
1.  Introduction
The Alpha Particle X-ray Spectrometer (APXS) on the Mars rover Curiosity analyzed more than 700 targets 
during its first 2,301 martian solar days after landing (sols; 1 sol = 24.7 h). The primary objectives of APXS 
investigations are to determine the elemental composition of geologic materials in Gale crater to infer the 
geologic and climate history, establish whether or not liquid water was stable for extended periods, con-
strain the geochemical conditions of ancient liquids, and deduce the provenance of sedimentary materials 

Abstract  The Alpha Particle X-ray Spectrometer (APXS) on the rover Curiosity has analyzed the 
composition of geologic materials along a >20-km traverse in Gale crater on Mars. The APXS dataset 
after 6.5 Earth years (2,301 sols) includes 712 analyses of soil, sand, float, bedrock, and drilled/scooped 
fines. We present the APXS results over this duration and provide stratigraphic context for each target. 
We identify the best APXS measurement of each of the 22 drilled and scooped samples that were 
delivered to the instruments Chemistry and Mineralogy (CheMin; X-ray diffractometer) and Sample 
Analysis at Mars (SAM; mass spectrometer and gas chromatograph) during this period. The APXS results 
demonstrate that the basaltic and alkali-rich units in the Bradbury group (sols 0–750) show minimal 
alteration indicating an arid climate. In contrast, the Murray formation of the Mount Sharp group (sols 
∼750–2,301) has compositions indicating pervasive alteration. Diagenetic features are common and show 
fluid interaction with the sediment after (and possibly during) lithification. A sandstone unit, the Stimson 
formation, overlies part of the Murray formation. This has a composition similar to the basaltic sand and 
soil, suggesting a shared source. Cross-cutting, fracture-associated haloes are evidence of late-stage fluid 
alteration after lithification of the sediment. The APXS dataset, evaluated in concert with the full science 
payload of Curiosity, indicates that Gale crater was habitable, and that liquid water was stable for extended 
periods.

Plain Language Summary  The Mars rover Curiosity uses the Alpha Particle X-ray 
Spectrometer (APXS) located on Curiosity's robotic arm to determine the composition of surface materials 
at the Mars Science Laboratory landing site in Gale crater. The APXS has measured more than 700 2-cm-
wide spots over a >20 km traverse during 2,301 martian days, or 6.5 Earth years. This study presents those 
data acquired to date, and an overview of the results from this period of Curiosity's mission. The APXS 
results demonstrate that the geologic materials in Gale crater have diverse elemental compositions and 
include several broad groups. Most of the bedrock is made of small grains of rock transported by surface 
processes that may include fluvial, aeolian, impact, volcanic, and mass wasting into a lake system where 
they were deposited and cemented. Many of the bedrock layers show evidence for aqueous processes that 
can be traced using soluble elements in the rocks, veins, and concretions. We show that the elemental 
characteristics are consistent with bedrock alteration by acidic as well as neutral and/or alkaline waters. 
These results are key to the goal of Curiosity's mission to determine if Gale crater had an environment 
where microbial life could have emerged.
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in the crater. APXS data are also key to interpreting results from the drilled and scooped samples that have 
been delivered to the Chemistry and Mineralogy (CheMin) X-ray diffractometer (Blake et al., 2012) and the 
Sample Analysis at Mars (SAM) mass spectrometer and gas chromatograph (Mahaffy et al., 2012).

In this study, we present an overview of APXS results from landing (sol 0; 6 August 2012) to the end of the 
Vera Rubin ridge (VRR) campaign on sol 2,301 (25 January 2019). These results encompass all APXS meas-
urements acquired before Curiosity traversed into the region named Glen Torridon (e.g., Fox et al., 2019). 
The results demonstrate that elemental trends in Gale crater record evidence of a changing climate, wide-
spread interaction of liquid water with the rocks, and a basaltic and alkali-rich provenance. Here, we out-
line the broad compositional groups and common chemical features that have emerged. The purpose of this 
study is to provide a context for more focused investigations so they can be better integrated for a deeper 
understanding of the geochemical history of Gale crater.

2.  Geological Setting
Gale crater is an ∼150 km wide complex impact crater with a central mound centered near the dichotomy 
boundary of the northern lowlands and southern highlands of Mars (5.4°S, 137.8°E). The Gale crater-form-
ing impact occurred ∼3.8–3.6 billion years ago (Ga; Le Deit et al., 2013; Thomson et al., 2011), and the crater 
floor was subsequently infilled with sediment likely derived from mass wasting and fluvial erosion of the 
crater rim and central mound before 3.3–3.1 Ga (Grant et al., 2014; Grotzinger et al., 2015). The distal end of 
fan deposits sourced from the crater rim and nearby upland plains via Peace Vallis reaches Curiosity's trav-
erse near Bradbury Landing (Palucis et al., 2014). Exhumation of the crater floor deposits has exposed lithi-
fied sedimentary strata that were likely deposited in a fluvial and lacustrine system (Grotzinger et al., 2014, 
2015). Sandstone strata consistent with a dry aeolian system unconformably overlie the fluvio-lacustrine 
units (Banham et al., 2018). Surface exposure age dating indicates that one unit, the Sheepbed mudstone, 
has been at the surface for 78 ± 30 Ma (Farley et al., 2014). Localized alluvial deposits indicate aqueous 
activity on Aeolis Palus <2 Ga ago (Grant & Wilson, 2019).

Curiosity's traverse is effectively a cross-section of the layered sedimentary strata in Gale crater (Figure 1). 
The traverse began at Bradbury Landing, and the first detailed investigation was of outcropping sedimen-
tary strata at Yellowknife Bay (YKB). From there, Curiosity traversed southwest across Aeolis Palus to an 
entry point onto lower Aeolis Mons (informally named Mt. Sharp), where the rover heading was changed 
on sol ∼750 to drive south-southeast toward the central mound of Mt. Sharp. The rover has been ascending 
a succession of horizontal to sub-horizontal sedimentary units. The mean dip is roughly horizontal, thus 
elevation is an acceptable proxy for stratigraphic position (Grotzinger et al.,  2015). Using elevation as a 
proxy, a composite stratigraphic column was assembled by from Bradbury Landing to the VRR (Figure 1; 
Edgar et al., 2020; Fedo et al., 2018; Grotzinger et al., 2015; Stack et al., 2019; the Mars Science Laboratory 
[MSL] Science Team).

3.  Methods
3.1.  APXS Method and Geochemical Dataset

The APXS method combines particle-induced X-ray emission (PIXE) and X-ray fluorescence (XRF) tech-
niques (Campbell et  al.,  2012; Gellert et  al.,  2006, 2009) to determine elemental concentrations in geo-
logic samples. Curium-244 radioisotope sources emit radiation that induces characteristic X-rays from a 
specimen, a subset of which are in turn counted with a detector and converted into an energy dispersive 
spectrum. The relative areas of characteristic X-ray peaks correlate with the relative abundance of elements 
in the specimen, enabling the calculation of major, minor, and selected trace element concentrations for 
atomic number Z ≥ 11 (Figure 2).

APXS data were reduced using a peak fitting routine with empirical concentration calculations derived 
from a laboratory calibration dataset, largely based on the one originally developed during the Mars Explo-
ration Rover (MER) APXS calibration (Gellert et al., 2006), with adjustments specific to the MSL variant. 
The statistical peak area uncertainty (2σ) reported by the fit routine for each element represents precision 
and decreases with improved counting statistics and resolution (VanBommel et al., 2019a, 2019b). The 2σ 
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statistical error is reported for each measurement in Data Set S1. Errors reported here have supplemental 
corrections applied based on a set of rules derived empirically with the testbed APXS for each element to 
account for physical effects that can compound to degrade precision for certain elements more than others 
such as poor resolution or high standoff (Gellert et al., 2006). Major, minor, and trace elements are reported 
in the form of 16 oxides and elements normalized to 100 weight percent (wt%). Sulfur, chlorine, and iron 
are reported in wt% as SO3, Cl, and FeO, noting that oxidation state is not measured by the APXS. Instru-
ment accuracy and typical precision error are shown in Table 1 (Gellert & Clark, 2015). The APXS accuracy, 
which was estimated with testbed APXS measurements of the ∼100 powdered geological reference materi-
als (GRMs) used for the APXS calibration, reflects heterogeneous matrix effects (Gellert et al., 2006). That is, 
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Figure 1.  Map of Curiosity's traverse in Gale crater and distribution of APXS targets in the Gale crater stratigraphy adapted from Grotzinger et al. (2015), 
Fedo et al. (2018), Stack et al. (2019), Edgar et al. (2020), and the Mars Science Laboratory Science Team Sed/Strat working group. The geologic map shows the 
Bradbury (green), Mt. Sharp (blue), and Siccar Point (tan) groups. Elevation is shown as contour lines on the map and the y-axis of the column. The Kimberley 
and Yellowknife Bay formations are indicated with K and YKB, respectively. Drill locations are shown as larger symbols on the traverse and with symbols on the 
unit lithology (lith.) using abbreviations shown under the ‘drill' column (see Tables 3 and 4). The key indicates mudstone (Ms), mixed mudstone, siltstone, and 
sandstone (Mix), sandstone (Ss), and conglomerate (Cgl). APXS targets are grouped primarily by stratigraphic unit, and secondarily by composition (see text). 
Murray formation targets are divided into the Pahrump Hills member (PH) and the Hartmann's Valley to Jura members (HV-J). Bradbury-like float on top of 
Murray units is grouped separately (Bradbury-like float; BLF). The APXS symbology is consistent with all figures herein, and all omissions in the following plots 
are noted in the figure captions (e.g., measurements with Ca-sulfate veins).
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the GRMs were not infinitely fine powders with respect to the APXS sampling depth, thus the assumption 
of sample homogeneity necessary for calculation of X-ray attenuation in the sample matrix leads to lower 
accuracy, which is captured in Table 1. Conditions may arise with martian targets where heterogeneous 
matrix effects may cause systematic offset of some elements (e.g., Mg and Al in olivine-phyric samples; 
Berger et al., 2020); however, evaluation of this effect should be done on a case-by-case basis rather than 
application of blanket corrections (Gellert et al., 2006).

