Mineralogy of an ancient lacustrine mudstone succession
from the Murray formation, Gale crater, Mars
E B Rampe, D W Ming, D F Blake, T F Bristow, S J Chipera, J P
Grotzinger, R V Morris, S M Morrison, D T Vaniman, A S Yen, et al.

To cite this version:
E B Rampe, D W Ming, D F Blake, T F Bristow, S J Chipera, et al.. Mineralogy of an ancient
lacustrine mudstone succession from the Murray formation, Gale crater, Mars. Earth and Planetary
Science Letters, 2017, 471, pp.172 - 185. �10.1016/j.epsl.2017.04.021�. �insu-03211833�

HAL Id: insu-03211833
https://hal-insu.archives-ouvertes.fr/insu-03211833
Submitted on 29 Apr 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Earth and Planetary Science Letters 471 (2017) 172–185

Contents lists available at ScienceDirect

Earth and Planetary Science Letters
www.elsevier.com/locate/epsl

Mineralogy of an ancient lacustrine mudstone succession from
the Murray formation, Gale crater, Mars
E.B. Rampe a,∗ , D.W. Ming a , D.F. Blake b , T.F. Bristow b , S.J. Chipera c , J.P. Grotzinger d ,
R.V. Morris a , S.M. Morrison e,f , D.T. Vaniman g , A.S. Yen h , C.N. Achilles e , P.I. Craig i ,
D.J. Des Marais b , R.T. Downs e , J.D. Farmer j , K.V. Fendrich e , R. Gellert k , R.M. Hazen f ,
L.C. Kah l , J.M. Morookian h , T.S. Peretyazhko m , P. Sarrazin n , A.H. Treiman h , J.A. Berger o ,
J. Eigenbrode p , A.G. Fairén q,r , O. Forni s , S. Gupta t , J.A. Hurowitz u ,
N.L. Lanza v , M.E. Schmidt w , K. Siebach d , B. Sutter m , L.M. Thompson x
a

Astromaterials Research and Exploration Science Division, NASA Johnson Space Center, Houston, TX 77058, USA
NASA Ames Research Center, Moffett Field, CA 94035, USA
c
Chesapeake Energy, Oklahoma City, OK 73154, USA
d
Division of Geologic and Planetary Sciences, California Institute of Technology, Pasadena, CA 91125, USA
e
Department of Geosciences, University of Arizona, Tucson, AZ 85721, USA
f
Geophysical Laboratory, Carnegie Institution of Washington, Broad Branch Rd NW, Washington, DC 20015, USA
g
Planetary Science Institute, Tucson, AZ 85719, USA
h
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA
i
Lunar and Planetary Institute, Houston, TX 77058, USA
j
School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287, USA
k
Department of Physics, University of Guelph, Guelph, ON N1G 2W1, Canada
l
Department of Earth and Planetary Science, University of Tennessee, Knoxville, TN 37996, USA
m
Jacobs – JETS Contract, Houston, TX 77058, USA
n
SETI Institute, Mountain View, CA 94043, USA
o
Department of Earth Sciences, University of Western Ontario, London, ON N6A 5B7, Canada
p
NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
q
Centro de Astrobiología, CSIC-INTA, 28850 Madrid, Spain
r
Department of Astronomy, Cornell University, Ithaca, NY 14853, USA
s
Institut de Recherche en Astrophysique et Planétologie, CNRS, UMR 5277, Toulouse, France
t
Department of Earth Sciences and Engineering, Imperial College London, London SW7 2AZ, UK
u
Department of Geosciences, Stony Brook University, Stony Brook, NY 11794, USA
v
Los Alamos National Laboratory, Los Alamos, NM 87545, USA
w
Department of Earth Sciences, Brock University, St. Catharines, ON L25 3A1, Canada
x
Planetary and Space Science Centre, University of New Brunswick, Fredericton, NB E3B 5A3, Canada
b

a r t i c l e

i n f o

Article history:
Received 3 August 2016
Received in revised form 3 April 2017
Accepted 12 April 2017
Available online 12 May 2017
Editor: C. Sotin
Keywords:
Mars
Gale crater
X-ray diffraction
diagenesis
acid-sulfate alteration

*

a b s t r a c t
The Mars Science Laboratory Curiosity rover has been traversing strata at the base of Aeolis Mons
(informally known as Mount Sharp) since September 2014. The Murray formation makes up the lowest
exposed strata of the Mount Sharp group and is composed primarily of ﬁnely laminated lacustrine
mudstone intercalated with rare crossbedded sandstone that is prodeltaic or ﬂuvial in origin. We report
on the ﬁrst three drilled samples from the Murray formation, measured in the Pahrump Hills section.
Rietveld reﬁnements and FULLPAT full pattern ﬁtting analyses of X-ray diffraction patterns measured by
the MSL CheMin instrument provide mineral abundances, reﬁned unit-cell parameters for major phases
giving crystal chemistry, and abundances of X-ray amorphous materials. Our results from the samples
measured at the Pahrump Hills and previously published results on the Buckskin sample measured
from the Marias Pass section stratigraphically above Pahrump Hills show stratigraphic variations in
the mineralogy; phyllosilicates, hematite, jarosite, and pyroxene are most abundant at the base of the
Pahrump Hills, and crystalline and amorphous silica and magnetite become prevalent higher in the
succession. Some trace element abundances measured by APXS also show stratigraphic trends; Zn and
Ni are highly enriched with respect to average Mars crust at the base of the Pahrump Hills (by 7.7
and 3.7 times, respectively), and gradually decrease in abundance in stratigraphically higher regions
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near Marias Pass, where they are depleted with respect to average Mars crust (by more than an order
of magnitude in some targets). The Mn stratigraphic trend is analogous to Zn and Ni, however, Mn
abundances are close to those of average Mars crust at the base of Pahrump Hills, rather than being
enriched, and Mn becomes increasingly depleted moving upsection. Minerals at the base of the Pahrump
Hills, in particular jarosite and hematite, as well as enrichments in Zn, Ni, and Mn, are products of acidsulfate alteration on Earth. We hypothesize that multiple inﬂuxes of mildly to moderately acidic pore
ﬂuids resulted in diagenesis of the Murray formation and the observed mineralogical and geochemical
variations. The preservation of some minerals that are highly susceptible to dissolution at low pH (e.g.,
maﬁc minerals and ﬂuorapatite) suggests that acidic events were not long-lived and that ﬂuids may
not have been extremely acidic (pH > 2). Alternatively, the observed mineralogical variations within
the succession may be explained by deposition in lake waters with variable Eh and/or pH, where
the lowermost sediments were deposited in an oxidizing, perhaps acidic lake setting, and sediments
deposited in the upper Pahrump Hills and Marias Pass were deposited lake waters with lower Eh and
higher pH.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The Mars Science Laboratory (MSL) Curiosity rover landed on
the plains of Gale crater (Aeolis Palus) to the north of Aeolis
Mons (informally known as Mount Sharp) in August 2012 to investigate a site presumed to have a variety of ancient aqueous
environments and to assess the habitability of these environments (Grotzinger et al., 2012). Visible/short-wave infrared spectra from the Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) on the Mars Reconnaissance Orbiter show stratigraphic trends in mineralogy in the lower sedimentary layers of
Mount Sharp; the lowermost layers contain phyllosilicate, sulfate, and/or iron oxide minerals, with spectral evidence for phyllosilicate minerals decreasing up section (Milliken et al., 2010;
Fraeman et al., 2013). Stratigraphic changes in mineralogy suggest
that the rocks in lower Mount Sharp record an environmental transition from one in which phyllosilicate minerals formed to one in
which sulfate minerals formed (Milliken et al., 2010). By studying
the mineralogy and geochemistry of this sedimentary succession
in situ with Curiosity, we can identify changes in environment and
sediment sources on a much ﬁner scale.
Bedrock exposed on the plains north of Mount Sharp belongs
to strata of the Bradbury group and includes mudstone, sandstone,
and conglomerate sequences deposited in ﬂuvial-lacustrine environments (Grotzinger et al., 2014, 2015; Vasavada et al., 2014).
The mudstone analyzed at Yellowknife Bay was interpreted as an
ancient habitable lacustrine environment based on its mineralogical and geochemical composition (e.g., Grotzinger et al., 2014;
McLennan et al., 2014; Ming et al., 2014; Vaniman et al., 2014),
where circumneutral ﬂuids with low ionic strength appear to be
associated with the in-situ dissolution of olivine and precipitation
of ferrian saponite and magnetite (Bristow et al., 2015). Curiosity
reached the base of Mount Sharp in September 2014 in a region
called the Pahrump Hills. Rocks of the Pahrump Hills make up
the lowermost portion of the Murray formation and are dominated
by ﬁnely horizontally laminated mudstone with minor intercalated
cross-bedded sandstone, suggesting deposition from lacustrine to
ﬂuvial-deltaic environments (Grotzinger et al., 2015). The Murray
formation is mapped as time-equivalent to coarser-grained strata
of the Bradbury group, with ﬂuvial-deltaic facies passing laterally
into and interﬁngering with lacustrine facies.
The Murray formation was studied in detail at Pahrump Hills
and at Marias Pass, 6 m stratigraphically above the top of the
exposed section studied at the Pahrump Hills (Fig. 1). Detailed investigations in these locations included imaging by Mastcam and
the Mars Hand Lens Imager (MAHLI), geochemical measurements
by the Alpha Particle X-ray Spectrometer (APXS) and the Chemistry and Camera (ChemCam), and delivery of drilled rock powders
to the instruments inside the body of the rover, the Chemistry and

