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Determining the source of planetary water from the hydrogen isotope compositions of crustal samples
is complicated by the overprinting of isotopically diverse source material by geologic and atmospheric
processes. As Mars has no plate tectonics, crustal material, which may have isotopically exchanged with
the martian atmosphere, is not recycled into the mantle keeping the water reservoirs in the mantle and
atmosphere mostly isolated, buffered by the crust. As the only known martian samples that are regolith

breccias with a composition representative of the average crust of Mars, Northwest Africa (NWA) 7034
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and its paired stones provide an important opportunity to investigate the water content and hydrogen
isotope composition of the martian crust. In particular, apatites in distinct clasts as well as the brecciated
matrix of NWA 7034 record a complex history including magmatic and impact processes, and exchange
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1. Introduction

The total abundance and isotopic composition of hydrogen in
crustal samples can yield insights into the origin and delivery
mechanism(s) of water in planetary bodies in the inner Solar Sys-
tem. Water in the terrestrial planets may have been inherited
from the protosolar nebula or delivered by carbonaceous chon-
drites and/or comets (see Hallis, 2017 and references therein).
While Earth’s primordial water has mostly been modified by pro-
cessing within and between mantle and surface reservoirs driven
largely by plate tectonics, Mars has not been tectonically active
through much of its geologic history and its crustal material is
not recycled, effectively isolating Mars’ mantle and atmospheric
H-bearing reservoirs. Thus, the H-isotope systematics of primary
hydrous igneous minerals in martian meteorites may represent the
H-isotope composition of Mars’ water at the time that the rocks
crystallized. However, determining the original, primordial water
concentrations and H-isotopic compositions of the martian mantle
is complicated by overprinting of various secondary processes. The
measured H-isotopic systematics of hydrous, H-bearing minerals
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could have been affected by a number of geological and atmo-
spheric processes such as fractionation during magmatic degassing,
exchange with crustal fluids and/or the martian atmosphere, post-
crystallization shock processing, and terrestrial weathering (Hallis,
2017 and references therein). Hydrogen isotopic compositions have
been determined for various hydrous mineral phases from a num-
ber of martian meteorites including several shergottites, nakhlites,
and chassignites as well as the ancient orthopyroxenite Allan Hills
(ALH) 84001 (e.g., Watson et al., 1994; Leshin, 2000; Boctor et al.,
2003; Greenwood et al., 2008; Hallis et al., 2012; Hu et al., 2014).
These samples are not considered representative of the bulk of
the martian crust (e.g., McSween et al., 2009; Agee et al., 2013)
and have experienced varying degrees of impact-related shock (~5
to 55 GPa; Fritz et al., 2005). Of the ~120 known martian mete-
orites, only Northwest Africa (NWA) 7034 and its paired samples
chemically match the composition of the martian crust determined
by spacecraft missions (both the orbiting gamma-ray spectrome-
ter onboard Mars Odyssey and the Mars rovers; Agee et al., 2013;
Cannon et al., 2015). Moreover, the NWA 7034 pairing group has
experienced low shock (5 to 15 GPa; Wittmann et al., 2015) and
has the highest bulk water contents of all known martian me-
teorites (~6000 ppm; Agee et al., 2013), an order of magnitude
(or more) higher than any of the other known martian meteorites.
Therefore, NWA 7034 could provide key insights into water in the
martian mantle and the crust, and the evolution of water reser-
voirs on Mars.
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The NWA 7034 martian meteorite is a polymict regolith brec-
cia of bulk basaltic composition, composed of a variety of mineral
fragments and clasts of igneous, sedimentary, and impact origin
(Fig. Al; e.g.,, Agee et al, 2013; Santos et al., 2015). Since it was
recognized to be of martian origin, ~17 paired samples have been
identified, including NWA 7475 (e.g., Wittmann et al., 2015), NWA
7533 (e.g., Humayun et al, 2013; Beck et al, 2015), and NWA
11522 (e.g., Smith et al., 2019). These paired samples differ from
the other known martian meteorites not only in their petrology
(the polymict breccia contains lithologies previously unrepresented
in the martian meteorites; Santos et al., 2015), but also in some
other significant characteristics. In particular, while most of the
other known martian meteorites are <1.3 Ga, the zircon-bearing
source lithologies of the NWA 7034 polymict breccia have an an-
cient age of >4.3 Ga (Humayun et al, 2013; McCubbin et al.,
2016a; Cassata et al., 2018). Also, NWA 7034 has a somewhat
heavier oxygen isotope composition in 8170, §180 and A170 (Agee
et al., 2013) compared to other known martian meteorites. As
such, NWA 7034 and its paired samples represent unique crustal
materials for investigating mantle processes and constraining the
composition of the crust on Mars.

The crystallization age of the NWA 7034 source lithologies is
estimated to be 4420 + 70 Ma (Cassata et al., 2018), in agree-
ment with the radiogenic dating of zircons in NWA 7034 and NWA
7533 (Humayun et al.,, 2013; McCubbin et al., 2016a). Therefore,
the NWA 7034 source lithologies are the oldest among the martian
meteorites, even older than the ancient martian orthopyroxenite
ALH 84001 with an age of 4092 + 30 Ma (Lapen et al., 2010). A
Sm-Nd isochron age of ~4.4 billion years determined from matrix
minerals and igneous clasts within NWA 7034 suggests contempo-
raneous formation of the breccia’s various lithological components
(Nyquist et al., 2016). However, NWA 7034 and its paired stones
have not remained unaltered since formation; the U-Pb system-
atics of apatites and metamict zircons were reset at ~1.5 Ga by
a single pervasive thermal event at a temperature of 500-800°C
(McCubbin et al, 2016a; Hu et al., 2019). This event has been
interpreted by McCubbin et al. (2016a) to be the result of im-
pact processing, at which point brecciation and lithification took
place. Alternatively, based on K-Ar systematics, it was suggested
that this event marks the beginning of several hundred million
years of thermal metamorphism consistent with plume magma-
tism, followed by ~1 Ga of inactivity until another event recorded
by U-Th-Sm/He systematics, possibly brecciation, occurred at ~110
Ma (Cassata et al., 2018). It remains unclear whether these breccias
were produced by volcanic (pyroclastic) activity, impacts, or a com-
bination of both, although impacts are favored (McCubbin et al.,
2016a). While there is clear evidence for the presence of impact-
produced material in this regolith breccia, the impact events were
not sufficiently energetic to generate high-pressure phases such as
ringwoodite, bridgmanite, maskelynite, or glassy matrix (Santos et
al,, 2015). Although the high-pressure phase stishovite has been
identified in the paired sample NWA 11522, this sample may have
experienced higher shock pressures than NWA 7034 (Daly et al.,
2018).