The quality of APXS data is impacted by several factors that are constrained by rover operations: (1) the tem-
perature of the APXS sensor head, (2) the length of the integration, and (3) the standoff distance from the 
target. Higher temperatures (>−20ºC) result in lower spectral resolution, so the rover operations team plans 
APXS measurements when the ambient temperatures are low enough for good data quality. For this reason, 
integrations are commanded during the morning (∼09:00–12:00) or evenings and overnight (∼17:00–06:00). 
The spectral quality is approximated by the full-width-at-half-maximum (FWHM) of the Fe Kα peak (Data 
Set S1). The signal/noise ratio increases with longer integration times, which are given in Data Set S1 as 
the “lifetime” of the measurement. The signal/noise ratio decreases with larger instrument standoff dis-
tance, and so the APXS is deployed to within < 2 cm of the target, if possible, although topography of the 
target surface may vary. The standoff distance, estimated from the APXS signal using the method of Gellert 
et al. (2006), is given in Data Set S1. A detailed discussion of the effects of temperature, integration time, and 
standoff distance on APXS data quality is presented by VanBommel et al. (2019b). Of 712 measurements, 9 
have very low-quality spectra (FWHM at Fe Kα peak >250 eV) and we recommend conservative interpreta-
tion of those results (e.g., Figure S1).
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Figure 2.  Typical APXS spectra showing the data (dots) and fit (line). (a) This spectrum was acquired on sol 2,154 on 
the dumped DBA fines of the drill target Stoer and is representative of a high-quality overnight (8 h) measurement. 
(b) This touch-and-go (T&G) spectrum was acquired on sol 2,101 on the target Orr and demonstrates that high-quality 
spectra are possible with short integrations (25 m) in mornings before the temperature is too high. For comparison, one 
of the ∼9 low-quality spectra is shown in Figure S1. Kα peaks of the 16 elements reported in Data Set S1 are indicated. 
The full APXS spectrum is not shown (15–25 keV is omitted).
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Curiosity's APXS instrument acquired 712 measurements on geologic 
materials along the rover's traverse up to sol 2,301, and the results are pre-
sented in Data Set S1. Statistical summaries of selected groups discussed 
herein are presented in Data Set S2. Explanations for the columns in Data 
Sets S1 and S2 are given in the Supporting Information document. The 
measured ∼2-cm-wide spots were given names taken from terrestrial geo-
graphic regions (e.g., Namibia, Africa). The named spots are referred to as 
“targets,” and they represent that specific location in Gale crater with the 
coordinates given in Data Set S1. A single target may have multiple meas-
urements, as indicated by appended names (e.g., Highfield_DRT, High-
field_offset, Highfield_dump_offset; see Sections  3.2 and 4.1 for more 
details). Drilled and scooped materials also have target names, and that 
material is referred to here as “sample” because it was processed by the 
sampling system and, in some cases, it was dumped on the ground and 
measured at a different site along the traverse. Oxide and trace element 
concentrations for APXS measurements are presented in Data Set  S1. 
Each target is part of a stratigraphic unit as defined by the MSL Science 
Team Sedimentology and Stratigraphy working group (Figure 1; e.g., Ed-
gar et al., 2020; Grotzinger et al., 2015). The stratigraphic unit names are 
convenient for grouping APXS targets by location along the traverse as 
well as in the composite stratigraphic column; however, the units are de-
fined primarily by sedimentological and stratigraphic observations rather 
than chemical or mineralogical composition. Thus, some units contain 
more than one compositionally distinct rock type, and groups of different 
units have similar compositions. Soil and sand are classified as separate 
units and disconnected from the stratigraphic column.

Curiosity's payload also contains a laser induced breakdown spectrome-
ter (LIBS) on the rover's mast that quantifies most major elements and 
some minor and trace elements (ChemCam; Wiens et  al.,  2012, 2013). 
ChemCam targets typically consist of 3–5 LIBS spots in a line spaced ∼1–

10 mm apart (e.g., Lasue et al., 2016; Mangold et al., 2015; Nachon et al., 2017). The spot size of the LIBS 
shots increases from ∼350 to ∼550 µm in diameter with increasing distance of the instrument to the target 
(∼1.6–7 m; Wiens et al., 2012). When ChemCam analyzes a target, it progressively ablates material with 
LIBS shots, and each spot typically has 30 shots. The depth is usually ∼90 µm but can reach up to 1 mm in 
a consolidated rock target (Wiens et al., 2012). A spectrum (240–905 nm) of the plasma generated by the 
laser is acquired for each shot, enabling measurements of surface dust (Lasue et al., 2018) as well as depth 
profiling (Lanza et al., 2016). In comparison, the APXS FOV is ∼15–20 mm in diameter and the sampling 
depth varies as a function of the atomic number of the element being analyzed and the matrix composition. 
In a basalt matrix, for example, the sampling depth ranges from ∼3 µm for Na to ∼90 µm for Fe (Brückner 
et al., 2008; Rieder et al., 2003; Schmidt et al., 2018). The sample volume of the APXS is thus much larger 
than that of ChemCam. A consequence of this is that an APXS analysis of a fine-grained basalt, such as the 
APXS calibration target, approximates a bulk measurement (Campbell et al., 2014). In contrast, due to the 
smaller spot size, ChemCam requires 5–15 spots to converge on a bulk composition for a fine-grained rock 
(R. B. Anderson et al., 2011). The sampling differences between APXS and ChemCam lead to complexities 
in comparing the two datasets, and although valuable information can be derived by comparison, we do not 
do so herein.

3.2.  Field Methods

Curiosity's APXS is an arm-mounted, robotically deployed field instrument that can analyze a variety of 
geologic materials under a range of environmental conditions (Figure S2). APXS targets include outcrop, 
veins, concretions, and unconsolidated materials. We differentiate unconsolidated materials as float, sand, 
soil, and dust. Note that the definition of soil by the Soil Science Society of America includes unconsolidat-
ed materials on planetary surfaces (Van Es, 2017). Float is defined here as loose fragments of rock on the 
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Concentration: 
Stoera drill fines 

(wt%)

Statistical 
fitting error 

(wt%)

Relative 
accuracyb 

(%)

Limit of 
detectionb 

(wt%)

SiO2 44.1 0.54 3 1

TiO2 1.03 0.03 20 0.2

Al2O3 8.75 0.19 7 1

FeO 21.5 0.26 7 0.03

MnO 0.17 0.01 8 0.05

MgO 4.72 0.17 14 1

CaO 6.44 0.07 7 0.2

Na2O 2.45 0.14 11 1

K2O 0.91 0.04 15 0.2

P2O5 0.84 0.05 15 0.3

Cr2O3 0.34 0.01 19 0.05

Ni (ppm) 915 50 16 50

Zn (ppm) 850 30 16 30

SO3 7.59 0.10 15 0.2

Cl 0.89 0.02 30 0.2

Br (ppm) 45 5 20 20
aRepresentative error for an overnight measurement is taken from the 
sol 2,154 analysis of Stoer_dump_centre (spectrum shown in Figure 2a). 
bAccuracy and limit of detection determined by APXS calibration (Gellert 
& Clark, 2015).

Table 1 
APXS Precision Error and Accuracy
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surface that are larger than coarse pebbles (∼>20 mm). Outcrop targets were typically given higher priority 
to systematically characterize the Gale rock units. However, float was analyzed regularly when outcrop was 
not reachable by the rover's arm (i.e., outside of the rover workspace) and/or to characterize the variety 
of materials encountered. Veins and concretions were surveyed and the different types of features were 
analyzed and cataloged when possible. Veins and concretions in the APXS dataset are not necessarily rep-
resentative of the frequency or distribution of the features over the traverse. For example, over most of the 
traverse, Curiosity's tactical operations team attempted to exclude white veins from the APXS FOV because 
they were previously well-characterized as Ca-sulfate and complicate bedrock measurements of Ca and S.

Curiosity utilizes several different approaches for handling samples and placing the APXS in close (∼mm 
to cm scale) proximity to surface samples with the rover's arm and there are consequences for data inter-
pretation. Targets are measured by the APXS either as-is (i.e., undisturbed by rover hardware), after the 
surface was brushed by the Dust Removal Tool (DRT), after the target was disturbed by the rover’s scoop 
and/or wheels, or as fines and fragments generated by the drill. Drill fines are measured by the APXS with 
multiple methods (Table 2) involving the robotic arm and the sampling subsystem (SA/SPaH; R. C. Ander-
son et al., 2012). We refer to the different sample handling and deployment approaches as the “preparation 
method,” all of which are described in Table 2 with examples illustrated in Figure 3. The preparation meth-
od for every target is given in Data Set S1.

In some cases, the APXS was moved by the arm to obtain multiple, generally overlapping, measurements 
over an area and these are known as “rastered targets.” Targets are rastered to investigate heterogeneity on 
the mm-cm scale, particularly when multiple phases are apparent. Common examples are white 5–10-mm-
wide veins in bedrock and small concretions (VanBommel et al., 2016, 2017). Multiple raster points on one 
target have the same name appended with descriptors such as “_raster1, _raster2…_rasterN.” Targets with 
two laterally adjacent APXS integrations within ∼2 cm or less are given the same name and appended with 
“_centre” and “_offset.”

Context imagery and the inferred APXS FOV are used to determine what the APXS actually measured. Under 
optimal conditions, the rover arm placement accuracy is ∼10 mm, precision is ∼5 mm, and the APXS FOV is 
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Preparation method
Abbreviation (Data 

Set S1) Description

Number 
of 

targetsa

Unbrushed rock RU As-is, unbrushed rock surface 408

Brushed rock RB Rock surface after brushing by Dust Removal Tool (DRT) 167

Minidrill MD Shallow test drill; ∼2–5 mm in depth; APXS deployed over chipped/abraded rock 12

Drill tailings DT Drill tailings ejected from the hole without being acquired by SA/SPaH, extracted from a range of 
depths in the drill hole up to ∼5 cm and primarily from the top 2–3 cm

27

DBA drill fines DBA Sample dumped from the drill bit assembly (DBA) using the feed extended drilling and feed 
extended sample transfer (FED/FEST) techniques (sols >1,536)

7

Sieved <150 µm Postsieve Sample processed by SA/SPaH, sieved to <150 µm, and dumped on the ground. The targets include 
“postsieve” in the name

16

Sieved >150 µm Presieve Sample processed by SA/SPaH that did not pass through the 150 µm sieve, and dumped on the 
ground. The targets include “presieve” in the name

10

Sieved 150–1,000 µm Sieve 150 µm–1 mm Sample processed by SA/SPaH, sieved to 150–1,000 µm, and dumped on the ground 1

Sieved >1,000 µm Sieve 1 mm Sample processed by SA/SPaH, sieved to >1,000 µm, and dumped on the ground 1

Undisturbed soil/sand SU Soil and sand as-is, untouched by the rover hardware 33

Disturbed soil/sand SD Soil and sand that has been disturbed by the rover's scoop and/or wheels 9

Failed drill fines Failed Sample fines dumped by SA/SPaH but did not fill the APXS FOV and/or was not infinitely thick 
with respect to APXS sampling depth

21

aNumber of APXS targets of each preparation method as of sol 2,301.