Mineralogy (CheMin) and Sample Analysis at Mars (SAM) instruments. Mineralogical results from CheMin for the Marias Pass drill
sample are reported by Morris et al. (2016). Here, we report mineralogical results from CheMin of the samples collected from the
Pahrump Hills section, including mineral abundances, reﬁned unitcell parameters, and derived crystal chemistry. We subsequently
consider hypotheses about the depositional and diagenetic environments recorded in these rocks. Based on mineralogy, geochemistry, and diagenetic features, we propose a model of multiple
acidic diagenetic ﬂuid episodes. We also consider deposition in
acid saline lakes as an explanation for the observed mineralogy.
2. Materials and methods
2.1. Samples
Four drill samples were acquired from the lower Murray formation by the MSL Curiosity’s sample acquisition and handling system
and delivered to CheMin for analysis (Figs. 1 and 2). Details of
sample acquisition and processing by the Collection and Handling
for In-situ Mars Rock Analysis (CHIMRA, Anderson et al., 2012)
and analysis by the CheMin instrument are presented in the supplementary material. The ﬁrst three samples were taken from the
Pahrump Hills section of the Murray formation. The Conﬁdence
Hills (CH) and Mojave 2 (MJ) drill samples were acquired on sols
759 and 882, respectively, and lie near the base of the Pahrump
Hills, with the MJ sample located 1.2 m stratigraphically above the
CH drill site. The base of the Pahrump Hills records numerous
features consistent with multiple diagenetic episodes, including
centimeter-scale crystal clusters and dendrites enriched in Mg,
Ni, and S, according to APXS measurements (Gellert et al., 2015a;
Kah et al., 2015a; VanBommel et al., 2016); millimeter-scale lenticular crystal pseudomorphs (Kah et al., 2015b); and fractures containing one or two generations of mineral ﬁll (including a latediagenetic calcium-sulfate phase, Kah et al., 2015a, 2015b; Nachon
et al., 2017). The Telegraph Peak (TP) sample was acquired on sol
908 at an elevation 7 m above the CH sample. Telegraph Peak lies
just below a cross-stratiﬁed sandstone called Whale Rock, interpreted as a tongue of prodeltaic gulley or lowstand ﬂuvial materials (Grotzinger et al., 2015). The Buckskin (BK) outcrop (sampled
on sol 1060) is a ∼2–3 m thick section of the Murray formation
exposed in the Marias Pass region, 13 m upsection from CH (Morris, 2016).
2.2. Methods
All XRD data were ﬁrst evaluated by comparisons and searches
of the International Center for Diffraction Data (ICDD) Powder
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Fig. 1. A. Curiosity’s traverse from landing through Sol 1185, showing locations of Pahrump Hills and Marias Pass. Image credit: NASA/JPL-Caltech/Univ. of Arizona. Map
from http://mars.jpl.nasa.gov/msl/news/whatsnew/index.cformation?FuseAction=ShowNews& NewsID=1879. B. Stratigraphic column for the Bradbury and Mount Sharp groups,
including all drill hole locations (Grotzinger et al., 2015). C. Stratigraphic column of the Murray formation, including the four sampling locations in this paper (Grotzinger et
al., 2015).

E.B. Rampe et al. / Earth and Planetary Science Letters 471 (2017) 172–185

175

Fig. 2. Drill holes/targets for samples taken from the Murray formation and analyzed by CheMin. CH drill ﬁnes are redder than other samples, consistent with the greatest
hematite abundance. MJ target shows lenticular white crystal forms in the mudstone. TP drill ﬁnes are gray, and the surrounding ﬁne laminations are visible. BK drill ﬁnes
are bright, consistent with abundant crystalline and amorphous SiO2 . Drill hole depths are ∼6 cm, and samples delivered to CheMin are sourced from depths of ∼5–6 cm.
Images’ credit: NASA/JPL-Caltech/MSSS.

Diffraction File using MDI Jade (Materials Data Incorporated, Livermore, CA) software packages. The data were analyzed further
via Rietveld reﬁnement methods, using Jade. The Rietveld method
involves constructing a model consisting of the crystal structures
of all component phases and minimizing the differences between
the observed and simulated diffraction patterns by varying components of the model, including scale factors (related to phase
abundance) and unit-cell parameters. This method thus provides
information on all well-ordered crystalline phases, but is not directly applicable to disordered phases such as clay minerals or
X-ray amorphous components.
Cell parameters for well-crystalline minerals present at
>∼5 wt.% abundance were reﬁned using structure ﬁles from the
American Mineralogist Crystal Structure Database. Abundances of
phyllosilicate, poorly crystalline, and XRD-amorphous phases were
estimated by the FULLPAT full pattern ﬁtting method (Chipera and
Bish, 2002) using laboratory patterns generated from CheMin IV, a
laboratory prototype of the CheMin ﬂight instrument.
Major, minor, and some trace element abundances were measured with the APXS located on the end of Curiosity’s robotic arm
(Campbell et al., 2012; Gellert et al., 2015b). The CheMin drill sample and the dump piles of post-sieved samples are nominally the
same material (<150 μm), and, as such, these APXS analyses are
the best comparison to CheMin results.
Chemical compositions of crystalline components comprising at
least ∼5 wt.% of the sample were estimated from unit-cell parameters calculated by Rietveld reﬁnement. The calculations are
insensitive, however, to trace element substitutions in the mineral structures. In order to limit artiﬁcial “assignments” of the trace
elements to the amorphous material, we used compositions of naturally occurring minerals (from analyses of martian meteorites) to
estimate the trace chemical compositions of the crystalline phases
>5 wt.% (after Morris et al., 2016). The elemental composition of
the X-ray amorphous±phyllosilicate components was estimated by
mass balance calculations from the bulk APXS composition of the
post-sieved dump pile, the inferred compositions of the crystalline