The majority of the ~6000 ppm water in the bulk sample of
NWA 7034 may be located in hydrous Fe-oxide phases and phyl-
losilicates, with apatite contributing a maximum of 150 + 50 ppm
bulk water (Muttik et al., 2014). However, hydrous Fe-oxides and
phyllosilicates are secondary alteration minerals unlike the apatites
in NWA 7034, which are primary igneous minerals (McCubbin et
al., 2016a). With the general formula Cas(PO4)3(F,Cl,OH), apatite
can accommodate varying amounts of water in its crystal struc-
ture. Although the apatites in NWA 7034 were reset at ~1.5 Ga
and likely underwent exchange of F, Cl, and OH (McCubbin et
al., 2016a; Barnes et al., 2020), some of this water may origi-
nate from the martian interior. Apatite occurs in all four clastic
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igneous lithologies recognized in NWA 7034: basalt, basaltic an-
desite, trachyandesite, and an Fe-, Ti-, and P-rich (FTP) lithology
(Santos et al., 2015). Apatite differs between the clasts, with vary-
ing size, morphology, and abundance providing the opportunity to
compare the H-isotopic compositions and water contents of dif-
ferent lithologies within the breccia, two of which (trachyandesite
and FTP clasts) were previously unsampled in martian meteorites
(Santos et al., 2015).

Measurements of melt inclusion glass and apatite in the least
shocked martian meteorites (such as Nakhla; <20 GPa) indicate
that the H-isotopic composition (reported as 8D, defined as the
D/H ratio relative to the terrestrial standard in parts per mil) of
Mars’ mantle is <275%0 (Hallis et al, 2012; Usui et al., 2012).
This contrasts significantly with the martian atmosphere, which
is isotopically heavy with a typical 6D of ~6000%0 (Webster et
al.,, 2013; Villanueva et al., 2015). Mars is thought to have lacked
plate tectonics for much (if not all) of its geologic history, and so
these two H-bearing reservoirs (the mantle and the atmosphere)
are unlikely to have exchanged significantly. More recently, based
on the analysis of glasses in three shergottites, a third significant
hydrogen reservoir with an intermediate isotopic composition (§D
= 1000-2000%) has been proposed to exist in the martian crust
(Usui et al., 2015); this is further supported by the work of Barnes
et al. (2020). As NWA 7034 most closely represents the compo-
sition of the bulk crustal material on Mars, and it is the most
water-rich of all known martian meteorites, its H-isotopic com-
position and water budget may more accurately reflect that of the
martian crust than the other known meteorites and could provide
a way to test the validity of this third reservoir (e.g., Barnes et al.,
2020).

In this study, our goals are to: (1) constrain the H-isotopic com-
position of the apatite in various clasts and matrix of NWA 7034,
(2) determine whether this mineral exhibits evidence for magmatic
degassing or significant exchange with either the martian atmo-
sphere or crustal fluids (i.e., whether the H-isotopic compositions
of apatite are primary and represent the composition of the source
mantle or whether they represent secondary processing, either in
the mantle or crust), and (3) test the hypothesis of the presence of
a third significant H-bearing reservoir on Mars in addition to the
mantle and atmosphere.

2. Materials and methods
2.1. Sample preparation

Chips of mineral standards (Table A1) were mounted in acrylic
and anhydrously polished in multiple stages down to 0.5 pm grit
size until they were suitable for secondary ion mass spectrome-
ter (SIMS) analysis. After polishing, acrylic was removed and the
mineral chips were cleaned using a sequence of ultrasonic baths
modified after Aubaud et al. (2007): three 20 minute baths in ace-
tone followed by three 20 minute baths in methanol. The mineral
chips were then baked for a day at ~50°C. Two pieces of NWA
7034 were cut from a larger slice of a whole stone (Fig. A1) and
were polished anhydrously prior to co-mounting with standards in
the same mounts in indium metal in separate one-inch aluminum
discs (indium mounts; IM1 and IM2). We prepared dry, epoxy-free
samples to ensure that the H-isotopic compositions and water con-
tents of apatite were not modified during sample preparation. A
slice of sample from the same piece of NWA 7034 mounted in IM1
was made into an epoxy mount (EM) using standard hydrous pol-
ishing methods; a discussion of the effects of preparing samples
via traditional techniques (polished in the presence of water and
mounted in epoxy) is presented in Appendix A. All mounts were
then C-coated to a thickness suitable for electron microprobe and
SIMS analysis.
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2.2. Mineralogy and petrology analyses

Backscattered electron (BSE) images and X-ray element maps
were obtained (operating conditions: 15 kV and 40 nA, 10 pm
beam size, and 15 ms dwell time) with the Cameca SX-100 elec-
tron probe microanalyzer (EPMA) at the University of Arizona’s
Lunar and Planetary Laboratory (LPL). Element maps (F, Na, Mg, Al,
Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Zr) were used, in various combina-
tions, to identify mineral phases for study (e.g., combined P-Mg-Al
maps show the locations of apatite, pyroxene, and feldspar min-
erals). High resolution images of phases identified for quantitative
analysis were obtained on the JEOL JXA-8530F field emission EPMA
(operating conditions: 20 kV and 15 nA) at the Eyring Materials
Center at Arizona State University (ASU). This instrument was also
used to image the SIMS beam spots after isotopic analysis to en-
sure measurements were not compromised by underlying phases
or cracks. Quantitative compositional analyses of major and mi-
nor element abundances in apatites (F, Na, Mg, Al, Si, P, S, Cl,
Ca, Mn, Fe, La, Ce) were performed on the Cameca SX-100 at LPL
with a beam current of 10 nA, a defocused beam, and counting
times of 20 s on the peak and 10 s on each background for a to-
tal of 40 s per element. All data were reduced using a standard
ZAF correction, Cl and F concentrations were corrected and the OH
component was estimated using the method of Ketcham (2015)
(Table A2; data were processed using the “approach 1” template in
Ketcham, 2015). Detection limits were between 0.02 and 0.08 wt.%,
with the exception of La (0.18 wt.%) and F (0.26 wt.%).