Table 2 
Description of Sample Preparation Methods
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∼15–20 mm in diameter for measurements conducted within 5 mm of the target surface. The FOV increases 
with larger standoff distance (VanBommel et al., 2016, 2017). We estimate the APXS FOV footprint to be circu-
lar, with a signal intensity that is higher in the center of the FOV than at the margins, with a roughly Gaussian 
cross-section of intensity across the diameter of the FOV. The standoff distance is estimated from the sum of 
all oxides (before normalization to 100 wt%), or the geometric norm, which indicates larger standoff distances 
when the sum is less than 100 wt% (Gellert et al., 2006), and this is converted to an average distance. To pro-
vide context imagery, APXS measurements are co-analyzed by the Mars Hand Lens Imager (MAHLI), which 
acquires microscopic images of the same targets (Edgett et al., 2012; Yingst et al., 2016). MAHLI images are 
usually acquired before the APXS deployment on the same sol. Images of fine-grained particulates (e.g., sand 
or drill fines) are taken after the APXS is retracted to document if/when the APXS contact plate (Figure S2) 
touched the particulates. MAHLI data products are the highest resolution documentation of APXS targets, 
and nearly all APXS deployments include at least one MAHLI image with the optical axis aligned with the 
center of the APXS FOV at a working distance of ∼5 cm. In this configuration, MAHLI captures an image 
area of approximately 5 cm by 3 cm. Acknowledging the arm placement accuracy and precision, we typically 
assume that the center of the 5 cm MAHLI image is the center of the APXS FOV. This is a valid assumption, 
but deviations occur in co-registration of APXS and MAHLI as discussed by VanBommel et al. (2016, 2017). 
MAHLI data products corresponding to APXS measurements share the same base target name with APXS; 
MAHLI names may be appended with descriptions that do not necessarily match APXS descriptions (Edgett 
et  al.,  2015). APXS targets are also documented in images by MastCam (Bell et  al.,  2012), the Navigation 
cameras (Navcams), and the Hazard Avoidance cameras (Hazcams; Maki et al., 2012). Raw image data are 
available on the Planetary Data System (PDS; https://pds-geosciences.wustl.edu/missions/msl/index.htm; 
Gellert, 2012). The Analyst's Notebook for MSL is a convenient source for browsing and compiling APXS data 
with corresponding imagery (e.g., T. C. Stein et al., 2019; https://an.rsl.wustl.edu/msl/mslbrowser).
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Figure 3.  Mars Hand Lens Imager (MAHLI) context images of a representative APXS drill campaign (Okoruso drill 
site). The sol and APXS target name are shown and yellow circles denote the approximate APXS field of view (FOV). 
MAHLI image identification numbers are shown. (a) Before drilling, two APXS measurements were obtained after the 
drill site was brushed by the Dust Removal Tool (DRT): one centered in the DRT area and one offset ∼1 cm (lower left 
circle) to investigate possible heterogeneity on the surface. The brushed area is the lighter-toned oval ∼4 cm wide. (b) 
One APXS measurement of the drill tailings was centered on the tailings adjacent to the drill hole. (c) The pre-sieve 
drill fines were dumped on the ground and the APXS was placed over the thickest portion of the pile. (d) About 20 sols 
after driving away from the Okoruso drill site, the post-sieve drill fines were dumped on the ground for APXS analysis. 
This post-sieve dump pile measurement was successful because the fines fill the APXS FOV and the pile is >200 µm 
thick, and it is thus the best representative APXS analysis of the CheMin sample (Tables 3 and 4). The arrow indicates 
one of five laser induced breakdown spectrometer pits in the fines created by ChemCam.

https://pds-geosciences.wustl.edu/missions/msl/index.htm
https://an.rsl.wustl.edu/msl/mslbrowser
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4.  Results
In this section we present an overview of APXS results for the first 2,301 sols of Curiosity's operations in 
Gale crater (Data Set S1). First, we summarize the APXS results for the high value drilled and scooped 
samples delivered to CheMin and SAM. Second, we present results from targets that are grouped by stratig-
raphy: (1) soil, sand, and dust (2) Bradbury group, (3) Mt. Sharp group, and (4) Siccar Point group. Then, we 
present selected results indicating element mobility: fracture-associated haloes and S, Cl, Br, and P charac-
teristics. When discussing grouped targets, we state the median oxide or element concentrations and ± two 
standard deviations, as shown in Data Set S2, which presents statistical summaries of selected target groups 
discussed herein.

4.1.  Samples Delivered to CheMin and SAM

Drilled and scooped materials are the best-characterized samples that Curiosity obtains because they are de-
livered to the CheMin and SAM instruments inside the rover chassis. Drill fines are also high-value because 
the drill samples a larger volume of rock more likely to represent the bulk composition, and the relatively 
consistent grain size reduces heterogeneity. The bulk chemical composition determined by the APXS en-
hances the interpretation of CheMin and SAM data. For example, APXS data can be used to determine the 
composition of the X-ray amorphous fraction in CheMin measurements (e.g., Morrison et al., 2018), and 
APXS analyses of Cl constrain the chloride/oxychlorine ratios measured by SAM (e.g., Ming et al., 2014; 
Sutter et al., 2018). Drill targets were strategically planned to sample bedrock formations over intervals that 
best characterized the sedimentary units along the traverse (e.g., Rampe et al., 2020a). The APXS was an 
important part of the target triage process to find the most representative sample that the rover was able to 
drill.

Multiple APXS analyses are acquired at drill and scoop sites, and several different sample preparation meth-
ods are employed using the rover hardware (Table 2; Figure 3). This enables an evaluation of the degree of 
heterogeneity inside the drill hole and any elemental enrichments at the surface (top ∼200 µm). Not all of 
the same sample preparation methods were used at every sampling site. The APXS campaigns at the 19 drill 
and 3 scoop sites varied depending on the science strategy and rover resources at the time of sampling. For 
different analyses of one site, APXS target names include the site name with appended descriptors (Data 
Set S1).

For every scoop and drill sampling site, we have determined which single APXS measurement is the best an-
alogue for evaluating the sample splits ingested by CheMin and SAM (Tables 3 and 4). During a typical drill 
campaign, one or two analyses are conducted on the as-is and/or brushed surface, and then 2–4 analyses are 
obtained for the drilled fines. Fines can be sieved by SA/SPaH with 1 mm and 150 µm grid sizes; only one 
sample was passed through the 1 mm and 150 µm sieves to allow SAM to analyze a 150 µm to 1 mm sand 
grain sizes (Gobabeb; Sutter et al., 2017). At most drill sites, APXS analyses of the post-sieve fines (<150 µm 
grain size; abbreviated “post-sieve” in sample names) best represent the CheMin and SAM samples because 
the material followed the same sample collection, handling, and processing pathway as the material deliv-
ered to CheMin and SAM. However, a drill malfunction precluded the use of the sieves for samples after 
sol ∼1,500, and a method was developed (feed extended drilling; FED) by which the drill fines are delivered 
to CheMin and SAM directly from the drill bit assembly (DBA). For these samples, APXS analyses are con-
ducted on fines dumped onto the ground from the DBA after the samples are delivered to CheMin and SAM. 
Because the fines are not sieved and homogenized in the sampling subsystem, the DBA fines that the APXS 
analyze may not represent exactly what the onboard instruments measure; compositional heterogeneities 
with depth or mechanical sorting due to material properties could be preserved in the DBA.

The most effective method for analyzing samples processed by SA/SPaH with the APXS is to dump the fines 
on the ground and deploy the APXS over the dump pile such that the FOV is filled and the thickness is ”in-
finite” with respect to the APXS sampling depth (∼>200 µm). Post-sieve and DBA fines are a portion of the 
same material delivered to CheMin and SAM, therefore these APXS targets are the highest priority for drill 
sites. However, not every APXS measurement of a dump pile was successful. In some cases, the pile was 
too thin and/or not centered in the APXS FOV due to movement of the sample by wind, uncertainty in the 
placement of the dump pile, or insufficient sample volume. Consequently, in some cases the drill tailings 
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Target name Sol Strat unit Drill site (Abbrv.)a
Sample 
prep.b

Temperaturec 
(C)

Standoff 
distance 

(cm) Lifetime
FWHM 
Fe (eV)

PortageRP 89 Soil Rocknest (RN) SD −62 2.11 03:14:02 145

APXS_Drill_Site_Raster_Integration_Site7 230 Sheepbed John Klein (JK) Post-sieve −43 1.48 04:02:14 157

Cumberland_dump_pile_center 487 Sheepbed Cumber-land (CB) Post-sieve −65 1.63 02:00:00 144

DumpPile_Windjana 704 Dillinger Windjana (WJ) Post-sieve −39 0.26 08:00:00 147

Confidence_Hills_fines_post-sieve_dump 781 Pahrump Hills Confidence Hills (CH) Post-sieve −42 0.41 04:00:00 145

Mojave2_post-sieve_dump 894 Pahrump Hills Mojave (MJ) Post-sieve −40 0.4 04:00:00 147

Telegraph_Peak_post-sieve_dump 954 Pahrump Hills Telegraph Peak (TP) Post-sieve −34 0.48 06:30:00 152

Buckskin_post_sieve_dump_twk_
corrected

1,092 Pahrump Hills Buckskin (BK) Post-sieve −63 0.67 04:00:00 152

Big_Sky_post-sieve_dump 1,132 Stimson Big Sky (BS) Post-sieve −62 0.42 05:30:00 152

Greenhorn_post-sieve_dump 1,202 Stimson Greenhorn (GH) Post-sieve −63 0.46 07:00:00 153

Gobabeb_DumpA_APXS 1,226 Bagnold Dunes Gobabeb (GB) Post-sieve −65 0.14 07:30:00 148

Lubango_presieve_apxs 1,326 Stimson Lubango (LB) Presieve −38 0.5 04:00:00 146

Okoruso_post-sieve_dump_apxs 1,359 Stimson Okoruso (OK) Post-sieve −39 0.29 08:00:00 146

Oudam_presieve_dump 1,368 Hartmann's Valley Oudam (OU) Presieve −41 0.25 08:00:00 146

Marimba2_full_drill_tailings 1,426 Karasburg Marimba (MB) Tailings −43 0.25 04:22:19 145

Quela_full_drill_tailings 1,466 Karasburg Quela (QL) Tailings −41 1.48 05:30:00 145

Sebina_full_drill_tailings 1,496 Sutton Island Sebina (SB) Tailings −41 2.15 04:00:00 145

Ogunquit_Beach_post-sieve_dump 1,969 Bagnold Dunes Ogunquit Beach (OB) Post-sieve −41 0.82 07:00:00 148

Duluth_DBA_dump_center 2,080 Blunts Point Duluth (DU) DBA fines −42 0.67 08:00:00 147

Stoer_dump_centre 2,154 Pettegrove Point Stoer (ST) DBA −41 0.83 07:26:27 149

Highfield_dump_centred 2,245 Jura Highfield (HF) DBA −40 0.87 01:07:02 148

Rock_Hall_dump_corrected 2,291 Jura Rock Hall (RH) DBA −43 0.68 07:00:00 149

Target name Sol SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3

Ni 
ppm

Zn 
ppm SO3 Cl

Br 
ppm

PortageRP 89 43.0 1.19 9.37 19.2 0.42 8.69 7.26 2.70 0.49 0.95 0.49 460 330 5.47 0.69 30

APXS_Drill_Site_Raster_
Integration_Site7

230 41.1 1.05 8.51 20.7 0.33 8.97 7.87 2.93 0.55 0.92 0.47 710 810 5.91 0.52 30

Cumberland_dump_pile_center 487 41.1 0.99 8.63 22.0 0.29 9.32 6.66 3.01 0.62 0.86 0.46 930 920 4.61 1.19 70

DumpPile_Windjana 704 37.4 1.07 5.62 27.9 0.55 12.3 5.26 0.96 3.09 0.64 0.49 520 4780 3.57 0.57 120

Confidence_Hills_fines_
postsieve_dump

781 48.1 1.13 9.73 19.8 0.37 5.55 4.58 2.65 0.98 1.02 0.39 930 2110 4.86 0.41 40

Mojave2_postsieve_dump 894 49.5 1.19 11.4 16.1 0.40 4.55 4.33 3.01 0.73 1.29 0.37 1030 2200 6.27 0.43 70