phases, and the weight proportion of the X-ray amorphous and
phyllosilicate components determined by FULLPAT (methods detailed by Vaniman et al., 2014; Morris et al., 2016).
3. Results
3.1. Conﬁdence hills
The Conﬁdence Hills (CH) sample provides our stratigraphically lowermost measurement of the Pahrump Hills section of the
Murray formation. The major minerals present (>∼5 wt.% of the
crystalline phases) in this sample in decreasing order of abundance are: plagioclase, hematite, augite, pigeonite, sanidine, and
magnetite (Fig. 3, Table 1). The broad diffraction peak near 10 Å
indicates the presence of a poorly crystalline 2:1-layer type phyllosilicate. The identity of the phyllosilicate cannot be further constrained because of the absence of a distinct 02 peak (e.g., Vaniman et al., 2014); the position of the 001 peak, however, is consistent with a collapsed smectite or illite (e.g., Moore and Reynolds,
1997). FULLPAT analysis of the CH pattern suggests this sample
contains ∼8 wt.% 2:1 layer type phyllosilicate. CH has the greatest
abundances of maﬁc igneous minerals, phyllosilicate, and hematite
of all samples presented in this manuscript.
Unit-cell parameters (Table 2) of plagioclase are consistent
with andesine, An42(10) (Table 3, values in parentheses represent
2-sigma errors), and those of sanidine are in agreement with high
sanidine, Ab26(16) Or74(16) , with complete Al–Si disorder. We derived a pigeonite composition of En60(6) Fs38(7) Wo2(2) , however, the
derived compositions and relative abundances of the pyroxenes
have large uncertainties because of overlapping peaks and the low
angular resolution of the CheMin instrument (0.3◦ 2θ ; Blake et
al., 2012). The magnetite unit cell reﬁned to an a unit-cell edge
length of 8.365(6) Å, which indicates that magnetite is intermediate to stoichiometric magnetite and maghemite if we assume that
Fe is the only cation in the mineral (e.g., Schwertmann and Cornell, 2000). The derived formula of magnetite is Fe2.81(5) 0.19 O4
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(where  represents a vacancy) assuming it is cation deﬁcient.
Cation-deﬁcient magnetite is an intermediate phase as magnetite
oxidizes to maghemite (γ -Fe2 O3 ) accompanied by loss of 11% Fe
from the structure (Schwertmann and Cornell, 2000). Smaller a-cell
lengths can also be achieved by substitution for Fe in the structure
by other metals. Cation-substitutions are common in magnetite
found in natural terrestrial settings and martian meteorites, and
substitution primarily occurs on the octahedral site (e.g., Stout and
Bayliss, 1980; Collyer, 1986). Substitutions that can create small
a-cell lengths include Cr3+ and Al3+ for Fe3+ and Mg2+ and Ni2+
for Fe2+ (Figure S2).
Minor minerals identiﬁed from the CH pattern include orthopyroxene, jarosite, ﬂuorapatite, forsterite, and quartz. We did not reﬁne the unit-cell parameters for these phases because their peaks
were not sharp, had low intensity, and often overlapped diffraction
peaks from other, more abundant minerals. We are, however, conﬁdent in the presence of these phases. We also investigated the
possible presence of other minerals which reﬁned to abundances
below the CheMin detection limit (∼1 wt.%), including ilmenite,
anhydrite, and anatase. These minerals did not ﬁt discrete peaks,
but including them in the Rietveld reﬁnement improved the overall ﬁt. As such, we cannot be certain of their presence and we do
not include them in our reported mineral abundances.
The FULLPAT analysis gives 40 ± 15 wt.% X-ray amorphous materials, including truly amorphous materials and those with shortrange atomic order. The amorphous component was modeled primarily as rhyolitic volcanic glass plus basaltic volcanic glass, with a
small proportion of ferrihydrite. Note that this is a model, and that
amorphous phases do not give deﬁnitive X-ray diffraction peaks, so
that other amorphous materials absent from the FULLPAT library
may also ﬁt the measured data.
The poorly crystalline components (amorphous+phyllosilicate)
in CH contain substantial iron and titanium (15.6 wt.% FeOtotal
and 2.3 wt.% TiO2 ), are strongly enriched in volatiles (∼11 wt.%
SO3 + P2 O5 + Cl), and are slightly enriched in SiO2 (52.6 wt.% SiO2 )
compared to the bulk CH sample (Table S1). This calculated composition includes elemental abundances from crystalline phases
that are below the CheMin detection limit. Cations that may be
associated with the volatiles include Fe2+ , Fe3+ , Mg2+ , Al3+ , Na+ ,
Ca2+ , and K+ . The K2 O abundance in the amorphous+phyllosilicate component is low (0.3 wt.%, equivalent to ∼3 wt.% illite),
suggesting that the phyllosilicate in CH is likely not discrete illite or mica. High abundances of Fe and Mg (15.6 wt.% FeOT and
5.5 wt.% MgO) are consistent with ferrian saponite, as reported for
Yellowknife Bay (Vaniman et al., 2014; Treiman et al., 2014; Bristow et al., 2015).

formula is Fe2.77(7) 0.23 O4 assuming it only contains Fe. These
compositions are within error of those determined for CH.
Minor phases identiﬁed from the MJ pattern include augite, ﬂuorapatite, quartz, and forsterite. Unit-cell parameters were not reﬁned for these phases. Other phases that improve the overall ﬁt to
the measured pattern are ilmenite, anatase, and anhydrite. These
phases, however, do not ﬁt discrete peaks, so we cannot conclude
with certainty that they are present and we do not include them
in the reported mineral abundances (Table 1).
Analysis by FULLPAT indicates that MJ contains ∼41 ± 15 wt.%
X-ray amorphous materials. The amorphous component was modeled primarily with rhyolitic and basaltic glasses with a small proportion of ferrihydrite. With this value, the calculated chemical
composition of the poorly crystalline material has a negative CaO
concentration. This impossible result can stem from (1) underestimating the abundance of X-ray amorphous materials and phyllosilicate or (2) overestimating the abundance of Ca-bearing minerals
in the crystalline material. If abundances of X-ray amorphous materials and phyllosilicate are underestimated, then increasing their
proportion from ∼41% to ∼53 wt.% brings the calculated CaO
abundance in the poorly crystalline material to zero. This newly
calculated composition for the poorly crystalline components (Table S2) is strongly enriched in volatiles (∼11 wt.% SO3 + P2 O5 + Cl),
iron, and titanium (12.7 wt.% FeOtotal and 2.2 wt.% TiO2 ). Similar to CH, the SiO2 content of the poorly crystalline components
(55.4 wt.% SiO2 ) is slightly greater than the bulk rock (48.9 wt.%
SiO2 ). Cations that may be associated with the volatiles include
Fe2+ , Fe3+ , Mg2+ , Al3+ , Na+ , and K+ . The K2 O abundance in the
amorphous+phyllosilicate component is high enough to accommodate all phyllosilicate as illite, and there is abundant Fe and Mg
(5.7 wt.% MgO), so we cannot constrain the identity of the phyllosilicate from these compositional calculations. If we assume that
we are overestimating the abundance of Ca-bearing minerals, our
identiﬁcation of ﬂuorapatite may not be correct. If we exclude ﬂuorapatite from our calculations, the poorly crystalline material has
a just positive CaO concentration. Including ﬂuorapatite in our reﬁnements, however, improves the ﬁt. Furthermore, our detection of
ﬂuorapatite with CheMin in all samples from the Pahrump Hills is
consistent with P2 O5 abundances measured by APXS; P2 O5 abundances calculated from CheMin-derived ﬂuorapatite abundances
are below the APXS measurements of P2 O5 , therefore requiring
amorphous phosphate and/or the presence of a crystalline phosphate below the detection limits of CheMin. We hypothesize that
FULLPAT models underestimated the abundance of X-ray amorphous materials in MJ; however, the updated value is within the
error on the abundance derived from FULLPAT alone.