2.3. Isotopic analyses and determination of water content

Secondary ion mass spectrometer (SIMS) measurements of H-
isotopic compositions and H,O concentrations were performed on
the Cameca IMS-6f at ASU using analytical protocols similar to
those described in Mane et al. (2016) and Stephant et al. (2018).
The instrument was baked prior to each analytical session to im-
prove the vacuum and reduce the inherent H background; during
runs the analysis chamber vacuum was kept at ~ 6 — 10 x 1010
Torr. An electron gun was employed to maintain charge balance;
prior to analysis, electron gun alignment was performed following
the method of Chen et al. (2013) on the cathodoluminescent min-
eral benitoite that was co-mounted with the NWA 7034 thick sec-
tions and standards. Measurements were undertaken with a Cs*
primary beam (~10 nA) that was rastered over a ~ 40 x 40 pm?
area. A field aperture was used to limit the analyzed area to a
circular 15 pm diameter area centered on the rastered region, re-
ducing background H counts associated with crater edges. Each
measurement consisted of 50 consecutive cycles each of H™ and
D~ with counting times of 1 s and 10 s, respectively. The 160~
peak was measured at the end of each measurement to calcu-
late the H/O ion ratio used for determination of H,O content.
The H,0 concentrations were estimated via a H=/1%0~ vs. H,0
calibration curve that included data for Durango apatite, the py-
roxenes PMR 53 and the dehydrated “dry PMR 53”, basaltic glass
P-1326, and rhyolitic glass Macusani (Table A1). Water content
calibrations were performed via the method of Mosenfelder et
al. (2011), described as follows. The amount of H,O background
contamination was determined on the nominally anhydrous San
Carlos olivine and dry PMR 53 pyroxene; at least three analyses
of anhydrous phases were performed at the start of each ana-
lytical session and then monitored throughout the session. The
average background value was subtracted from all standards and
unknown phases analyzed in this study; the calibration curve was
corrected for this H,O background and forced through the ori-
gin. The H,0 background was estimated to be ~58 ppm and ~67
ppm for IM1 and IM2 samples (indium-mounted, anhydrously-
prepared), respectively. Since the EM (epoxy-mounted) sample was
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not co-mounted with standards, it was not possible to estimate the
background in this manner; instead a background of approximately
127 ppm was estimated via analysis of anhydrous phases in this
sample assuming that the H=/O~ calibration remained consistent
between mounts (see Appendix A). These backgrounds, similar to
those reported during studies of lunar apatite (Tartése et al., 2014)
and Tissint merrilites (Stephant et al., 2018), are higher than often
reported in SIMS analyses of HO concentrations employing small
chips of material pressed into indium (e.g., Saal et al., 2008, 2013).
The higher H background most likely results from the nature of the
samples in this study; the thick sections of NWA 7034 have much
larger surface areas and thicknesses than single grains/polished
fragments employed in other studies and likely contain cracks and
fractures that do not completely degas prior to sample analysis.
NWA 7034 is also known to have the highest bulk water content
of any martian meteorite (~6000 ppm; Agee et al., 2013), creat-
ing a potentially higher background than in studies of other (drier)
samples as NWA 7034 acts as a “virtual leak.” Based on repeated
analyses of the Durango apatite standard throughout each analyti-
cal session, errors from counting statistics, and uncertainty in the
instrumental background, we estimate the external reproducibility
(20sp) of the H,O concentrations presented here to be £20%, sim-
ilar to Mane et al. (2016) and Stephant et al. (2018).

Hydrogen isotopic ratios (the ratio of 2H or D to 'H) are
reported as deviations from Vienna Standard Mean Ocean Wa-
ter (VSMOW) in per mil (%o), where VSMOW (D/Hysmow =
155.76 x 107%) has a 8D of 0% by definition, ie, D =
([(D/H)sample/(D/H)vsmow] - 1) x 1000. The 8D values reported
here are corrected for instrumental mass fractionation (IMF) and
for the H-isotopic composition of instrumental background wa-
ter. Durango apatite and the basaltic glass P-1326 were used to
correct IMF and the isotopic composition of background water
was determined on the nominally anhydrous so-called “dry PMR
53” pyroxene (a dehydrated form of the pyroxene PMR 53; Table
A1). The 8D value of the backgrounds, determined on the indium-
mounted, anhydrously-prepared samples, were —120 % 55%0 and
—91 + 88%0 during the two separate analytical sessions.

3. Results
3.1. Petrographic summary and elemental compositions of apatite

Apatite grains in multiple basalt and Fe-, Ti-, and P-rich (FTP)
clasts, one impact melt clast, and interclastic matrix were analyzed
in anhydrously-prepared slices of the martian polymict breccia
NWA 7034 (Fig. 1, Table 1). No trachyandesite or basaltic andesite
clasts were identified in this study. However, both those clast types
are less common than basalt and FTP clasts. Moreover, basaltic an-
desite clasts may not contain apatite grains; those that do, have
apatites that are <1 pm in diameter (Santos et al., 2015), below
the spatial resolution of SIMS.