Telegraph_Peak_postsieve_dump 954 52.7 1.23 10.7 18.7 0.25 2.93 4.37 3.34 0.98 1.33 0.36 520 1230 2.54 0.30 40

Buckskin_post_sieve_dump_
twk_corrected

1092 73.7 1.57 5.66 5.49 0.09 0.82 3.05 2.08 0.96 1.25 0.10 130 330 4.80 0.29 60

Big_Sky_postsieve_dump 1132 42.9 1.00 11.5 21.6 0.40 7.49 6.12 3.08 0.46 0.72 0.51 540 380 3.35 0.73 380

Greenhorn_postsieve_dump 1202 53.2 1.00 3.92 15.2 0.14 1.81 7.80 2.43 0.30 1.15 0.45 290 160 11.9 0.46 230

Gobabeb_DumpA_APXS 1226 47.9 0.88 9.78 17.9 0.37 7.57 7.30 2.75 0.49 0.79 0.39 440 200 3.36 0.50 20

Lubango_presieve_apxs 1326 59.7 1.11 3.09 8.22 0.09 1.55 8.22 1.92 0.31 1.33 0.29 110 90 13.7 0.32 60

Okoruso_postsieve_dump_apxs 1359 45.1 0.94 9.64 22.4 0.39 8.97 6.36 3.08 0.37 0.75 0.41 490 320 0.96 0.50 110

Oudam_presieve_dump 1368 51.8 1.05 9.40 18.7 0.22 4.90 4.55 2.59 0.87 0.52 0.32 770 1080 4.36 0.35 20

Table 3 
APXS Results for Drilled and Scooped Samples (Sols 0–2,301)
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or pre-sieve fines are the best sample measured by APXS for particular drill holes. Based on assessments of 
the centered placement of the APXS and thickness of the dump piles, we have determined the best single 
drill fines targets for interpreting CheMin and SAM results (Tables 3 and 4). Note that most of the post-sieve 
samples collected before the change to FED (after sol 2000) were dumped by SA/SPaH after being cached 
for a period during which the rover drove away from the sample site. The coordinates listed in Data Set S1 
indicate the dump location (latitude, longitude, and elevation) as well as the sampling location (easting, 
northing, and elevation_2).

4.2.  Soil, Sand, and Dust

Orbital, in situ, and meteoritic observations suggest that the average composition of the martian crust is ba-
saltic (e.g., McSween et al., 2009), and this is reflected in the unconsolidated soil, sand, and dust in Gale cra-
ter. Nine soil targets and 39 sand targets were analyzed over the first 2,301 sols of Curiosity's traverse (Data 
Sets S1 and S2), and detailed results and interpretations have been presented previously (O'Connell-Cooper 
et al., 2017 and 2018). Airfall dust was measured on the rover's titanium observation tray on sols 177 and 
571, as discussed by Berger et al. (2016). Soil is distinguished from sand primarily by two characteristics. 
First, soil has higher P2O5, SO3, Cl, and Zn concentrations than sand. Second, aeolian processes are actively 
transporting the sand, whereas soil has a surface lag deposit and is more cohesive, indicating that it may 
be a less recently active deposit than sand, that is, soils are isolated, inactive bedforms (O'Connell-Cooper 
et al., 2017; Sullivan et al., 2008; Weitz et al., 2018).

The bulk chemical composition of the soil, sand, and dust is basaltic (Figure 4), with a volatile-free SiO2 
concentration of 46 ± 4 wt%, (Na2O + K2O) = 3.3 ± 1 wt%, FeO/MnO = 50 ± 8, and without systematic de-
pletions or enrichments in other major or minor elements (Data Sets S1 and S2). The alkali content is higher 
than the SNC martian meteorites, (e.g., McSween et al., 2009), but approximately the same as the bulk pol-
ymict breccia martian meteorites (Agee et al., 2013). The sand targets have a wider range in major elements 
owing to aeolian sorting of mafic and felsic components: targets were selected intentionally to evaluate this 
effect (e.g., targeting ripple crests vs. troughs; O'Connell-Cooper et al., 2017 and 2018).

Soil, sand, and dust are enriched in volatile elements S, Cl, and Zn, relative to bulk silicate Mars (Figure 5). 
Bulk Mars is likely enriched in volatile elements relative to the Earth (e.g., Dreibus & Wanke, 1985; Lod-
ders & Fegley, 1997). However, the basaltic, unconsolidated soil, sand, and dust (as well as the lithified 
basaltic Gale crater sedimentary units) are all enriched in SO3 (1–8 wt%), Cl (0.4–2 wt%), and Zn (130–940 
ppm) compared to the ranges predicted for the crust and mantle (SO3 ∼270–2,750 ppm; Cl ∼25–390 ppm; 
Zn ∼80 ppm; e.g., Filiberto et al., 2019; Lodders & Fegley, 1997; G. J. Taylor et al., 2010). Figure 5 shows 
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Table 3 
Continued

Target name Sol SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3

Ni 
ppm

Zn 
ppm SO3 Cl

Br 
ppm

Marimba2_full_drill_tailings 1426 46.0 1.07 8.49 22.5 0.09 4.58 5.27 2.11 0.83 1.05 0.33 1080 1080 6.78 0.48 260

Quela_full_drill_tailings 1466 44.8 1.05 8.48 18.9 0.22 4.10 7.48 2.19 0.77 1.10 0.29 1000 830 9.30 1.01 40

Sebina_full_drill_tailings 1496 46.2 1.10 8.68 18.3 0.16 4.25 7.13 2.01 0.83 0.61 0.30 1020 810 9.1 1.06 100

Ogunquit_Beach_postsieve_dump 1969 47.5 0.93 10.44 17.3 0.36 7.55 7.14 2.85 0.59 0.76 0.46 440 250 3.4 0.57 23

Duluth_DBA_dump_center 2080 42.9 1.05 7.81 22.1 0.21 2.66 7.52 2.24 0.94 1.11 0.32 920 1420 9.86 0.89 20

Stoer_dump_centre 2154 44.1 1.03 8.75 21.5 0.17 4.72 6.44 2.45 0.91 0.84 0.34 910 850 7.59 0.89 40

Highfield_dump_centred 2245 51.6 0.88 9.64 17.3 0.15 4.29 4.84 2.57 0.89 0.79 0.28 930 660 5.63 0.92 60

Rock_Hall_dump_corrected 2291 37.4 1.00 7.33 20.0 0.08 3.97 8.64 2.13 0.62 0.87 0.31 1000 920 15.28 2.10 230
aNote that the abbreviations listed here correspond with those discussed in presentations of results from CheMin (e.g., Bristow et al., 2018) and SAM (e.g., Sutter 
et al., 2018).
bSee Table 2 for an explanation of preparation methods.
cTemperature indicates average temperature of the APXS sensor head chassis.
dHighfield_dump_offset on sol 2245 was of comparable quality and has small compositional differences.
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SO3, Cl, and Zn concentrations, as well as the consistent molar S/Cl ratio of 3.4 ± 0.2 in soils and dust. The 
same S/Cl ratio was found by the two MER rovers in basaltic soils (Yen et al., 2005). The molar S/Cl of 
sand (2.8 ± 0.2) is lower than soils and dust due to an apparent Cl enrichment and/or S depletion (O'Con-
nell-Cooper et al., 2017). Sulfur, chlorine, and zinc are higher in soils than they are in sand (Figure 5). Sulfur 
and chlorine are yet higher in airfall dust than in soil and sand (Figure 5a). The MER APXS instruments 
found that Zn is enriched in surface dust relative to soil (Yen et al., 2005); this couldn't be confirmed with 
the MSL APXS because Zn was not detectable due to the thinness of the sample of airfall dust on top of the 
observation tray (Berger et al., 2016).

Phosphorus is positively correlated with S, Cl, and Zn in the sand and soil, but the sand has lower P2O5 
(0.77 ±  0.09 wt%) than the soil (0.93 ±  0.05 wt%; Figure  6). The mean molar P:Cl in sand and soil is 
0.75 ± 0.09, which is inconsistent with pure chlorapatite (molar P:Cl = 2.9). Assuming the dust content 
is higher in the soil than in the sand, this is evidence of phosphorus enrichment in the dust. Phosphorus 
enrichment in airfall dust was also observed on the MER magnets (Goetz et al., 2005). The five sand outliers 
in Figure 6 with higher P2O5 (>0.90 wt%) at a given SO3, Cl, and Zn are targets that had dust coatings on 
grains as well as larger average grain sizes (330–480 µm) than the sand with lower P2O5 (100–260 µm; Weitz 
et al., 2018). This is consistent with higher dust content and/or greater heterogeneity due to larger grains 
in the APXS FOV.
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Target name Sol SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3

Ni 
ppm

Zn 
ppm SO3 Cl

Br 
ppm

PortageRP 89 0.5 0.05 0.19 0.2 0.02 0.25 0.08 0.14 0.02 0.07 0.03 30 20 0.10 0.03 10

APXS_Drill_Site_Raster_
Integration_Site7

230 0.4 0.03 0.19 0.3 0.01 0.25 0.08 0.14 0.02 0.07 0.01 40 30 0.08 0.02 5

Cumberland_dump_pile_center 487 0.4 0.03 0.19 0.3 0.02 0.25 0.07 0.14 0.02 0.05 0.03 50 30 0.10 0.04 10

DumpPile_Windjana 704 0.4 0.03 0.19 0.3 0.01 0.25 0.06 0.07 0.10 0.05 0.01 30 150 0.05 0.01 5

Confidence_Hills_fines_post-
sieve_dump

781 0.5 0.05 0.29 0.3 0.01 0.17 0.06 0.14 0.04 0.07 0.01 50 70 0.08 0.02 5

Mojave2_post-sieve_dump 894 0.5 0.05 0.29 0.2 0.01 0.17 0.06 0.14 0.02 0.07 0.01 60 70 0.08 0.02 5

Telegraph_Peak_post-sieve_dump 954 0.5 0.05 0.29 0.2 0.01 0.08 0.06 0.14 0.04 0.07 0.01 30 40 0.05 0.01 5

Buckskin_post_sieve_dump_
twk_corrected

1,092 0.8 0.05 0.19 0.1 0.01 0.83 0.04 0.07 0.04 0.07 0.01 10 10 0.08 0.01 5

Big_Sky_post-sieve_dump 1,132 0.5 0.03 0.29 0.3 0.01 0.17 0.07 0.14 0.02 0.05 0.01 30 20 0.05 0.02 15

Greenhorn_post-sieve_dump 1,202 0.5 0.03 0.10 0.2 0.01 0.08 0.08 0.14 0.01 0.07 0.01 20 10 0.13 0.01 10

Gobabeb_DumpA_APXS 1,226 0.5 0.03 0.29 0.2 0.01 0.17 0.08 0.14 0.02 0.05 0.01 20 10 0.05 0.01 5

Lubango_presieve_apxs 1,326 0.6 0.05 0.10 0.1 0.01 0.83 0.08 0.07 0.01 0.07 0.01 10 10 0.15 0.01 5