3.2. Mojave 2

3.3. Telegraph peak

The MJ sample, from the Pahrump Hills section, was acquired

∼1 m stratigraphically above CH. The major minerals (>∼ 5 wt.%
of the crystalline phases) in decreasing abundance are: plagioclase, pigeonite, hematite, magnetite, and jarosite (Fig. 3, Table 1).
A weak, broad peak near 10 Å indicates the presence of a poorly
crystalline phyllosilicate. The speciﬁc identity of the phyllosilicate
in MJ cannot be determined with CheMin data alone, but the position of the 001 peak is consistent with a collapsed smectite or
illite. FULLPAT analysis of the MJ pattern suggests this sample contains ∼5 wt.% 2:1 layer type phyllosilicate. MJ has the highest
abundance of jarosite with respect to all samples measured from
the Murray formation and is the only one with no detectable sanidine.
The reﬁned unit-cell parameters (Table 2) yield a composition
of An41(6) for the plagioclase and En61(9) Fs37(11) Wo2(4) for the pigeonite. The magnetite unit cell reﬁned to 8.357(4) Å, and the

The TP drill sample was acquired ∼7 m stratigraphically higher
than CH. The major minerals (>∼5 wt.% of crystalline phases) in
TP are: plagioclase feldspar, magnetite, cristobalite, sanidine, pigeonite, and orthopyroxene (Fig. 3, Table 1). In contrast to CH and
MJ, TP lacks a phyllosilicate signature. Of all samples measured
from the Murray formation, TP contains the most magnetite and
cristobalite.
The reﬁned unit-cell parameters (Table 2) and crystal chemistry (Table 3) of plagioclase, sanidine, pigeonite, and magnetite
in TP are similar to those for the other Pahrump Hills samples.
The unit-cell parameters of plagioclase are consistent with An37(7) .
The unit-cell parameters of the alkali feldspar are consistent with
high sanidine (Ab39(25) Or61(25) ) and are within uncertainty of the
sanidine composition reﬁned in CH. The reﬁned pigeonite unit-cell
parameters suggest a composition of En61(11) Fs37(13) Wo2(3) . The
magnetite reﬁned to a unit-cell a-value between those of stoi-
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Fig. 3. CheMin 1-D X-ray diffraction patterns of samples taken from the Murray formation. Major peaks are labeled (A = anhydrite, C = cristobalite, H = hematite, J =
jarosite, Ka = Kapton (part of the sample cell, not in the rock powders), Ks = K-feldspar, M = magnetite, Ph = phyllosilicate, Pl = plagioclase, Px = pyroxene, T =
tridymite).

Table 1
Mineral and amorphous abundances in weight % of samples in the Murray formation measured by CheMin. 2-sigma errors are
denoted in parentheses.
Mineral

Conﬁdence Hills

Mojave 2

Telegraph Peak

Buckskina

Plagioclase
Sanidine
Forsterite
Augite
Pigeonite
Orthopyroxene
Magnetite
Hematite
Quartz
Cristobalite
Tridymite
(H3 O+ , K+ , Na+ ) Jarosite
Anhydrite
Fluorapatite
Phyllosilicateb
Opal-CT
Amorphous

20.4(2.3)
5.0(0.7)
1.2(0.7)
6.4(2.2)
5.3(1.7)
2.1(3.1)
3.0(0.7)
6.8(1.5)
0.7(0.5)
–
–
1.1(0.7)
–
1.3(1.5)
7.6
–
39.2 ± 15b

23.5(1.6)
–
0.2(0.8)
2.2(1.1)
4.6(0.7)
–
3.0(0.6)
3.0(0.6)
0.8(0.3)
–
–
3.1(1.6)
–
1.8(1.0)
4.7
–
53c

27.1(2.8)
5.2(2.2)
1.1(1.2)
–
4.2(1.0)
3.4(2.6)
8.2(0.9)
1.1(0.5)
0.9(0.4)
7.3(1.7)
–
1.5(1.8)
–
1.9(0.5)
–
10.9
27.2 ± 15b

17.1(1.2)
3.4(0.7)
–
–
–
–
2.8(0.3)
–
–
2.4(0.3)
13.6(0.8)
–
0.7(0.2)
–
–
6.0
54c

a
b
c

Numbers reported by Morris et al. (2016).
From FULLPAT analyses alone.
From amorphous component calculations using CheMin and APXS results.
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Table 2
Reﬁned unit-cell parameters in angstroms for the major phases in the four samples measured from the Murray formation. 2-sigma
errors are reported in parentheses, where the error is applied to the last decimal place(s).
Mineral

Parameter

Conﬁdence Hills

Mojave 2

Telegraph Peak

Buckskina

Plagioclase

a
b
c

8.166(15)
12.859(15)
7.111(7)
93.45(11)
116.31(8)
90.15(9)
8.582(10)
13.009(26)
7.158(18)
115.95(26)
9.651(32)
8.920(41)
5.210(31)
108.57(17)
8.365(6)
5.029(1)
13.745(4)
–
–
–
–
–
–

8.164(7)
12.859(5)
7.110(3)
93.50(8)
116.28(1)
90.10(3)
–
–
–
–
9.670(61)
8.916(67)
5.197(76)
108.66(68)
8.357(4)
5.031(7)
13.791(9)
–
–
–
–
–
–

8.157(3)
12.858(12)
7.111(2)
93.47(4)
116.28(2)
90.08(2)
8.526(39)
12.985(29)
7.151(27)
115.94(36)
9.670(71)
8.926(84)
5.194(71)
108.62(42)
8.355(1)
–
–
4.981(24)
6.979(81)
–
–
–
–

8.155(3)
12.862(4)
7.106(4)
93.32(2)
116.28(2)
90.10(2)
8.54(2)
13.01(2)
7.15(2)
115.8(1)
–
–
–
–
8.359(1)
–
–
–
–
4.996(2)
8.671(2)
8.194(3)
90.43(4)

α
β

γ
Sanidine

a
b
c

Pigeonite

a
b
c

Magnetite
Hematite

a
a
c
a
c
a
b
c

β

β

Cristobalite
Tridymite

β
a

Numbers reported by Morris et al. (2016).