The largest apatite grains studied here were located in the in-
terclastic matrix (up to ~190 um diameter); apatite grains in FTP
clasts were generally larger than in basaltic clasts (up to ~100 pm
diameter vs. up to 40 um diameter). All apatite studied here is Cl-
rich (Table A2), also known as chlorapatite, with higher Cl-contents
than in most other martian meteorites (McCubbin et al., 2016b,
2016c). Although we did not observe any merrillite in this study,
one instance of this phosphate mineral was previously identified
in NWA 7034 as an inclusion in apatite (Liu et al., 2016).

3.2. Hydrogen isotopic compositions of apatite
Apatite grains in NWA 7034 show a range of §D values between

17 and 1164%o (Table 1, Fig. 2). Apatite grains in the interclas-
tic matrix (i.e., mineral fragments) and from the impact melt clast
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Fig. 1. Backscattered electron images of NWA 7034 apatite in; (A, B) a basaltic clast,
(C-F) FTP clasts, and (G, H) interclastic matrix. White boxes indicate the regions
shown at higher magnification images in adjacent panels. Ap = apatite, Fsp =
feldspar, Fe-Ti ox = Fe-Ti oxide, Mx = matrix, Px = pyroxene.

have the highest D, on the order of ~1100%o. The apatite from
an impact melt clast (Impact Melt Al, Grain 1; Table 1) has a
heavy isotopic composition (6D = 1081 £ 18%o) and relatively
low H,0 concentration (1173 + 235 ppm) compared to other clas-
tic apatite. There is no significant systematic difference between
the isotopic compositions and H,O concentrations of apatite grains
from basalt clasts and FTP clasts (Fig. 2A). The FIP clasts contain
a greater number of apatite grains with high H,O concentrations
compared to the basalt clasts, though this may be due to sampling
bias as fewer apatite grains were analyzed in basalt clasts than in
FTP clasts (8 vs. 14, respectively; Table 1). There is significant vari-
ability in the hydrogen isotope composition between apatite grains
within the same clast (Fig. A2; Table 1). The H-isotopic composi-
tions of the majority of NWA 7034 apatites (Fig. 2B) lie between
those proposed for the martian mantle (8D of <275%o; Usui et al.,
2012; Hallis et al,, 2012) and a potential crustal reservoir (6D =
1000-2000%0; Usui et al., 2015) and overlap with those reported
in previous studies (§D = 313-2459%; Table 2; Fig. 3) (Hu et al.,
2019; Barnes et al., 2020).

3.3. Water concentrations of apatite
The H,0 concentrations determined here via SIMS for NWA

7034 apatite range from 796 to 8201 ppm; the average H,O con-
centration (3110 4+ 1800 ppm; 2SD) agrees with the average val-
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Table 1

H-isotopic compositions (8D in %o) and H20 concentrations (ppm) of apatite grains
in various clastic lithologies and interclastic matrix of NWA 7034. Errors (20 ) asso-
ciated with water concentrations are estimated to be +20%.

Clast/Matrix Grain 8§D 20 H,0 20
(%0) (ppm)

Basalt A1l 31 509 18 3392 678
Basalt Al 32 649 17 2079 416
Basalt Al 33 377 13 2990 598
Basalt A1l 35 784 21 1576 315
Basalt B1 6 396 14 3773 755
Basalt B2 3 532 18 2172 434
Basalt B2 4 17 10 6784 1357
Basalt B4 15 371 19 2800 560
FTP A3 10 337 10 3714 743
FTP A3 11 715 9 2949 590
FTP A3 12 379 13 3430 686
FTP A4 13 464 11 2884 577
FTP A4 14 50 7 8201 1640
FTP A5 4 383 19 2704 541
FTP A5 20 762 13 2530 506
FTP A6 27 580 17 1721 344
FTP A6 28 532 24 1801 360
FTP B3 12 396 19 2319 464
FTP B3 13 241 10 6651 1330
FTP B5 18 272 11 4627 925
FTP B6 21 391 16 3662 732
FTP B6 22 221 9 6181 1236
Impact Melt A1 1 1081 18 1173 235
Matrix Al 16 1154 26 935 187
Matrix A2 16b 1164 26 796 159
Matrix A3 22 398 14 2062 412
Matrix A4 78 728 33 990 198
Matrix B1 1 593 9 4410 882
Matrix B2 2 451 13 3827 765
Matrix B10 10 508 16 2788 558
Matrix B11 11 631 14 2545 509
Matrix B23 23 801 18 957 191

ues estimated via quantitative electron probe microanalysis (EPMA)
data by Muttik et al. (2014; 3000 + 1000 ppm). Water contents
(reported as OH), and Cl and F concentrations, determined by sto-
ichiometric difference in EPMA data (i.e., OH = 2-CI-F for 10 Ca)
were variable within individual apatite grains (Table A2), implying
heterogeneous distribution of water in these grains. However, for
many apatite grains, the method of Ketcham (2015) yielded ap-
parently negative OH contents. The likely explanation for this is
that the EPMA data exhibit so-called F-acceleration, a well-known
problem for EPMA measurements of apatite grains that leads to
overestimation of F contents (e.g., Stormer et al., 1993). As such,
F contents determined here are more likely overestimates and
should be considered upper limits. As a result, we consider water
concentrations determined directly via SIMS to be more accurate
than those from stoichiometric difference via EPMA. Apparently
negative OH values, determined via stoichiometric difference, have
also been reported for apatite in other studies of NWA 7034 where
SIMS data indicated the apatites were actually water-rich (e.g., Hu
et al,, 2019).