Okoruso_post-sieve_dump_apxs 1,359 0.5 0.03 0.29 0.3 0.01 0.25 0.07 0.14 0.01 0.05 0.01 20 10 0.03 0.01 5

Oudam_presieve_dump 1,368 0.5 0.03 0.19 0.2 0.01 0.17 0.06 0.14 0.04 0.05 0.01 40 40 0.05 0.01 5

Marimba2_full_drill_tailings 1,426 0.5 0.03 0.19 0.3 0.01 0.17 0.06 0.07 0.04 0.07 0.01 60 40 0.08 0.02 10

Quela_full_drill_tailings 1,466 0.5 0.03 0.19 0.2 0.01 0.08 0.08 0.14 0.02 0.07 0.01 50 20 0.13 0.02 5

Sebina_full_drill_tailings 1,496 0.5 0.03 0.19 0.2 0.01 0.17 0.08 0.14 0.04 0.05 0.03 50 20 0.15 0.03 10

Ogunquit_Beach_post-sieve_
dump

1969 0.5 0.03 0.29 0.2 0.01 0.17 0.08 0.14 0.02 0.05 0.01 25 10 0.05 0.02 5

Duluth_DBA_dump_center 2080 0.5 0.03 0.19 0.3 0.01 0.08 0.08 0.07 0.04 0.07 0.01 50 50 0.10 0.02 5

Stoer_dump_centre 2,154 0.5 0.03 0.19 0.3 0.01 0.17 0.07 0.14 0.04 0.05 0.01 50 30 0.10 0.02 5

Highfield_dump_centre 2,245 0.5 0.03 0.29 0.2 0.01 0.17 0.07 0.14 0.04 0.05 0.03 50 30 0.13 0.03 5

Rock_Hall_dump_corrected 2,291 0.4 0.03 0.19 0.3 0.01 0.08 0.10 0.07 0.02 0.05 0.01 50 30 0.17 0.03 10
aPrecision; see Table 1 and Section 3.1. bConcentrations are in wt% unless otherwise noted.

Table 4 
Statistical 2σ Errora for Analyses of Drilled and Scooped Samples (Table 3)b
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Figure 4.  Volatile-free, total alkali versus silica diagram (Le Maitre et al., 2002) for Gale crater rocks, soils, sand, and 
dust. Veins, alteration haloes, and other diagenetic features are omitted. Concentrations are renormalized to 100 wt% 
without SO3 and Cl. Drill fines are indicated by the larger symbols and Mahalanobis ellipses (probability = 0.5) are 
shown for sand, the Sheepbed member, and the Stimson and Murray (PH and HV-J) formations to aid interpretation 
of overlapping data points. The PH ellipse excludes the high SiO2 Buckskin targets. Error bars are omitted for clarity; 
typical error bars are shown.

Figure 5.  Volatile element concentrations in soil, sand, and dust compared to the basaltic bedrock units Sheepbed and 
Stimson. Regression lines for soil and sand each are shown in (a). The larger symbols denote drill fines from the four 
drill sites in bedrock: John Klein (JK), Cumberland (CL), Big Sky (BS), and Okoruso (OK). The dust composition is not 
shown in (b) because the concentration of Zn in the dust was not determined (Berger et al., 2016). Two σ error bars in 
this and all plots herein are shown when larger than the symbols except as noted.
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The MER and MSL APXS observations show that the unconsolidated fine-grained materials on Mars have 
varying proportions of: (1) regional sediment derived from basalt with a relatively uniform composition, (2) 
local materials (e.g., silica, sulfate, hematite, and potassic rock), and (3) P-, S-, Cl-, and Zn-rich global dust 
(Berger et al., 2016; Bishop et al., 2002; McGlynn et al., 2011; McSween & Keil, 2000; O'Connell-Cooper 
et al., 2017). The dust is an important component because the similarity among the three landing sites is 
consistent with global mixing and a uniform dust unit, likely due to the recurring (averaging 3 martian 
years) global dust storms (Berger et al., 2016; Yen et al., 2005).

Based on the evidence summarized above, the basaltic soil, which has minimal local contributions, has been 
hypothesized to represent the major and minor elemental composition of the average Mars crust by Taylor 
and McLennan (2010). This average crustal composition was compiled largely from MER APXS analyses of 
basaltic soils at Meridiani Planum and Gusev Crater renormalized after subtracting SO3 and Cl (e.g., Gellert 
et al., 2006; Ming et al., 2008; Yen et al., 2005). Gale soils have a composition similar to basaltic soils analyz-
ed by MER APXS (O'Connell-Cooper et al., 2017), as well as the airfall dust that settled on Curiosity (Berger 
et al., 2016). The overlapping basaltic soil and dust compositions and the constant S/Cl (3.7 ± 0.7) measured 
by APXS instruments at three rover landing sites (e.g., Franz et al., 2019; O'Connell-Cooper et al., 2017) sup-
ports this conclusion. For this reason, here we define enrichment and depletion in Gale materials relative to 
Gale soil, which is reasonable as a representative composition of average martian surface materials. Here, 
we use the Sourdough soil measurement from sol 673 to represent average soils because it was the highest 
quality soil measurement (i.e., smallest standoff distance for an overnight measurement of a disturbed soil).

4.3.  Sedimentary Rock Units

Below we present APXS results for the sedimentary rock units in Gale crater, following the stratigraphic 
column starting with the lowermost units and then the subsequent overlying units (Figure 1). Subunits with 
distinct compositions and characteristics are discussed separately; not all subunits are discussed individual-
ly because they can be grouped generally by composition.

4.3.1.  Bradbury Group

The Bradbury group contains the distinct Sheepbed member mudstone in the YKB formation. The Brad-
bury group from YKB to lower Mt. Sharp are grouped together and discussed separately from the Sheepbed 
member because they are sandstone and conglomerate units with variable compositions.

4.3.1.1.  Sheepbed Member

The Sheepbed member is the stratigraphically lowermost unit investigated by Curiosity in the YKB for-
mation of the Bradbury group during sols ∼130–290 (Figure 1). The area explored (∼800 m2) is a small 
fraction of the ∼4 km2 extent of the Sheepbed member exposed at the surface (Grotzinger et al., 2014). The 
very fine (<50 µm) grain size and saponitic smectite (∼20%) content is consistent with a mudstone, which 
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Figure 6.  P2O5 versus SO3, Cl, and Zn in sand and soil. The line shows the ordinary least-squares regression and R2 is denoted.
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contains Ca-sulfate filled fractures and voids, raised ridges, and nodules 
(Grotzinger et al., 2014; Vaniman et al., 2014).

Major and minor element concentrations in the Sheepbed member (Data 
Sets S1 and S2) are similar to soil (Figure 7e) and consistent with a ba-
saltic composition (Figure 4). Plots of total alkali versus silica (Figure 4) 
and Mg/Si versus Al/Si (Figure 8a) demonstrate the overlapping major 
element compositions of the Sheepbed member with those of soil, sand, 
and dust. Minor and trace elements differ from soil, having 40% higher 
Ni (700 ±  130 ppm), 160% higher Zn (800 ±  50 ppm), and 30% lower 
MnO (0.29 ± 0.04 wt%). The low MnO is reflected in a high FeO/MnO 
ratio (70 ± 10), which is distinctive from the basaltic soils analyzed by 
the APXS on the MER and MSL missions (∼50 ± 5; O'Connell-Cooper 
et al., 2017). The Sheepbed member bedrock is also enriched in Ge (∼85 
ppm), whereas it is below the limit of detection (LOD) of ∼30 ppm in the 
basaltic soils (Berger et  al.,  2017). Relative to concentrations predicted 
for the average basaltic crust (see Section 4.2), the Sheepbed member is 
enriched in volatile elements S, Cl, and Zn (Figure 5). The Sheepbed bed-
rock, however, does not have the same S/Cl correlation as soil owing to 
the wider range of Cl contents (Figure 5b; see Section 4.4.3.).

4.3.1.2.  Yellowknife Bay to Lower Mt. Sharp

The Bradbury group units overlying the Sheepbed member of the YKB 
formation are characterized by common alkali-rich (i.e., high Na2O 
and/or K2O) sedimentary materials that are mixed with basaltic sed-
imentary materials. These rocks occur in a mix of sandstone and con-
glomerate strata and as unconsolidated regolith, or float (Figures 1 and 
9; Grotzinger et al., 2014, 2015). During much of the traverse over this 
section of the Bradbury group, outcrop was sparse and most of the APXS 
targets were on float rocks. Differentiating float from outcrop was ambig-
uous in some cases. Here, we group float and possible float as part of the 
Bradbury group. The Windjana drill target (sols 612–704) in the Dillinger 
member of the Kimberley formation is the only drilled sample in the al-
kali-rich units of the Bradbury group (Treiman et al., 2016). Assessments 
of the distribution and APXS compositions of the alkali-rich Bradbury 
group targets were presented previously (Schmidt et  al.,  2014; Siebach 
et  al.,  2017; Thompson et  al.,  2016). Herein, we denote results for the 
Sheepbed member of the Bradbury group with different symbols (gray 
triangles) than the rest of the Bradbury group (white diamonds) to dis-
tinguish the finer-grained, basaltic mudstone from the coarser-grained, 
alkali-rich units overlying it (Figure 1).

The alkali-rich rocks display two major element trends relative to the 
basaltic sedimentary units (Data Set S1). One trend is toward high total 
alkali typified by the target JakeM (sol 46–47). The JakeM rocks have high 
Na2O + K2O (4–10 wt%; Figure 4) and Al2O3 (14–17 wt%) and low MgO 
(<5 wt%) and FeO (<13 wt%). JakeM and similar rocks were classified as 
mugearitic based on the bulk APXS composition (Schmidt et al., 2014; 
Stolper et al., 2013). Note that chemical composition alone is not conven-
tional for classifying terrestrial igneous rocks, but the chemical consist-
ency of JakeM with mugearites on Earth supports the use of this term to 
classify similar rocks on Mars (Stolper et al., 2013). Nevertheless, some 
of the mugearitic rocks have possible igneous characteristics: vesicles, 
resistance to erosion, scalloped ventifacts, and porphyritic textures (Man-
gold et al., 2017). The second trend is potassic and is typified by the drill 
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Figure 7.  Element ratios in selected sedimentary units, normalized by soil 
(Sourdough sol 673). The units are shown in stratigraphic order (Figure 1): (a) 
Stimson formation, (b) Hartmann's Valley to Jura members (HV-J), (c) Pahrump 
Hills member (PH) excluding the Buckskin high-Si facies, (d) the SiO2-enriched 
Buckskin targets are shown separately for clarity, and (e) the Sheepbed member. 
Targets with prominent Ca-sulfate veins (SO3 >15 wt%) are omitted.
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target Windjana in the Dillinger member of the Kimberley formation. 
The potassic rocks have high K2O (1.0–3.7 wt%), FeO (20–27 wt%), and 
MgO (9–13 wt%), but relatively low Na2O (<2.5 wt%). Windjana, the only 
alkali-rich sample drilled and analyzed with CheMin XRD, is classified 
as a potassic basaltic sandstone (Treiman et  al.,  2016). CheMin results 
indicate that all of the K2O is in sanidine, which is ∼20 wt% of the sample 
(Treiman et al., 2016). The two major element trends are apparent in a 
total alkali versus silica diagram (Figure 4), where the JakeM trend plots 
in the high-alkali basalt and alkali-rich fields with higher Na2O + K2O 
and SiO2, and the Windjana trend has lower SiO2 and intermediate 
Na2O + K2O, plotting in the alkali-basalt, tephrite/basanite, and foidite 
fields. The differences in Si, Al, and Mg are apparent in Figure 8a, where 
the mugearitic trend has lower Mg/Si and higher Al/Si. Using a classifica-
tion scheme adapted from Mangold et al. (2017), we refer to the two alka-
li-rich chemical trends as mugearitic and potassic. For brevity, we use the 
term “mugearitic” to represent compositions that fall within or above the 
hawaiite-mugearite-benmoreite fields in the total alkali versus silica di-
agram (Figure 4). The mugearitic trend has higher Na2O + K2O than the 
basaltic material (>4.5 wt%) and the potassic trend has lower Na2O (<3.5 
wt%) and high K2O (>1 wt%). In this text, APXS targets that fall into the 
mugearitic and potassic ranges are respectively referred to as mugearitic 
and potassic rocks. As we discuss below (Section 5), the alkali-rich com-
positions are a continuum and the basaltic-mugearitic-potassic distinc-
tions delineated here are for classification and discussion purposes.