Table 3
Crystal chemistry of feldspars, pyroxene, and magnetite from their respective reﬁned unit-cell parameters for the four samples
measured from the Murray formation.
Mineral

Conﬁdence Hills

Mojave 2

Telegraph Peak

Buckskina

Plagioclase
Sanidine
Pigeonite
Magnetite

An42±10 Ab58±10
Ab26±16 Or74±16
En60(6) Fs38(7) Wo2(2)
Fe2.81(5) 0.19 O4

An41±6 Ab59±6
–
En61(9) Fs37(11) Wo2(4)
Fe2.77(7) 0.23 O4

An37±7 Ab63±7
Ab39±25 Or61±25
En61(11) Fs37(13) Wo2(3)
Fe2.76(7) 0.24 O4

An41±12 Ab59±12
Ab32±16 Or68±16
–
Fe2.78(10) 0.22 O4

a

Crystal chemistry reported by Morris et al. (2016).

chiometric magnetite and maghemite (8.355(1) Å). The magnetite
formula is Fe2.76(7) 0.24 O4 assuming it is cation-deﬁcient.
Minor phases identiﬁed through full pattern ﬁtting of the TP
data include ﬂuorapatite, jarosite, hematite, quartz, and forsterite.
We are conﬁdent in the presence of these minerals because their
inclusion in reﬁnements accounts for missing intensities of minor, but distinct peaks and improves the overall ﬁt. Trace minerals
that improve the ﬁt to the measured data are anhydrite, bassanite, anatase, and brookite; however, these minerals improve the ﬁt
between peaks or on shoulders of peaks and do not ﬁt discrete
peaks, so we are not conﬁdent in their identiﬁcation.
FULLPAT analysis revealed that TP contains 38 ± 15 wt.% XRD
amorphous material. The X-ray amorphous component in TP was
modeled primarily as rhyolitic and basaltic glasses, opal-CT, and a
small proportion of ferrihydrite. The calculated amorphous composition (Table S3) has a volatile component (∼8 wt.% SO3 + P2 O5 +
Cl), contains iron and titanium (19.6 wt.% FeO and 3.1 wt.% TiO2 ),
and is slightly enriched in SiO2 (55.0 wt.% SiO2 ) compared to the
bulk sample (52.1 wt.% SiO2 ). Cations that may be associated with
the volatiles include Fe2+ , Fe3+ , Mg2+ , Al3+ , Na+ , Ca2+ , and K+ .
3.4. Buckskin
The mineral abundances, reﬁned unit-cell parameters, and X-ray
amorphous composition for the BK sample are described by Morris et al. (2016). Here, we brieﬂy reiterate the main ﬁndings as
background for the discussion of mineral trends in the Murray formation.
The BK drill sample was acquired at Marias Pass, ∼13 m
stratigraphically higher than CH. BK contains substantial amounts
of plagioclase (andesine) and monoclinic tridymite, with lesser
amounts of sanidine, magnetite, cristobalite, and anhydrite. BK

does not contain phyllosilicates nor does it contain substantial
maﬁc igneous minerals (magnetite is the only Fe-bearing mineral),
and provides the ﬁrst detection of tridymite on the surface of Mars.
The reﬁned magnetite has a unit-cell similar to that of the other
Murray samples (8.359(1) Å), giving the formula Fe2.78(10) 0.22 O4 ,
and the reﬁned sanidine composition is similar to those reﬁned for
CH and TP (Ab32(16) Or68(16) ).
Buckskin is composed of ∼60 wt.% X-ray amorphous materials, as determined by mass balance calculations using CheMinderived crystalline component and chemistry measured by APXS.
The amorphous component is enriched in SiO2 (opal-A, silica glass,
and/or opal-CT) and volatiles (SO3 + P2 O5 + Cl) and contains minor
iron and titanium (Table S4).
4. Discussion
4.1. Stratigraphic trends in mineralogy and chemistry
Depositional and diagenetic environments on modern and ancient Earth are characterized by detailed mineralogical, geochemical, and petrographic analyses and from thorough ﬁeld campaigns.
We recognize that we cannot fully capture the potential mineralogical heterogeneities of these deposits with Curiosity. Bowen
et al. (2012), for example, have documented lateral mineralogical variations at the scales of thin section to outcrop, resulting
from changes in water chemistry and sediment composition. Doing ﬁeld work with a rover on Mars limits our ability to investigate lateral variations so that we can only have data from a
1-dimensional time series. Although we have not investigated lateral variability and we lack petrographic information about the
samples measured from Gale crater to discriminate between the
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Fig. 4. Relative mineral abundances from CheMin in context with stratigraphy. “Feldspar” group includes plagioclase and sanidine. “Crystalline SiO2 ” group includes quartz,
cristobalite, and tridymite. “High-Si Amorphous” group includes rhyolitic glass, opal-A, and opal-CT. “Other amorphous” group includes basaltic glass and ferrihydrite.

depositional or diagenetic nature of minerals, the observed mineralogical and geochemical data in concert with the sedimentological
observations provide evidence of stratigraphic trends within the
Murray formation that can help elucidate the depositional and diagenetic history of this ancient lacustrine succession. There are
distinct mineralogical differences between the samples measured
at the base of the Pahrump Hills section and those measured
progressively higher in the Murray formation, particularly with
respect to the abundance and speciation of iron oxide minerals,
maﬁc igneous minerals, and secondary silicate minerals (Fig. 4).
Up section from the base of the Pahrump Hills section to Marias
Pass, the abundance of maﬁc minerals diminishes, phyllosilicates
give way to crystalline and amorphous SiO2 phases, and the ratio of magnetite to hematite increases. The CH and MJ targets
contain substantial abundances of maﬁc minerals (i.e., pyroxene),
phyllosilicate minerals, and iron oxide minerals, as well as the
greatest jarosite abundances. Hematite is the most abundant iron
oxide in CH, whereas hematite and magnetite are present in equal
abundances in MJ. Stratigraphically higher, in TP, the abundances

of maﬁc minerals and jarosite decrease, there are no phyllosilicate minerals recorded, and magnetite is the dominant iron oxide. Crystalline SiO2 (cristobalite) and opal-CT are abundant. Another 6 m up section, the BK sample from Marias Pass contains
no maﬁc igneous minerals, phyllosilicate minerals, or jarosite; has
less iron oxide than stratigraphically lower portions of the section (magnetite is the only crystalline iron oxide); yet has abundant crystalline SiO2 (tridymite and minor cristobalite) and amorphous SiO2 .
In addition to mineralogical variation with stratigraphy, there
are also trends in some minor and trace element abundances, as
measured by APXS. At the base of the Pahrump Hills section, Zn
and Ni are enriched up to 7.7 and 3.7 times that of average Mars
crust (Taylor and McLennan, 2009), respectively (Fig. 5A), excluding Ni-enriched diagenetic features. Higher in the section, Zn and
Ni abundances diminish and are depleted with respect to average Mars crust by over an order of magnitude in some targets
in Marias Pass. Manganese shows a trend similar to those of Zn
and Ni with stratigraphic position; however, Mn abundances are
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4.2. Models for depositional and diagenetic processes in the Murray
formation
The sedimentary rocks of the Murray formation record mineralogical and geochemical variations that indicate a complex aqueous history. The Curiosity science team has developed multiple
working hypotheses to explain these variations, including changing redox conditions in a neutral-alkaline lake (Hurowitz et al.,
in press). Based on terrestrial observations in acid-sulfate soils,
acidic evaporite lakes, and basinal brines, we propose models involving deposition and/or diagenesis under variable pH solutions
with potentially variable redox conditions to explain the observed
mineralogy and geochemistry.
The Murray formation is dominantly composed of ﬁnely laminated mudstone with sub-horizontal laminae that extend laterally
over distances of several meters (Grotzinger et al., 2015). As such,
conceptual models to explain the mineralogy and chemistry of the
mudstone involve sediment deposition in a subaqueous, lacustrine
environment (Fig. 6). The absence of physical sedimentary evidence for subaerial exposure in the lacustrine succession suggests
a perennial lake environment (Grotzinger et al., 2015). The heterogeneity of igneous minerals detected by CheMin through the
section suggests that the source of the Murray sediments is itself heterogeneous or that deposition represents multiple sediment
sources of different compositions (Siebach, 2016). Tridymite, sanidine, plagioclase, and high-silica glass are found together in silicic
volcanic deposits on Earth (e.g., Broxton et al., 1995), and their
discovery in BK is evidence for a possible silicic volcanic source
(Morris et al., 2016). The abundance of pyroxene and the absence
of crystalline SiO2 at the base of the Pahrump Hills section suggest
a potentially more primitive magma source for the detrital minerals.