4. Discussion
4.1. Sources and effects of potential terrestrial contamination

There are two potential sources of terrestrial contamination in
NWA 7034; hot desert weathering (this meteorite and its paired
stones were found in Morocco) and sample preparation in the lab-
oratory. Interior pieces of the NWA 7034 stone were used in this
study to minimize the effects of terrestrial weathering. This alone
cannot rule out all contamination and identifying and determin-
ing the extent of terrestrial weathering effects is not straightfor-
ward; since some martian meteorites exhibit only minor deviations
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Fig. 2. H-isotopic composition versus water concentration in apatite from NWA
7034. (A) Data from anhydrously-prepared samples grouped by lithological setting,
either in various clast types (basalt, FTP, and impact melt) or in interclastic matrix.
(B) The same data are shown along with fields representing the martian mantle
(8D <275%0; Hallis et al., 2012; Usui et al., 2012; Mane et al.,, 2016), intermedi-
ate crustal reservoir (8D = 1000-2000%o; Usui et al,, 2015), and the present-day
atmosphere (§D = 4950 + 1080%o; Webster et al., 2013. Error bars represent 2o
uncertainties for D (often smaller than the plotted symbols) and, for the sake of
clarity, 1o uncertainties for HyO concentrations. See Fig. A2 for a similar plot for
data on individual clasts.

in H-isotopic composition from terrestrial values, low 8D is not
necessarily indicative of terrestrial contamination (e.g., Hallis et
al., 2012). Oxygen-isotope analysis of acid-washed and unwashed
aliquots of NWA 7034 yielded similar isotopic values implying that
there are few terrestrial alteration products present in this mete-
orite (Agee et al., 2013). However, H-isotope systematics may alter
more readily than those of oxygen; timed hot desert-exposure of
the severely shocked martian fall Tissint showed that even minor
weathering on the scale of a few years can overprint the initial H-
isotope systematics, increasing the water content and altering the
isotopic composition (Stephant et al., 2018). Nevertheless, anhy-
drous phases like olivine were affected more than the phosphate
merrillite, which appeared relatively unchanged after three years
of desert-exposure. Realistically, the desert residence time of NWA
7034 is likely longer than a few years, possibly on the order of
hundreds or thousands of years. Interclastic matrix would presum-
ably alter more quickly than other material, as seen in chondrites
(e.g., Schrader et al., 2014), but matrix apatite grains in NWA 7034
show no evidence for terrestrial alteration. In fact, they have some
of the heaviest H-isotopic ratios and lowest H,O concentrations,
the opposite of what is expected if they were significantly ter-
restrially weathered. While terrestrial weathering of NWA 7034
during its residence in a hot desert cannot be completely ruled
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Table 2
Summary of H-isotopic compositions of apatites (determined via SIMS) in the mar-
tian meteorites.

Meteorite 8D (%o) H,0 (wt.%) Crystallization
age

Min. Max. Min. Max. (l%/la)
Shergottite (depleted basaltic)
QUE 94201 1683 3565 0.22 0.64 327 £ 10
Shergottite (enriched basaltic)
Shergotty 2953 4606  0.30 0.70 165 + 4
Zagami 2962 4358 ~0.35 177 £ 3
Los Angeles 2794 4348 0.18 0.62 170 + 8
GRV 020090 737 4239 0.10 0.58
Shergottite (basaltic)
EETA 79001 146 0.12 173 £ 3
Nakhlite (clinopyroxenite)
Nakhla —78 188 0.10 0.64 1270 + 10
Chassignite (dunite)
Chassigny 811 0.21 1340 £+ 50
Orthopyroxenite
ALH 84001 751 2988 0.08 0.38 4091 + 30
Regolith breccia
NWA 7034 313 2459 0.02 0.34 4420 + 70
NWA 7034 (this study) 17 1164  0.08 0.82

The hydrogen isotope and water concentration data for NWA 7034 apatites from
this study only include analyses from the anhydrously-prepared samples. Literature
sources of hydrogen isotope data for other martian meteorites are as follows: QUE
94201 (Leshin, 2000); Shergotty (Greenwood et al., 2008; Hallis et al., 2012), Zagami
(Watson et al., 1994), Los Angeles (Greenwood et al., 2008), GRV 020090 (Hu et
al., 2014), EETA 79001 (Boctor et al., 2003), Nakhla (Hallis et al., 2012), Chassigny
(Boctor et al., 2003), ALH 84001 (Boctor et al., 2003; Greenwood et al., 2008; Barnes
et al,, 2020), and NWA 7034 (Hu et al., 2019; Barnes et al., 2020). Crystallization age
data sources: QUE 94201 (Brennecka et al., 2014), Shergotty, Zagami, Los Angeles,
EETA 79001, Nakhla and Chassigny (Nyquist et al., 2001), ALH 84001 (Lapen et al.,
2010). The age provided here for NWA 7034 regolith breccia is the formation time
of its source lithology (Cassata et al., 2018); it is noted that the timing of apatite
resetting during thermal metamorphism due to hydrothermal activity is assumed to
be at ~1500 Ma (McCubbin et al., 2016a).

out, we anticipate that anhydrous phases would be more affected
than those with higher water contents, such as apatite.

Anhydrous methods were used to reduce the potential for con-
tamination during sample preparation and samples were stored in
a dry nitrogen cabinet to minimize adsorbed water. A comparison
with a sample prepared more traditionally with epoxy is included
in Appendix A; apatite grains in the epoxy-mounted sample have
slightly but systematically higher H,O concentrations than those in
the anhydrously prepared samples (858-10677 ppm vs. 796-8201
ppm H,O, respectively) and have somewhat isotopically lighter H
(6D = —69 to 961%o vs. 17-1164%, respectively) (Fig. A3). How-
ever, we cannot rule out the possibility that the minor differences
in the measured H,O concentrations and §D values between the
epoxy-mounted and the anhydrously-prepared samples are simply
a sampling artifact. Nevertheless, due to the inability to accurately
correct for the abundance and isotopic composition of the instru-
mental H background for the apatite analyses conducted on the
epoxy-mounted section of NWA 7034 (see discussion in Appendix
A) we do not include those data in this discussion.

Although there is some overlap, the §D values (§D = 17-
1164Y%0) determined here for apatite in NWA 7034 are lower, and
H,0 concentrations (796-8201 ppm H0) are higher, than those
estimated in two prior investigations conducted via NanoSIMS by
Hu et al. (2019; 6D = 313-2459%0; 184-3429 ppm H,0) and
Barnes et al. (2020; §D = 904-2030%; 672-1728 ppm H,0). A
preliminary IMS-1280 SIMS investigation of NWA 11522 (Smith
et al, 2019), a sample paired with NWA 7034, yielded 8D val-
ues (8D = 52-782%c) and water concentrations (1380-5100 ppm
H,0) intermediate between those reported here and those of the
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NanoSIMS studies of Hu et al. (2019) and Barnes et al. (2020).
However, it is difficult to attribute the higher average water con-
centrations measured here to terrestrial contamination because our
indium-mounted samples were prepared anhydrously.

