower (—20 to —130%o) than that of Mars. The discrepancy
between 6D of Earth and Mars may have arisen from
acquiring their water from different proportions of car-
bonaceous chondrite like planetesimals.
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