Fig. 5. Trace element abundances from APXS within the Murray formation with elevation: (A) Ni (in blue) and Zn (in red), where the vertical blue line represents
average Mars crust composition of Ni (337 ppm); all averages from Taylor and
McLennan (2009) and the vertical red line represents average Mars crust composition of Zn (320 ppm); and (B) MnO (in red), TiO2 (in blue), and P2 O5 (in green),
where the vertical red line represents average Mars crust composition of MnO
(0.36 wt.%), the vertical blue line represents average Mars crust composition of TiO2
(0.98 wt.%), and the vertical green line represents average Mars crust composition
of P2 O5 (0.9 wt.%). Measurements from Whale Rock are in pink, light blue, and light
green. Points outlined in black represents measurements on dust-removed surfaces.
Elevations of drilled samples CH, MJ, TP, and BK samples are denoted n the y-axis
in yellow.

close to those of average Mars crust at the base of the Pahrump
Hills, rather than being enriched, and Mn becomes increasingly
depleted upward in the section (Fig. 5B). Trends in Zn and Ni
continue within and across the interbedded cross-laminated sandstone at Whale Rock interpreted as ﬂuvial-deltaic facies prograding into a lake (Fig. 5A, Grotzinger et al., 2015). The continuation of the trace element trends through Whale Rock may suggest
that the process which caused these trends inﬂuenced both mudstone and sandstone facies. Titanium abundances below Whale
Rock do not show a distinct trend and they are close to, or
slightly elevated above those of average Mars crust (Fig. 5B). Titanium, however, is enriched 1.7 times relative to average Mars
crust in Marias Pass (Taylor and McLennan, 2009). Phosphorus
behaves similarly to TiO2 in the section and is enriched relative to average Mars crust by a comparable factor in Marias Pass
(Fig. 5B). The signiﬁcance of these enrichments is described below.

4.2.1. Diagenesis in acidic groundwater
In our preferred hypothesis, we propose that the entirety of the
lacustrine sequence was deposited in dilute lake waters with nearneutral pH and low Eh, and magnetite was deposited throughout the entirety of the section. Magnetite is unstable in longlived, acidic and oxidizing conditions and readily transforms to
maghemite and hematite (e.g., Schwertmann and Cornell, 2000;
Otake et al., 2007). Thus, we hypothesize that the mudstone
records deposition in near-neutral (e.g., buffered by basalt), low
Eh lake waters (Fig. 6C) that prevented the oxidation of magnetite
(magnetite is stable in waters on the Earth’s surface with pH >8,
Eh < −0.3; Drever, 1997). The magnetite could be either detrital or
authigenic. The high abundance of magnetite in TP indicates that,
if magnetite was detrital, the source region was enriched in magnetite or that physical sorting processes concentrated the mineral.
After sediment deposition, we hypothesize that multiple inﬂuxes of acidic groundwater moved through the sediments to dissolve detrital minerals, precipitate secondary phases, and mobilize
certain trace and minor elements to produce the observed trends
(Figs. 6E and 7). Oxic, and at least locally acidic, brines could have
selectively affected the base of the Pahrump Hills, where the phyllosilicates acted as an aquitard, and caused the transformation of
magnetite to hematite. These brines could have oxidized existing
Fe-sulﬁde minerals to form jarosite or, if H2 SO4 was present in
solution, Fe that was leached and oxidized from the dissolution
of magnetite could have combined with aqueous SO24− to precipitate jarosite. Mixing of groundwater brines with different salinities
could have caused the precipitation of gypsum in the sediment
(e.g., Raup, 1982), which we infer from the lenticular crystal molds
observed in MJ. A later diagenetic event then would have overprinted the trace element trends with elevation onto the mineralogy.
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Fig. 7. Conceptual model of diagenetic event that created elemental trends within
the stratigraphy. Briney pore ﬂuids containing H2 SO4 moved from the top of the
section down. Mildly to moderately acidic brines preferentially leached maﬁc minerals to release Mg2+ , Fe2+ , Mn2+ , Ni2+ , and Zn2+ in solution. Brines could not
have been extremely acidic because they would have mobilized Ti. As the brines
moved down section and dissolved maﬁc minerals, the pH would have gradually
risen. When brines encountered hematite and phyllosilicates in the lower Murray,
Ni2+ , Zn2+ , and Mn2+ would have adsorbed onto mineral surfaces (particularly if
the pH was >6) and precipitated as discrete mineral phases. Ni, Mg, and S would
have also precipitated as sulfates, as observed in diagenetic features measured by
APXS (e.g., VanBommel et al., 2016).

Fig. 6. Conceptual model of deposition and diagenesis of the Murray formation.
A) Fluvial, lacustrine, and eolian sediments of the Bradbury group (including the
lacustrine sediments at Yellowknife Bay, YKB) were deposited before and coevally
with the Murray formation. B) Sediments at the base of the Pahrump Hills (represented by CH and MJ samples) were deposited in a lake with near-neutral, dilute
waters with few oxidants. The detrital sediments had a primitive, maﬁc source. C)
Later stages of the lake (represented by TP and BK samples) also had neutral and dilute lake waters without substantial oxidants, but detrital sediments included more
evolved, silicic sources than the sediments at the base of the Pahrump Hills. Finely
laminated lacustrine sediments of the lower Murray formation contained magnetite
throughout (D) and experienced early diagenesis from multiple episodes of groundwaters to cause dissolution of detrital minerals and precipitation of new minerals
(e.g., oxidation of magnetite to form hematite, precipitation of jarosite, and precipitation of gypsum) (E) and mobilize elements (F). Pore ﬂuids were mildly acidic
and oxic, mobilizing trace elements (e.g., Zn and Ni, primarily as Zn2+ , ZnSO04 ,

Ni2+ , and NiSO04 ) and major elements, where they precipitated as sulfate salts (e.g.,
Mg–Ni-sulfate concretions) and/or chemisorbed to the surfaces of iron oxides and
phyllosilicates, particularly at the base of the Pahrump Hills outcrop (F). Here, phyllosilicates may have acted as an aquitard.