Alternatively, these differences may be explained by inherent
sample heterogeneities across the suite of regolith breccias. NWA
7533, another meteorite from the NWA 7034 pairing, has a bulk
water content of ~8000 ppm (Beck et al., 2015), compared to
~6000 ppm determined for NWA 7034 (Agee et al., 2013); this
indicates that these regolith breccias have highly variable water
contents. It is possible that the NWA 7034 material studied here
is inherently more HyO-rich than the NWA 7034 samples analyzed
in other studies.

Regardless of the care taken during sample preparation, it is
also possible that traces of terrestrial water are still present within
samples, and the extent to which this affects measured isotopic
compositions depends on the analytical spatial resolution. For ex-
ample, Hallis et al. (2012) suggested that their lower H-isotope
ratios for Shergotty compared to another study (Greenwood et al.,
2008) may have been due to their larger analysis spot size (8 x
8 pm? compared to 2 x 2 pm?), with larger areas having higher
potential for contribution from terrestrial contamination residing
in micro-cracks. Other, older studies, with presumably larger spot
sizes, showed lower or comparable values for Shergotty (Watson
et al., 1994; Leshin, 2000; Boctor et al., 2003), but it is difficult
to draw a definitive conclusion. Since OH appears to be heteroge-
neously distributed in apatite (Table A2; Hu et al., 2019), the larger
effective analyzed areas of the IMS-6f SIMS (15 pm in diameter)
and IMS-1280 SIMS (8 pm in diameter) compared to NanoSIMS
(5 pm in diameter) would lead to the dilution of heavier iso-
topic compositions. Therefore, it is possible that the differences
between studies result from a combination of inherent sample het-
erogeneities and differences between sample analysis techniques.
Still, during the course of this study, care was taken to ensure that
analyses were not compromised by cracks or fractures within ap-
atite grains.

4.2. H-implantation during impact processing
The H-isotopic compositions of amphibole in martian mete-

orites appear to shift to isotopically heavier H and lower H,O
concentrations as a result of shock implantation of martian atmo-

sphere and dehydration (see Hallis, 2017, and references therein).
It is less apparent how the H-systematics of apatite are affected by
shock processes. The NWA 7034 pairing group polymict breccias
are the least-shocked martian meteorites (5-15 GPa; Wittmann et
al., 2015), having experienced lower shock pressures than even the
minimally shocked nakhlite Nakhla (<20 GPa; Greshake, 1998);
this is evidenced by the lack of high-pressure minerals in NWA
7034. To test for the potential effects of impact processing, even
at low shock pressure, apatite from an impact melt clast (assumed
to have been formed during a breccia formation event in the pet-
rogenetic history of NWA 7034) was analyzed; this apatite yields
a 8D value of 1081 + 18%o with H,O concentration of 1173 =+
235 ppm (Table 1). While these results fit the trend for shock
implantation and dehydration during impacts, such an interpreta-
tion should be considered with caution as it is based on only one
data point. While it is possible that shock processes have affected
the §D-H,0 systematics in NWA 7034 apatites, this effect is likely
most significant in impact melt clasts and relatively insignificant
in igneous clasts as the co-existing feldspars in igneous clasts are
plagioclase and not maskelynite (i.e., they have not experienced
significant shock).

4.3. Fractional crystallization during magmatic degassing, crustal
assimilation, or mixing with crustal water?

With the exception of the FTP clasts (the genesis of which re-
mains enigmatic), all igneous lithologies (basalt, basaltic andesite,
and trachyandesite clasts) in NWA 7034 exhibit apparent fractional
crystallization behavior (Santos et al., 2015). Degassing of a magma
can change its H-isotopic composition, and may occur via either
dehydration (i.e., H,O loss) or dehydrogenation (i.e., Hy loss) de-
pending on magmatic redox conditions. Dehydration typically leads
to isotopically lighter 6D in the magma (as the heavier hydrogen
isotope is preferentially lost during H,O loss) and a positive corre-
lation between 8§D and H,O concentrations. In contrast, dehydro-
genation leads to isotopically heavier §D (as the lighter hydrogen
isotope is preferentially lost during Hy loss) and an inverse corre-
lation between D and H,O concentrations (Demény et al., 2006),
such as seen here for NWA 7034 apatites (Fig. 2A). This apparent
dehydrogenation trend (increasing §D with decreasing water con-
tent) is also seen in apatite in other studies of NWA 7034 (Hu et
al,, 2019; Barnes et al., 2020), its paired sample NWA 11522 (Smith
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et al.,, 2019), shergottites (Watson et al., 1994; Boctor et al., 2003;
Greenwood et al., 2008; Hallis et al.,, 2012; Hu et al., 2014), and
ALH 84001 (Greenwood et al., 2008; Barnes et al., 2020) (Fig. 3),
and in feldspathic glass in ALH 84001 (Boctor et al., 2003).

Under reducing conditions in lunar magmas, dehydrogenation
can significantly increase §D in residual magmas; degassing of
~95-98% H; can increase §D by ~800-1000%0 and yields an in-
verse correlation between 6D and H,O content (e.g., Tartése et al.,
2013). For reduced shergottites, such as Tissint, H, degassing could
explain some, but not all of the ~4000% variation in §D observed
among the various phases; a significant fraction of this variation
likely results from exchange with the isotopically heavy martian
atmosphere (Mane et al., 2016). The ~1000%. 8D variation seen
in NWA 7034 apatites here could be entirely attributed to de-
hydrogenation during magmatic degassing. However, high oxygen
fugacities (fO,), determined from magnetite-ilmenite pairs, have
been reported for basalt (FMQ+2 to +4) and FTP clasts (FMQ-0.1
to FMQ+3). Under such oxidizing conditions, degassing is expected
to occur via dehydration (i.e., H,O loss) and would not result in
the inverse relationship seen between H,O concentrations and H-
isotopic compositions. However, these oxidizing conditions may
represent the fO, of secondary oxidation during subsolidus equi-
libration (Santos et al., 2015).