Minor and trace elements also delineate trends within the alkali-rich 
units that are not apparent in other units. The mugearitic rocks, distin-
guished from the other Bradbury group targets by higher Na2O content, 
tend to have lower MnO, Cr2O3, and Ni than soil and other basaltic to po-
tassic basaltic materials (Figure 10). Zinc in most of the mugearitic rocks 
(320 ± 270 ppm) is the same or lower than soil (310 ± 105 ppm). How-
ever, other rocks in the alkali-rich units have Zn enrichments that are 
commonly ∼800 ppm and range up to 1,900 ppm. The drilled Windjana 
target has a remarkable Zn enrichment of ∼4,500 ppm. The Zn-bearing 
phase was not identified by CheMin (Treiman et al., 2016) or SAM (Sut-
ter et al., 2018). A possible veinlet, Stephen, located ∼10 cm away from 
Windjana, has very high Zn (8,160 ±  250 ppm), suggesting in situ Zn 
mobilization by fluids in the Kimberley formation (Berger et al., 2017). 
Germanium follows the same general trend as Zn, being enriched in the 
basaltic and potassic basaltic materials but not in the mugearitic rocks 
(Berger et al., 2017).

Ten targets grouped with the alkali-rich units deviate from the mafic/
felsic mixing line defined by Mg/Si and Al/Si (Figure 8a). Et Then and Se-
cure are float in the Bradbury group with high FeO (∼27 wt%). Oscar and 
Ruker are Bradbury group targets with the high Na2O + K2O (5–7 wt%) 
and low Ni (35–70 ppm) characteristic of mugearitic rocks, but relatively 
lower Al2O3 (9–11 wt%) results in lower molar Al/Si that differentiates 
the targets. Oscar, as well as the Bradbury-like float targets Little Devil, 
Sonneblom, and Zambezi, has FeO that is 15%–50% higher than simi-
lar alkali-rich rocks on the mafic/felsic mixing line (Figure 8a). One tar-
get, Wildrose, is float located in the Bradbury group ∼125  m from the 
Pahrump Hills member and is probably from that unit. Two targets found 
in the Bressay deposit (Askival raster and Sanquhar sols 2015–2022) have 
unusual SiO2 enrichments up to 66 wt%.
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Figure 8.  Major element ratios Mg/Si versus Al/Si for (a) the Bradbury 
group, (b) the Murray formation, and (c) the Stimson formation. The 
black line delineates a trend consistent with fractionation of mafic/felsic 
materials, and deviation from this trend indicates open-system alteration 
(Ming et al., 2006). Larger symbols denote drill fines. Targets discussed 
in the text and the high silica trends associated with Buckskin (BK; red 
arrow) and the Stimson fracture haloes (blue arrow) are indicated.

(a)

(b)

(c)
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4.3.2.  Mt. Sharp Group

From the base of lower Mt. Sharp to the end of the Vera Rubin ridge, the Mt. Sharp group targets were in the 
Murray formation, which contains seven members (Figure 1). The Pahrump Hills member and alkali-rich 
float have distinctive compositions and are discussed separately.

4.3.2.1.  Murray Formation

The greatest thickness of strata explored by Curiosity has been the Murray formation bedrock of the Mt. 
Sharp group (Figure 1), which comprises most of the traverse from sol ∼750 to sol 2,301 while climb-
ing 320  m in elevation. The bedrock is primarily laminated mudstone. Some strata contain very fine 
sandstone mixed with siltstone and mudstone, and intermittent coarser sandstone lenses (e.g., Fedo 
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Figure 9.  A plot of K2O versus sol demonstrates the distribution of alkali-rich rocks along the traverse. The alkali-rich 
rocks in the Bradbury group are a mix of outcrop and float; all of the alkali-rich rocks discovered after sol ∼750 on Mt. 
Sharp units are float (Bradbury-like float; BLF). The Bradbury/Mt. Sharp contact is indicated with the vertical line.

Figure 10.  Selected minor and trace elements (a) MnO, (b) Cr2O3, (c) Ni, and (d) Zn versus Na2O in alkali-rich units. 
The four measurements of Windjana drill fines (WJ; larger symbols) are denoted.
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et al., 2018; Stack et al., 2019). The Vera Rubin ridge (Pettegrove Point and Jura members) is an approxi-
mately linear, ∼200–500-m-wide topographic feature explored over sols 1,800 to 2,301 (Edgar et al., 2020; 
Thompson et al., 2020). The raised Vera Rubin ridge is a step in topography, but the bedrock has thin pla-
nar laminae similar to much of the underlying Murray formation (Edgar et al., 2020). Diagenetic features 
are common and include white veins that cross-cut bedding planes (see Section 4.4.2) and concretions 
enriched in Mg, S, Fe, Mn, P, K, and Ni (e.g., Kronyak et al., 2019; Minitti et al., 2019; Sun et al., 2019; 
VanBommel et al., 2017, 2016).

The volatile-free composition of the Murray formation is basaltic and basaltic andesitic (Figure 4). Howev-
er, Murray formation bedrock has notable differences from the other basaltic units. The Murray units are 
broadly distinguished chemically from average Mars by elevated SiO2 (vein-free median is 48.0 ± 5.2 wt%) 
relative to soil (42.1 ± 0.5 wt%; Figure 4). The Si enrichment corresponds with a depletion in Mg, as evident 
in a plot of Mg/Si versus Al/Si (Figure 8b). For comparison, the basaltic and alkali-rich units define a mafic/
felsic mixing line on this plot (Figure 8a), and the Murray formation deviates from this line. Note that there 
is a trend from low molar Mg/Si of the dust-free drill targets toward soil (0.30 ± 0.03), which is effectively 
the same as the dust (0.32 ± 0.06; Berger et al., 2016), that is likely caused by mixing with Mg-rich airfall 
dust on unbrushed rock surfaces (Figure S3). Most of the Murray bedrock, when prominent Ca-sulfate veins 
(SO3 > 15 wt%) are omitted, is consistently low in Mn, Mg, and Ca, and high in K, P, Ni, and Zn relative to 
soil (Figures 7b and 7c). The units are also uniformly enriched in Ge (110 ± 25) by a factor of ∼50 relative to 
martian meteorites and terrestrial basalts (Berger et al., 2017).

The Murray formation above the Pahrump Hills member has a relatively uniform composition, but there are 
small variations in elemental concentrations along Curiosity's traverse up the strata. Thompson et al. (2020) 
discuss the APXS results for the Murray formation in greater detail, including elemental variation with eleva-
tion and within the Vera Rubin ridge. These results can be used to refine interpretations of the geologic his-
tory of Gale crater, but they are beyond the scope of this study and are presented by Thompson et al. (2020). 
In summary, the relatively small elemental changes with elevation include as follows: (1) In the Karasburg, 
Sutton Island, and Blunt's Point members, the mean Si, Al, and Na concentrations are statistically the same, 
but mean Fe, Mn, and Zn concentrations increase with elevation. (2) Near the base of the Vera Rubin ridge, 
Si and Al correlate positively, whereas Al and Fe correlate negatively. (3) The Vera Rubin ridge has small dif-
ferences in Si, Al, Ti, Fe, and Mn that differentiate red-toned bedrock from patches of gray bedrock.

Pahrump Hills Member

The stratigraphically lowest Pahrump Hills member has similar element enrichments and depletions com-
pared to the overlying Murray formation members (Figure 7c). However, it is distinctive from other Murray 
formation members (Figure  1) for its higher Al2O3 (10.4 ±  2.3 wt%) relative to the overlying members 
(8.9 ± 0.76 wt%), resulting in a higher Al/Si for a given Mg/Si (Figure 8b). Due to the chemical distinctions 
between Pahrump Hills and the overlying members of the Murray formation, Pahrump Hills targets are 
plotted with different symbols in plots and denoted “PH”. All of the Murray formation members above 
Pahrump Hills from Hartman's Valley to Jura have the same symbols in plots and are denoted “HV-J.”

The Pahrump Hills member also contains unusual high-Si targets typified by the drill target Buckskin (sols 
1,057–1,091; Figure 7d). The Buckskin target, which represents a high-Si facies within the Pahrump Hills 
member, ranges to significantly higher SiO2 (74 wt%) than the typical Murray bedrock. This and ∼8 other 
similar high-Si targets were limited to a <5 m thick part of the member. Considering major and minor el-
ements, the soil-normalized element pattern of the Buckskin high-Si facies is broadly similar to the other 
Murray formation units, except that some of the relative enrichments and depletions are greater: Si and Ti 
are enriched, and Al, Fe, Mn, Mg, and Cr are depleted (Figure 7d). Key differences are Ni and Zn, which are 
enriched in the Murray formation, are both depleted in Buckskin. The SiO2 enrichment and the associated 
depletion in MgO in Buckskin-like rocks leads to lower Mg/Si, deviating from mafic/felsic mineral trends in 
Mg/Si and Al/Si associated with igneous fractionation. Compared to the other Murray formation units, the 
high SiO2 (73 ± 7 wt%) Buckskin high-Si facies of Murray has even greater depletions in MnO and MgO, as 
well as lower FeO, Al2O3, and Na2O. The CheMin XRD results for Buckskin reveal that the total bulk Si is 
associated primarily with tridymite (14 wt%) and the X-ray amorphous fraction (60 wt%; Morris et al., 2016). 
Morris et al. (2016) conclude that the tridymite indicates silicic volcanism (ash or detrital), arguing that low 
temperature formation (i.e., diagenetic) of this silica polymorph is kinetically inhibited.
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Alkali-Rich Float

A limited number of alkali-rich rocks were found in the Mt. Sharp group as deposits of float (each roughly 
0.01–0.03  km2 in lateral extent) on top of the Murray formation. These deposits have Bradbury-like, al-
kali-rich compositions that are distinct from the Murray bedrock (denoted BLF for “Bradbury-like float;” 
Figure 9). An unusual, small float deposit was found on top of the Vera Rubin ridge at a waypoint named 
Bressay (Wiens et al., 2020) where 17 APXS measurements on nine different targets scattered over an area of 
∼70 m2 were acquired (sols 2015–2022). The deposit includes mugearitic and potassic rocks nearly identical 
in composition to those found in the Bradbury group.