The mobility of Zn, Ni, and Mn in ﬂuid-rich environments on
Earth is controlled by the elements’ pH-dependent aqueous speciation, saturation with respect to mineral phases, and the adsorptive capacity of available mineral surfaces (e.g., McBride, 1989;
Stoffell et al., 2008; Degryse et al., 2009). Of all of these factors, pH
is the most important determinant of the mobility of Zn, Ni, and
Mn (Kiekens, 1995; McGrath, 1995; Degryse et al., 2009), where
low pH can more effectively leach these trace elements from maﬁc
mineral hosts. In general, enrichment of trace metals in terrestrial
sedimentary basins occurs when trace elements are concentrated
in moderately acidic to near-neutral, anoxic basinal brines (e.g.,
Kharaka et al., 1987; Stoffell et al., 2008), and Zn, in particular,
is one of the most soluble and mobile of the trace metals in
moderately acidic (pH <6), oxic surface waters (e.g., Rampe and
Runnells, 1989; McBride, 1994; Drever, 1997). Changes in environmental conditions cause the precipitation of Zn, Ni, and Mn as
discrete oxides (e.g., zincite, bunsenite, birnessite), oxyhydroxides
(sweetite, theophrastite, pyrochroite), sulﬁdes (sphalerite, millerite,
rambergite), and sulfates (goslarite, morenosite, jokokuite). Alternatively, Zn, Ni, and Mn can co-precipitate with and substitute for
Fe within the structures of hematite, magnetite, and clay minerals (Alloway, 1995; Kiekens, 1995). Adsorption on available mineral
surfaces can also affect the fate of trace elements in the natural
environment. At pH > 6, Zn2+ , Ni2+ , and Mn2+ readily chemisorb
onto hematite and phyllosilicate surfaces (McBride, 1994; Yu et al.,
1997). In contrast to Zn and Ni, Mn is a redox sensitive element
and its mobility is primarily controlled by redox potential of the
solutions, where low Eh causes abiotic reduction of Mn oxides to
soluble and mobile Mn2+ , for instance in the presence of aqueous
Fe(II) (e.g., Postma and Appelo, 2000).
We hypothesize that late-stage, mildly acidic pore ﬂuids moved
through the Murray formation succession at Pahrump Hills and
Marias Pass, mobilized Zn, Ni, and Mn (and major elements, such
as Mg and Fe), and caused passive enrichment of TiO2 in Marias
Pass (Fig. 7). These ﬂuids may have also had a low Eh to keep Mn
mobile as Mn2+ . Zn, Ni, and Mn can substitute for Mg and Fe in
ferromagnesian minerals (e.g., olivine, pyroxene), and we suspect
dissolution of ferromagnesian minerals in diagenetic ﬂuids caused
the enrichment of Zn and Ni at the base of the Pahrump Hills. If
we assume that waters were acidiﬁed by H2 SO4 , and these acidic
ﬂuids were denser than existing pore ﬂuids (e.g., contained more
dissolved salts), then they would have moved from Marias Pass
down toward the base of the Pahrump Hills to dissolve ferromag-
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nesian minerals, mobilize trace and major elements, and create
the depletions seen in Marias Pass. As a result, released Zn and
Ni would primarily travel downslope as Zn2+ , ZnSO04 , Ni2+ , and

NiSO04 species in solution, and equilibrium modeling demonstrates
that the pH of these ﬂuids would have been <6 to keep Zn and
Ni in solution (Figure S3). As these ﬂuids traveled down through
the sediments, they interacted with maﬁc minerals, which caused
the solution pH to rise. At the base of the Pahrump Hills, the ﬂuids encountered mineral surfaces (i.e., phyllosilicate and hematite)
onto which trace element cations could chemisorb at pH >6, and
the phyllosilicates may have acted as an aquitard to allow pore
ﬂuids to collect and concentrate. The correlation of Ni, Mg, and S
in the cm-scale diagenetic crystal clusters suggests the mobilized
species (e.g., NiSO04 ) also precipitated as sulfate salts (VanBommel
et al., 2016). These diagenetic ﬂuids were likely short-lived because
many minerals remain that would have been out of equilibrium
with respect to the diagenetic ﬂuids (e.g., feldspars, magnetite,
jarosite, and olivine, where olivine dissolves readily at low pH
(e.g., Wogelius and Walther, 1991) and has an expected lifetime of
∼10 yr in basalt exposed to a water-limited acidic environment,
based on laboratory dissolution rates; Hurowitz and McLennan,
2007), and we do not see evidence for secondary minerals that are
indicative of extreme acid leaching environments (e.g., Al-clay minerals, Al-oxyhydroxides, goethite). Furthermore, these diagenetic
ﬂuids need not be extremely acidic because Zn, Ni, and Mn are
highly mobile even under moderate acidity (pH ∼4–6; McBride,
1994). The mobility of trace elements over meters of section suggests that diagenesis occurred in an open hydrologic system.
Titanium enrichment in Marias Pass may indicate passive enrichment from immobility. Titanium is highly mobile in solutions
with extreme pH (i.e., pH < 2, pH > 12), in hydrothermal or
metamorphic environments, and during advanced laterization (Van
Baalen, 1993; Du et al., 2012; Bowen et al., 2013). Titanium,
however, is immobile in nearly all terrestrial aqueous environments, including weathering proﬁles (e.g., Eggleton et al., 1987).
In most aqueous environments, Ti in high-temperature minerals
(ilmenite, titanomagnetite, titanite, perovskite) is released as they
dissolve and immediately precipitated as secondary ilmenite, rutile, or anatase (Tilley and Eggleton, 2005; Du et al., 2012); thus,
Ti can be mobile on the scale of mineral grains, but not on the
scale of outcrops (Tilley and Eggleton, 2005). Titanium enrichment
might imply that extreme pH conditions never occurred in Marias
Pass.
The indication of cation-deﬁcient magnetite in all samples may
further support our proposed model of diagenesis in acidic groundwater. Magnetite in all samples from the Murray formation has
a small unit cell (∼8.35–8.36 Å) relative to stoichiometric magnetite (8.396 Å; e.g., Murad and Cashion, 2004). The small unit-cell
lengths can represent vacancies in the structure, a substitution like
3 Fe2+ = 2 Fe3+ +  that yields cation-deﬁcient magnetite. Formation of cation-deﬁcient magnetite can occur by heating magnetite
to 250 ◦ C in an oxic environment (Schwertmann and Cornell,
2000) or by leaching Fe2+ from the structure with acidic solutions
(pH 2–2.5; Jolivet and Tronc, 1988). We do not observe low-grade
metamorphic phases in Gale crater and, as such, we interpret the
small magnetite unit-cell as a product of the diagenetic ﬂuids that
created the observed trace element trends. Alternatively, cationdeﬁcient magnetite may have precipitated from the lake waters
(e.g., Tosca and Hurowitz, 2014; Tosca et al., 2016).
4.2.2. Deposition in a lake with changing pH and redox conditions
An alternative explanation for the mineral trends throughout
the section, particularly with respect to the iron oxide minerals,
is that the redox potential of the lake waters changed over time,
wherein the lower portion of the Pahrump Hills section records an
environment of high Eh, and the upper portions of the Pahrump