In mafic and felsic glasses of EETA 79001, ALH 84001, and ALH
77005 an inverse correlation between 8D and H,O concentrations
was attributed to the addition of a low éD terrestrial contaminant
to fractionated martian water (Boctor et al., 2003). However, while
we cannot rule it out, we consider terrestrial contamination to be
minimal in NWA 7034, particularly for apatite (see Section 4.1).
Alternatively, the relationship seen in NWA 7034 apatites may be
explained by crustal assimilation and/or mixing with fluids in a
crustal reservoir. A similar §D-H,O relationship seen in apatite
from the QUE 94201 shergottite, which does not show evidence
for crustal contamination (McCubbin et al., 2016b), was attributed
to the mixing between two martian reservoirs (Leshin, 2000).
Whether the §D-H,O systematics in NWA 7034 apatite record
mixing or assimilation can be assessed by considering the F-Cl-OH
X-site occupancy of apatite determined by quantitative EPMA (e.g.,
Table A2). Fractional crystallization pathways calculated by McCub-
bin et al. (2016b) show that, as crystallization progresses, apatite
compositions become progressively more Cl-rich and subsequently
more OH-rich. Whereas, if a magmatic system undergoes degassing
during apatite crystallization, apatite compositions evolve toward
F-rich compositions because F is more compatible in the melt;
apatite compositions evolve to more Cl-rich compositions such as
those seen in NWA 7034 during mixing or assimilation (McCubbin
et al., 2016b). The dominance of Cl over F and OH in NWA 7034
apatites suggests that significant crustal assimilation or mixing
with crustal fluid may have taken place (McCubbin et al., 2016b).
Thus, the inverse relationship between H-isotopic composition and
water content likely results from mixing of an original isotopically
light (low §D) magmatic reservoir, such as seen in Nakhla (Hallis
et al., 2012), with Cl-rich crustal fluid that was isotopically heav-
ier (high 8D) (Fig. 3). Isotopic exchange with this fluid appears to
have been variable among the different apatite grains depending
on their petrographic setting, with matrix apatites having under-
gone more exchange than clastic apatites, resulting in the generally
higher D seen in matrix apatites. The lower water content in the
apatite grains with the heaviest §D could be achieved by the sub-
stitution of OH with Cl if the altering fluid had a low OH/CI ratio.
The timing of crustal fluid exchange likely coincides with the ~1.5
Ga reset age of the U-Pb systematics of zircons and apatites (Mc-
Cubbin et al., 2016a; Barnes et al., 2020).
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4.4. Primary magmatic signatures

Since there appears to have been significant post-eruption ex-
change of Cl and water in the crystal structure of NWA 7034
apatites, it is not appropriate to calculate the concentration of
magmatic water in a coexisting melt at the time of apatite crystal-
lization (McCubbin et al., 2016b; Smith et al., 2019). Nevertheless,
the H-isotopic composition of the martian mantle may be reflected
by a limited number of NWA 7034 apatite grains; H-isotopic com-
positions range from isotopically heavy (6D up to ~1100%c for
apatites in the impact melt clast and in the brecciated matrix)
to isotopically light (§D ~0%o in the apatite in the basaltic clast
B2). The lightest 6D value in the NWA 7034 apatite is similar to
those in Nakhla apatites (6D = —78 to +188%o; Hallis et al., 2012),
which were interpreted to be representative of the martian man-
tle. However, since NWA 7034 apatites have undergone significant
post-crystallization alteration it is not possible to draw a definitive
conclusion.

4.5. Water content and H-isotopic composition of the martian crust

Northwest Africa (NWA) 7034 and its paired samples chemi-
cally match the composition of the martian crust determined by
spacecraft missions (Agee et al., 2013; Cannon et al., 2015). This is
supported by a recent Cl isotope study of a suite of martian me-
teorites, which concluded that the Cl isotopic composition of the
martian crust is defined by NWA 7034 with a §37Cl value of +1%o
(Williams et al., 2016).

The bulk rock water contents of NWA 7034 (6000 ppm H;O;
Agee et al,, 2013) and NWA 7533 (~8000 ppm H,O; Beck et al.,
2015) indicate that these regolith breccias, which have basaltic
bulk compositions, experienced significant addition of water fol-
lowing crystallization and brecciation of its source lithology. In-
deed, a large fraction of the NWA 7034’s bulk water is found in
secondary alteration minerals, specifically hydrous Fe-oxides (hy-
dromaghemite and an unidentified nanocrystalline Fe-bearing ox-
ide phase) and phyllosilicates (saponite), with apatite accounting
for only 150 4+ 50 ppm of bulk H,O (based on a 5% modal abun-
dance of apatite; Muttik et al., 2014). Apatites in these regolith
breccias appear to have undergone some degree of isotopic ex-
change with this crustal fluid during aqueous alteration; the ma-
jority of apatite grains appear to show mixing between two reser-
voirs, one of which was relatively isotopically heavy (Fig. 2A).