4.3.3.  Siccar Point Group

The Siccar Point group targets measured by the APXS occur in the Stimson formation (Figure 1).

4.3.3.1.  Stimson Formation

Outcrop of the Stimson formation was encountered intermittently over sols 975–1,350. The Stimson forma-
tion bedrock of the Siccar Point group unconformably overlies the Murray formation, and is comprised of 
coarse-grained, cross-bedded sandstone (Banham et al., 2018). The sandstone forms isolated, erosion-re-
sistant outcrops and mesas with up to 4-m-thick strata (Banham et al., 2018). Crosscutting Ca-sulfate veins 
occur in the bedrock; however, they are less common in APXS analyses than in the Sheepbed member and 
Murray formation. Fracture-associated haloes also crosscut both the Murray and the Stimson formations 
(Yen et al., 2017b). The textures and stratigraphy are consistent with formation via lithification of an ae-
olian sand, and the relatively sharp contact with the underlying mudstone-dominated Murray formation 
indicates a period of erosion of the lithified Murray bedrock and a change in paleoclimate before deposition 
of the Stimson formation (Banham et al., 2018).

Excluding fracture-associated haloes (Section 4.4.1) the Stimson formation shares similar major element 
characteristics with soil, sand, and the Sheepbed member (Figure 7a; Data Sets S1 and S2). The Stimson 
formation has a basaltic composition (Figure 4), and the plot of Mg/Si versus Al/Si (Figure 8c) overlaps 
with soil on the inferred igneous mixing line. Several targets, including the Big Sky drill tailings, have higher 
Al/Si in Figure 8c, which is attributed to higher Al2O3 at approximately the same SiO2. Volatile elements 
SO3 and Cl have similar concentrations and molar ratios as the Sheepbed member (Figure 5), which are 
enriched relative to the average basaltic crust but not as narrowly constrained as soil and sand.

In the Stimson formation, trace elements and MnO are soil-like, which is unlike the Sheepbed member and 
Murray formation. The Stimson formation has Ni (460 ± 70 ppm), Zn (315 ± 150 ppm), MnO (0.39 ± 0.05 
wt%), and FeO/MnO (50 ± 5) that are within the same range as soil. Exceptions are five targets with Zn > 600 
ppm, and these are located laterally on the traverse <10 m away from contacts with the Murray formation, 
thus they may represent incorporation of Murray detritus into the Stimson bedrock and/or mobilization of 
Zn across the contact in diagenetic fluids (Berger et al., 2017). Germanium is below the LOD of ∼30 ppm in 
the Stimson formation, as it is in soil and sand (Berger et al., 2017).

4.4.  Selected Mobile Element Trends

A number of features and trends highlight element mobility in the units investigated by Curiosity and are 
key to interpreting the history of Gale crater. In this section we present results and give an overview of the 
characteristics, occurrence, and distribution of the most prominent features and trends: (1) fracture-associ-
ated haloes, (2) sulfur, (3) chlorine and bromine, (4) and phosphorus.

4.4.1.  Fracture-Associated Haloes

Fracture-associated haloes enriched in Si were discovered in Gale crater, and two that occur in the Stimson 
formation were investigated in detail with a drill campaign (Yen et al., 2017b). The ∼50-cm-wide haloes 
have a lighter tone than the host bedrock and occur surrounding a central fracture that cross-cuts strata. 
The halo targets trend toward the origin in a Mg/Si versus Al/Si plot in a similar manner to what is ob-
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served in the Murray formation bedrock because Mg and Al are lower, 
relative to Si (Figure 8c). Element gains and losses, relative to the less 
altered adjacent host bedrock, are well-characterized because two frac-
tures were investigated by analyzing the halo and adjacent, less altered 
bedrock within ∼1 m. Compared to the host Stimson bedrock, the haloes 
are enriched in Si, Ti, P, and S, and depleted in Al, Fe, Mn, Mg, Ni, Zn, 
and Cr (Figure 11). The element ratio pattern is notably similar to that of 
the Buckskin targets (Figure 7d). However, unlike Buckskin, the crystal-
line material in the two drilled halo samples, Greenhorn and Lubango, 
does not contain detectable tridymite (<1 wt%) and contains 20–25 wt% 
CaSO4·nH2O minerals (Yen et al., 2017b). Note that crystalline material 
comprises only ∼25–35 wt% of the halo samples and 50 ±  15 wt% of 
the Buckskin sample (Morris et  al.,  2016; Yen et  al.,  2017b). The sili-
ca-rich haloes crosscut the Stimson formation as well as the Murray for-
mation. Two targets at one halo in the Hartmann's Valley member were 
investigated: Ferdig and Cody, which are <1 m apart and the latter is in 
lighter-toned rock. Ferdig and Cody have similar relative element trends 
as the Stimson haloes, with Cody being enriched in silica. Light-toned 
fracture haloes were also observed in Mastcam images of the Bradbury 
group (Gabriel et al., 2019); however, these were not investigated further 
with the APXS.

4.4.2.  Sulfur

Sulfur is a major element (>1 wt%) in nearly all Gale crater materials (Data 
Set S1). Most targets (72%) thus far have SO3 concentrations that fall into 
the same range found in sand, soil, and dust (2.3–8.3 wt%). Twenty-five 
percent of APXS targets have higher SO3 concentrations (up to 44 wt%). 
Concentrations below 2 wt% were discovered in only four targets, includ-

ing the basaltic Stimson formation drill target Okoruso (SO3 = 0.65 ± 0.03 wt%). Sulfur has clearly been mobile 
in Gale, as evidenced by geochemical associations discovered in the Gale bedrock, including associated diage-
netic features (e.g., Kronyak et al., 2019; Sun et al., 2019).

The highest concentrations of S occur in white fracture- and void-filling material, which is common, to var-
ying degrees, in all of the Gale crater units (e.g., Kronyak et al., 2019; Nachon et al., 2014; Sun et al., 2019). 
Not all rock types have white veins; for example, the mugearitic JakeM class rocks (Schmidt et al., 2014; 
Thompson et al., 2016) do not have sulfate veins or nodules. Nearly all of the 44 targets with SO3 contents 
>15 wt% have positive correlation between SO3 and CaO at a ratio that approaches the CaO:SO3 weight 
ratio of Ca-sulfate (∼3:2; Figure 12). An exception is the Garden City vein complex (GC; sols 930–948), 
which is a mixture of white (Ca + S)-rich material and dark Ca-rich material (VanBommel et al., 2017; 
Kronyak et al., 2019). White, cross-cutting and/or concordant veins (i.e., parallel with bedding planes; Fig-
ure S4) were visually confirmed in MAHLI and Mastcam images of 39 of the 44 high-S targets (SO3 > 15 
wt%). Five were ambiguous in the imagery, but we interpret the high (Ca + S) to be due to the same white 
material (Data Set S1). Therefore, the white vein material in the APXS FOV is the source of the high S 
concentrations for 90%–100% of targets with SO3 > 15 wt%. Targets with intermediate SO3 content (∼5–15 
wt%) also typically have elevated CaO and thin (∼1–2 mm) white veins in the APXS FOV. The consist-
ent CaO:SO3 weight ratio (∼3:2) in vein-bearing targets, and the confirmation of crystalline Ca-sulfate 
phases (anhydrite, bassanite, and gypsum) in CheMin XRD analyses (e.g., Bristow et al., 2018; Vaniman 
et al., 2014), provide strong evidence that the white, cross-cutting and concordant veins observed by the 
APXS are Ca-sulfate. The predominant hydration state of the veins on the surface is likely bassanite (Rapin 
et al., 2016). The mudstone-dominated units (Sheepbed member and Murray formation) have the greatest 
density of veins, which is evident in the distribution of CaO and SO3 in the Gale stratigraphy (Figure S5). 
As stated above, the tactical APXS operations group typically and intentionally avoids veins, and thus the 
actual distribution of Ca-sulfate veins is not necessarily reflected accurately in the APXS dataset (e.g., Mi-
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Figure 11.  Element ratios of the (a) Lubango and (b) Greenhorn 
silica-rich haloes normalized by the adjacent, less altered host Stimson 
formation bedrock.
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nitti et al., 2019). Notably, bedding-concordant veins are common in the Blunt's Point member and these 
were analyzed frequently by the APXS because they were difficult to resolve and identify in Navcam and 
Mastcam targeting images.

Note that Figures 12b and 12e show an apparent systematic enrichment of SO3 relative to CaO because most 
of the SO3-rich targets plot on the higher-SO3 side of the CaO:SO3 (1:1) line. Some of the SO3 enrichment in 
targets with < ∼30 wt% SO3 is attributed to matrix effects arising from the necessary but incorrect assump-
tion used in APXS analysis that the matrix is homogeneous on the submicrometer scale (Berger et al., 2020). 
The heterogeneous matrix effect is estimated to cause SO3 concentrations to be ∼5%–30% high when the 
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Figure 12.  Calcium and S/Ca versus sulfur in alkali-rich units (a and d), the Murray formation (b and e), and the 
Stimson formation (c and f). The black line indicates stoichiometric CaSO4 and the arrow in (e) denotes a possible 
mixed-cation sulfate addition trend. Rasters of Mg-sulfate features are omitted; see Figure S6. The high K2O and FeO 
targets Thrumcap (Th) and Fresh Meadow (FM), the Garden City raster points (GC; sols 930–948), and selected drill 
targets are denoted.
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APXS FOV includes sulfate and silicate (Berger et al., 2020). However, the effect does not account for all of 
the excess sulfur with respect to Ca-sulfate, as evident in targets with S/Ca >1.3 (Figure 12e).

Sulfur is also associated with elements other than Ca in localized features. Dendritic and subspherical con-
cretions (∼1 cm) in the Pahrump Hills and Hartmann's Valley members were analyzed with APXS rasters 
and show a positive correlation between MgO and SO3 (Figures S4d, S4e, and S6a; VanBommel et al., 2016, 
2017). Deconvolution of the rasters using MAHLI image analysis indicates that the concretions are a mix-
ture of the adjacent bedrock with ∼10%–15% pure MgSO4 (VanBommel et al., 2017). Nickel is also highly 
enriched (up to 4,000 ppm) in most, but not all of the concretions (Figure S6b). The concretions are in-
terpreted to be Mg-sulfates that precipitated from diagenetic fluids in situ (Sun et al., 2019; VanBommel 
et al., 2017). The Mg-sulfate concretions are not as widespread as the Ca-sulfates; they are limited to the 
Pahrump Hills and Hartmann's Valley members. Mg-sulfate concretions occur in the Stimson formation 
(Sperrgebiet; sol 1,277), but they are limited to within a few lateral meters from the Stimson/Hartmann's 
Valley contact. Distinct from the Mg-sulfates, two S-rich fracture-associated features found in the Murray 
formation occur with elevated K2O and FeO (Fresh Meadow and Thrumcap; sols 1,504 and 1,520). We re-
iterate that the APXS dataset does not represent the true distribution of these features. For example, there 
were locations in the vicinity of Pomona when there were extensive concretions, but they were outside the 
workspace reachable by the rover's arm.