Hills section and Marias Pass reﬂect a low Eh (Hurowitz et al.,
in press). The mineral assemblages and certain diagenetic features
may also point towards changing pH in the lake waters over time.
In acidic lake systems of Western Australia, for instance, hematite,
jarosite, and phyllosilicate minerals precipitate during evapoconcentration of acidic (pH < 4), oxidizing shallow lake waters and
groundwater (Benison and Bowen, 2006; Baldridge et al., 2009;
Bowen et al., 2012). Millimeter-scale lenticular crystals morphologically similar to gypsum are observed in the lower portions
of Pahrump Hills and are consistent with those seen in modern acidic evaporite lake environments (Benison and Bowen, 2006;
Baldridge et al., 2009). Gypsum crystals and a variety of diagenetic concretions form in shallow groundwater while preserving
ﬁne lamination (Benison and Bowen, 2006; Benison et al., 2007).
The physical sedimentological observations in the Pahrump Hills
and Marias Pass, however, do not provide evidence for desiccation
and subaerial exposure in this interval, and there is an absence
of textures associated with desiccation of muds (e.g., desiccation
cracks, prism cracks, intraclasts, tepee structures, and halo turbation).
4.2.3. Unresolved observations
Some observations are not explained by our conceptual model
of deposition and diagenesis. The persistence of magnetite is problematic, but could be rationalized if the acidic waters were not
long-lived. The biggest disparity, however, is the detection of minor amounts of ﬂuorapatite throughout the Pahrump Hills. Fluorapatite is highly susceptible to dissolution in acidic ﬂuids (e.g.,
Chaïrat et al., 2007; Hurowitz and McLennan, 2007), and yet the
sample with the most ﬂuorapatite (MJ) also has the most jarosite
(indicative of acid-sulfate solutions of pH < 4). This paradox can
be explained in three ways: 1) detrital ﬂuorapatite was attacked
by acid-sulfate ﬂuids, but the ﬂuids were not present long enough
to dissolve all ﬂuorapatite; 2) ﬂuorapatite dissolution was inhibited by the precipitation of iron phosphate minerals (e.g., Berger et
al., 2016) or by the adsorption of Zn to ﬂuorapatite surfaces (Chin
and Nancollas, 1991); or 3) ﬂuorapatite is a late-stage precipitate
and formed as the acidic ﬂuids neutralized or after the acidic solutions had passed through the sediments. Data from the ChemCam
instrument provide geochemical evidence for this last process; detections of Ca and F, interpreted as ﬂuorapatite and ﬂuorite (Forni
et al., 2016), are generally associated with post depositional lighttoned sulfate veins in the lower part of the Pahrump outcrop (Nachon et al., 2017). Precipitation of ﬂuorapatite and trace metals Zn,
Ni, and Mn may have been concomitant, where neutralization of
acidic, phosphate-bearing ﬂuids by interactions with maﬁc minerals could have raised pH into the ﬂuorapatite stability ﬁeld.
In addition to the presence of ﬂuorapatite in Pahrump Hills, we
observe an enrichment in P2 O5 and TiO2 in Marias Pass (Fig. 5B).
Enrichments in both P2 O5 and TiO2 are uncommon in terrestrial
weathering environments, but have been observed in the Scotian
Basin, off the coast of Nova Scotia, where Ti mobility in meteoric
water may be enhanced in the presence of P from the formation
of Ti–P complexes (Pe-Piper et al., 2011). Diagenetic TiO2 minerals
form concurrently with secondary phosphate minerals (ﬂuorapatite and crandallite) in the Scotian Basin. TiO2 and P2 O5 correlate
with FeO in the Scotian Basin, and it has been proposed that Ti is
present in ilmenite, whereas P is chemisorbed onto Fe-oxide mineral surfaces (Gould et al., 2010). We do not observe a correlation
between Ti, P, and Fe, so this is an unlikely scenario for the Murray formation. Associations between TiO2 and P2 O5 could be an
igneous signature of the original sediment source (Siebach, 2016).
On Earth, for example, high relative abundances of TiO2 and P2 O5
are observed in ocean island basalts (Mullen, 1983).
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4.2.4. Potential sources of acidity
The detection of jarosite in samples from the Pahrump Hills indicates that there were acid-sulfate ﬂuids present at times with a
pH < 4 (e.g., Driscoll and Leinz, 2005). This acidity, however, was
not extreme, and the Murray formation is not enriched in SO3
compared to average Mars crust, creating a strong contrast, for
example, with what has been documented at Meridiani Planum
for the Burns formation (McLennan et al., 2005; Hurowitz and
McLennan, 2007; Squyres and Knoll, 2005). There are multiple potential sources for this restricted acidity. We favor oxidation of
Fe-sulﬁdes and/or dissolution of Fe-sulfates in groundwater or interaction between magmatic volatiles and groundwater as mechanisms that created acidic diagenetic ﬂuids. Oxidative weathering of
sulﬁde minerals produces extreme acidity through the generation
of H2 SO4 as observed in acid sulfate soils and acid mine drainage
on Earth (e.g., Carson et al., 1982; Evangelou and Zhang, 1995).
Sulﬁdes have been detected in the Sheepbed mudstone near the
detection limit of the CheMin instrument (1 wt.% pyrrhotite; Vaniman et al., 2014).
Magmatic and volcanic gases are another potential source of
acidic volatiles. Regional or global volcanic exhalations of SO2 and
H2 S could produce H2 SO4 if H2 S was oxidized and combined with
atmospheric H2 O (i.e., acid rain or acid fog; Fairén et al., 2004),
if they were deposited as aerosols in glaciers and subsequently
melted (Zolotov and Mironenko, 2007), or if SO2 thermally or photochemically disproportionated to form SO3 and S (e.g., Marvin
and Reiss, 1978) and combined with H2 O (e.g., Akhmatskaya et al.,
1997). Impacts could remobilize and oxidize SO2 so that it combined with H2 O in cooling impact plumes and clouds and rained
out as H2 SO4 (Fairén et al., 2004; Zolotov and Mironenko, 2007).
Degassed SO2 and H2 S into an early reducing Mars atmosphere
may have initially been deposited in sediments as sulﬁtes, then
transformed to sulfate in a later oxidizing environment to produce
acidity (Halevy et al., 2007). However, the absence of extensive
leaching of the Murray formation, along with minimal evidence
for diagenesis in the Bradbury group (McLennan et al., 2014; Vaniman et al., 2014; Siebach, 2016; Treiman et al., 2016) suggests we
have not yet observed these widespread effects in the Gale crater
system.
If magma was present in the near subsurface, it could have
degassed SO2 and H2 S into Gale crater’s groundwater system, making the water acidic (e.g., Szynkiewicz et al., 2012). Impacts, such
as the one that created Gale crater, can create new magma bodies from the unloading and partial melting of underlying mantle
(Edwards et al., 2009) and can create deep fracture networks along
which magma can travel (Schultz and Glicken, 1979). A similar
process may be responsible for massive alunite deposits in Cross
crater (Ehlmann et al., 2016). However, evidence for post-impact
igneous activity in Gale crater is limited (Sautter et al., 2015) and
basin temperatures are relatively low (Borlina et al., 2015).
After the formation of Fe-sulfates from acidic ﬂuids, their dissolution and remobilization in groundwater would make the groundwater acidic. Jarosite dissolves incongruently in solutions with
pH > 4 to produce acidity by the following reaction (Fairén et al.,
2004; Welch et al., 2008):

KFe3 (SO4 )2 (OH)6 + 3H2 O → 3Fe(OH)3 + K+ + 3H+ + 2SO24−
Experimental dissolution of jarosite in a solution with a pH 8
(near the pH of water buffered by basalt) shows that this reaction
can drive the pH to extreme acidity (pH ∼3.3; Smith et al., 2006).
Interaction between pore ﬂuids and Fe-sulfate deposits could have
caused acidic diagenesis in the Murray formation.
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5. Conclusions
Lacustrine mudstone of the Murray formation is mineralogically
diverse from the base of the section at Pahrump Hills through
higher stratigraphic levels at Marias Pass. The Conﬁdence Hills
sample, at the base of the section, contains abundant plagioclase,
pyroxene, phyllosilicate, hematite, and X-ray amorphous material
with minor jarosite. Moving up section, abundances of pyroxene, hematite, and phyllosilicate decrease; magnetite becomes the
prevalent iron oxide mineral; and crystalline SiO2 phases (cristobalite and tridymite) become abundant. Jarosite is most abundant
in the MJ sample, about 1 m stratigraphically up section from CH.
In addition to these trends in mineral proportions, abundances of
the trace elements Zn, Ni, and Mn gradually decrease up section.
The laterally continuous, sub-horizontal, ﬁne lamination and ﬁne
grain size observed throughout the mudstone in the Murray formation indicate sediment deposition from suspension in an ancient
lake environment, which we suspect had dilute lake waters with
near-neutral pH. We hypothesize that early diagenesis from multiple inﬂuxes of acidic groundwaters then dissolved some minerals
(e.g., magnetite), precipitated new phases (e.g., hematite, jarosite),
and produced trace elements trends in Zn, Ni, and Mn with elevation. Alternatively, the mineralogical variations in the stratigraphy
may be explained by sediment deposition in lake waters that had
variable pH and Eh, where CH and MJ may have been deposited
in acid evaporite lakes and TP and BK may have been deposited in
lakes with neutral and dilute lake waters.
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