The heaviest H-isotopic compositions reported here for apatites
in NWA 7034 (D = ~1100%0¢) and those in the paired sample
NWA 11522 (8D = ~780%0; Smith et al., 2019) are significantly
lower than the heaviest 8D values of apatites in ALH 84001 (D
up to ~3000%o) or the shergottites (§D up to ~4600%o) (Table 2;
Fig. 3). Other studies of NWA 7034 apatites have found D values
up to ~2460%o (Hu et al., 2019; Barnes et al., 2020), which are still
significantly lower than those in apatites in all shergottites with
the exception of Grove Mountains (GRV) 020090 (Hu et al., 2014)
(Fig. 3). The heavier H-isotopic compositions of apatites in other
martian meteorites have been attributed to one of the following:
mixing of magmatic and surficial water (e.g., in ALH 84001; Boctor
et al., 2003), mixing with near-surface water that has exchanged
with the atmosphere (e.g., in the enriched shergottites; Greenwood
et al, 2008), or they may represent a chemically heterogeneous
mantle with multiple water reservoirs with different §D values (as
suggested by Barnes et al., 2020). Based on analyses of quenched
and impact glasses in three shergottites, Usui et al. (2015) pro-
posed the existence of a globally extensive long-lived reservoir (ei-
ther hydrated crust or ground ice interbedded between sediments).
This reservoir is proposed to have a H-isotopic composition (6D =
~1000-2000%o) intermediate between an isotopically light mantle
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(8D = <275%0; Usui et al., 2012; Hallis et al., 2012) and the iso-
topically heavy present-day atmosphere (8D ~6000%0; Webster et
al., 2013; Villanueva et al., 2015), and would have existed at least
from the time the shergottites crystallized (~165-330 Ma; Nyquist
et al,, 2001) to when they were ejected by impacts (0.7-0.33 Ma),
if not longer (Usui et al., 2015). The majority of the H-isotopic
compositions of NWA 7034 apatites studied here (Fig. 2B) as well
as the NWA 11522 apatites (from Smith et al., 2019) lie between
those proposed for the martian mantle and the crustal reservoir
suggested by Usui et al. (2015). The heaviest §D values in NWA
7034 apatites analyzed here are consistent with the lower limit on
the 6D value proposed for this intermediate reservoir; many of the
apatite analyses from other studies of NWA 7034 fall within the
proposed range for the martian crustal reservoir (Hu et al., 2019;
Barnes et al., 2020), indicating that such a reservoir may indeed
exist. Barnes et al. (2020) proposed a slightly wider range of H
isotopic compositions for this crustal reservoir (§D ranging from
~750 to ~2250%0), which encompasses the H-isotopic composi-
tions of apatites in both NWA 7034 and ALH 84001. Furthermore,
our study supports the suggestion of Barnes et al. (2020) that such
an intermediate crustal water reservoir likely persisted on Mars
from more ancient times than the crystallization of the shergot-
tites. Specifically, it is suggested that such a reservoir persisted
from at least ~1.5 Ga (i.e., the timing of secondary alteration of
NWA 7034; McCubbin et al., 2016a; Cassata et al,, 2018) and pos-
sibly from ~3.9 Ga (when ALH 84001 was subjected to hydrother-
mal alteration; Barnes et al., 2020).

The NWA 7034 zircon-bearing source lithologies have an old
crystallization age (~4.4 Ga), pre-dating the formation of the sher-
gottites (~165-330 Ma; Nyquist et al., 2001), when the martian
atmosphere had a much lower §D (Hallis, 2017 and references
therein). The timing of secondary alteration of NWA 7034 at ~1.5
Ga (McCubbin et al., 2016a; Cassata et al., 2018) also significantly
predates shergottite formation. The majority of the §D values re-
ported here for NWA 7034 apatites (up to ~1100%o) and in other
studies (up to ~2460%0; Hu et al., 2019; Barnes et al., 2020), and
for NWA 11522 apatites (up to ~780%o; Smith et al., 2019), are
lower than those of quenched and impact glasses in three shergot-
tites used by Usui et al. (2015) to infer the isotopic composition
of the martian crust (6D = ~1000-2000%o). If one assumes that
these differences are the result of interaction with crustal fluids of
different compositions, then there are two potential explanations
for isotopically lighter crustal fluids that may have altered NWA
7034 and the isotopically heavier ones that may have partially ex-
changed with enriched shergottites: (1) There could be multiple
water-bearing reservoirs in the martian crust; a more prevalent
(global and relatively long-lived) reservoir similar to that proposed
by Usui et al. (2015), and recently also supported by Barnes et al.
(2020), that is represented by NWA 7034 and ALH 84001 and more
isolated (isotopically heavier) reservoirs recorded by the enriched
and depleted shergottites, or (2) the H-isotopic compositions of
NWA 7034 apatites represent an earlier stage in Mars’ crustal evo-
lution when altering fluids were more abundant and isotopically
lighter (because they exchanged with an isotopically lighter at-
mosphere), while the enriched shergottites represent a later stage
in martian crustal evolution when crustal fluids were isotopically
heavier (likely from exchange with an evolved, isotopically heavier
atmosphere). Alternatively, as suggested by Barnes et al. (2020),
NWA 7034 and ALH 84001 may best represent the H-isotope com-
position of the global martian crustal reservoir proposed by Usui
et al. (2015), while the heavy H-isotopic compositions seen in ap-
atites from shergottites may represent chemical heterogeneities in
the martian mantle and cannot be entirely attributed to shock-
implanted atmospheric hydrogen as previously suggested.
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5. Conclusion

In this study, we determined the water contents and H-isotopic
compositions of apatite grains from a variety of lithological settings
in the martian regolith breccia NWA 7034, including basaltic clasts,
FTP clasts, impact melt clasts, and interclastic matrix. These apatite
grains record a complex history of magmatic and impact processes,
and exchange with crustal fluids. While the isotopically lightest
apatite in NWA 7034 may reflect the composition of the martian
mantle, or its close approximation, the variability in the majority of
apatite H-isotopic compositions likely results from a combination
of magmatic degassing and partial exchange with crustal water
(which probably exchanged to some extent with the martian at-
mosphere) during a metamorphic event ~1.5 Ga. Since NWA 7034
so closely matches the chemical composition of much of the mar-
tian crust, these H-isotopic compositions are more representative
of the martian crust than any other martian meteorite. Our study
provides support for a crustal water reservoir with intermediate
hydrogen isotope composition between that of the martian mantle
and the current martian atmosphere (6D = ~1000-2000%o) that
likely persisted on Mars from at least ~1.5 Ga until the ejection
time of NWA 7034 and the shergottites.
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