Sulfur is a component of the matrix of Gale bedrock (Figure  13). Correlation of CaO and SO3 indicate 
that Ca-sulfate is present (Figure 13a). Evidence in CheMin XRD analyses suggests that the matrix of 9 
of 12 Murray formation samples and the Stimson formation fracture haloes contain >1 wt% crystalline 
Ca-sulfates, although very thin Ca-sulfate veins possibly intersected by the drill cannot be ruled out (Bri-
stow et al., 2018; Rampe et al., 2017; Vaniman et al., 2014; Yen et al., 2017b). However, the coupling of S 
with Ca in sulfates does not account for all of the sulfur in Gale bedrock. This is apparent in Figure 12e 
(arrow), where targets with elevated SO3 do not necessarily trend toward the corresponding 1:1 molar S:Ca 
ratio expected from simple addition of Ca-sulfate (Figure S7). Evidence of Mg-sulfates in Murray formation 
nodules suggests that they could be present in the bedrock matrix; however, there is no direct evidence of 
widespread Mg-sulfate in the bedrock matrix (Figure 13b). Deconvolving Ca-sulfate from other possible 
S-bearing phase(s) is challenging with APXS alone, but the APXS analysis of CheMin XRD samples enables 
the allocation of sulfur between crystalline and amorphous phases (e.g., Morrison et al., 2018). Combined 
results from the APXS and CheMin show that ∼50%–90% of the bulk S in bedrock samples is associated with 
the X-ray amorphous fraction in the bulk sample (Table S1).

Some of the S X-ray signal in APXS analyses is attributed to airfall dust (Schmidt et al., 2018), which con-
tains 8.3 ± 0.4 wt% SO3 (Berger et al., 2016). The effects of dust on APXS analyses are discussed in detail by 
Schmidt et al. (2018), but the APXS analyses of drill fines extracted from drill holes of 2–6 cm depth, in con-
cert with CheMin and SAM results, confirm that sulfur is a major component of most Gale bedrock units, 
and S results are not simply a measurement of dust. For example, the vein-free bedrock of the Hartmann's 
Valley and Karasburg members, which have relatively small variations in elemental compositions, do not 
have any apparent overall differences in SO3 concentrations between unbrushed, brushed, and drill fines 
targets (Figure S8).

4.4.3.  Chlorine and Bromine

Chlorine concentrations in Gale vary by an order of magnitude, ranging from 0.28 ± 0.01 wt% in the Buck-
skin drill fines up to 3.44 ± 0.09 wt% in an unusual, relatively erosion-resistant veinlet named Stephen (Fig-
ure  14a). Bromine also varies widely, with 44 targets below ∼30 ppm and more than 15 targets with Br 
concentrations of 1,000–2,000 ppm (Figure 14b). The two elements are not well-correlated with each other, 
consistent with findings elsewhere on Mars (Haskin et al., 2005). For example, the diagenetic target Jones 
Marsh has the second-highest Cl in Gale (3.10 ± 0.09 wt%) but relatively low Br concentrations (155 ± 15 
ppm). Despite lacking a clear correlation in absolute concentrations, Cl and Br are both consistently enriched 
in unbrushed and brushed surface targets compared to material exposed from depths of >1 mm by the drill 
(Figure 15). The Cl concentration in drilled material (0.56 ± 0.28 wt%) is about half of the Cl concentration 
in unbrushed surfaces (1.23 ± 0.51 wt%) and brushed surfaces (1.06 ± 0.54 wt%). The same difference in 
median Br concentrations is found between the surface (160 ppm) and the drilled material (70 ppm).
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Elevated Cl at the surface (<1 mm depth) leads to the question: is the Cl analysis dominated by Cl-rich 
dust? Dust has a Cl concentration of 1.08 ± 0.12 wt% (Berger et al., 2016), which is within the range of the 
median unbrushed and brushed surface concentrations. However, the distinctive S/Cl ratio of 3.4 ± 0.2 in 
dust (and soil) discussed above (Section 5.1) is not consistent with the surface targets. Excluding targets 
with S-rich veins and concretions, the median S/Cl of surface targets is 2.2 ±  1.1 (Figure  15) because 
Cl is commonly higher at a given SO3 concentration than that found in dust and soil. We interpret this 
difference in S/Cl to be an indication that the APXS analysis of Cl on the surface is not simply dust; Cl 
is enriched at the surface of most bedrock relative to drilled material. Similar observations of elevated Cl 
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Figure 13.  Variation of (a) CaO and (b) MgO with SO3 in Murray formation bedrock. Drill fines are denoted by larger 
symbols. The pure mixing lines of MgSO4 and CaSO4 are shown. Targets with Ca-sulfate veins and rasters of Mg-sulfate 
concretions are omitted; see Figure S6. The CaO and SO3 correlation is evidence of Ca-sulfate in the bedrock matrix, 
although the influence of small veins (<1 mm) or unseen veins are difficult to assess with Mars Hand Lens Imager 
(MAHLI) imagery.
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on rock surfaces were made by the MER APXS analyses of unbrushed, 
brushed, and abraded surfaces (Haskin et al., 2005).

Chlorine and bromine analyses do not show any systematic geochemi-
cal association with any other single element in the Gale bedrock. For 
instance, considering only the 67 measurements of bedrock drill fines, 
neither Cl nor Br have clear correlations (−0.55 < r < 0.47) with any 
of the other 14 elements reported here. The same results hold for the 
unbrushed and brushed rock surfaces (−0.50 < r < 0.50) when evalu-
ated by the separate groupings discussed herein (Sheepbed, Bradbury, 
PH, HV-J, Stimson). The HV-J units of the Murray formation have a 
very weak positive correlation between molar Cl and Na (r = 0.43) that 
may indicate halite; Cl and K are not correlated (r =  0.01) thus KCl 
does not control Cl concentrations if present (Figure 16). The lack of 
Cl and Br correlation with a single cation in the bedrock indicates that 
chloride and oxychlorine species are associated with multiple cations 
(e.g., Na, Mg, K, and Ca). Mixed chloride and oxychlorine species are 
consistent with the findings of the Phoenix and MSL missions. Anal-
ysis of the Phoenix Wet Chemistry Laboratory experiments revealed 
evidence of perchlorate mixtures of ∼60% Ca(ClO4)2 and ∼40% Mg(C-
lO4)2 (Kounaves et al., 2014). Evolved gas analysis of Murray formation 
bedrock by SAM resulted in O2 peaks from oxychlorine phases that 
could be consistent with a mixture of Ca(ClO4)2, Mg(ClO4)2, and Mg(-
ClO3)2 (Sutter et al., 2018). However, the HV-J Murray drilled samples 
do not show chlorate/perchlorate detections in SAM analyses (Sutter 
et al., 2018). Akaganeite, a possible Cl-bearing mineral [FeO(OH,Cl)], 
was also detected by CheMin in the Sheepbed mudstone (1–2 wt%; 
Vaniman et al., 2014) and in the VRR sample Rock Hall (∼7 wt%; Ram-
pe et al., 2020b).

Targets with the highest halide concentrations are localized features (i.e., veins and patchy coatings/rinds) 
and have geochemical associations with multiple elements. In the Bradbury group, the target Stephen, an 
approximately 10-cm-wide, linear ridge (likely a veinlet) adjacent to the Windjana drill site, has the highest 
Cl concentration discovered by the APXS on Mars (3.36 ± 0.04 wt%). Stephen also has remarkable enrich-
ments in MnO (4.05 ± 0.03) and Zn (8,160 ± 250 ppm; Berger et al., 2017; Thompson et al., 2016; VanBom-
mel et al., 2016). Similarly, an APXS raster of the Garden City vein cluster has evidence of an association 
between Cl, MnO, and Zn, all of which are enriched (1.88 wt%, 1.01 wt%, and 2,438 ppm, respectively) 

in an uncommon, dark vein-filling material by 3–4 times relative to the 
adjacent bedrock (Berger et  al.,  2017; VanBommel et  al.,  2017). Jones 
Marsh (sol 1727), a patchy cm-scale darker-toned crust, is another exam-
ple, having very high Cl (3.1 wt%), P2O5 (7.6 wt%), and MnO (4.0 wt%). 
These diagenetic features indicate the mobility of Cl in postdepositional 
fluids, which is key to understanding the aqueous history of Gale because 
chloride is a conservative element in aqueous solutions (e.g., Garrels & 
Christ,  1965; Garrels & MacKenzie,  1967). Additionally, halide species 
(e.g., perchlorate, chlorate, and chloride) may act as an oxidant and/or 
complexing ligand (e.g., Marion et al., 2010), and their presence at high 
concentrations likely impacted geochemical processes on the martian 
surface.

4.4.4.  Phosphorus

Systematic differences in P concentrations and evidence of P mobility 
have emerged along Curiosity's traverse. The Sheepbed member, Stim-
son formation (excluding the altered haloes), and alkali-rich sedimen-
tary units all have a relatively limited range of P2O5 concentrations 
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Figure 15.  Evaluation of target preparation methods (i.e., brushing and 
drilling) with respect to the (a) Cl, (b) Br, (c) SO3, and (d) molar S/Cl in 
dust, soil, unbrushed (RU), brushed (RB), and drilled (fines) APXS targets. 
Sulfur- and chlorine-rich veins, concretions, and other diagenetic features 
are omitted. The number of targets (n) for each category is shown in (a). 
The red square is the mean, the green square is the median, and the box 
contains the middle 50% of the data.
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(0.88 ± 0.22 wt%; Figure 17), and there is no overall correlation of P2O5 in these units with any of the other 
15 elements reported here. As such, small amounts of apatite are not detectable with P correlations with Ca 
and Cl. The alkali-rich units of the Bradbury group have lower P2O5 (0.80 ± 0.16 wt%) than the Sheepbed 
member and Stimson formation (0.92 ± 0.09 wt%). Limited and/or localized apatite enrichment in the al-

kali-rich units is suggested by the P2O5 enriched float targets Nova (sol 687), Ruker 
(sol 387), and Waternish (sol 2022). Nova has high CaO and P2O5 (9.8 and 3.2 wt%, 
respectively), and Rucker and the Waternish raster have elevated P2O5 (∼1.5 wt%). 
The CaO:P2O5 slope of these targets is consistent with the addition of apatite to a 
Ca-bearing rock, and they are interpreted to be igneous rocks with elevated apatite 
content (Figure S9). In contrast with the Bradbury group, the Murray formation has 
greater P2O5 variance (Figure 17). The Pahrump Hills member has slightly higher 
median P2O5 (1.25 ± 0.33 wt%) than the overlying Murray members (0.93 ± 0.52 
wt%). Some of the Pahrump Hills rock targets with elevated SiO2 (>53 wt%) have 
higher P2O5 (1.5–2.5 wt%; Figure 18a).

Phosphorus enrichments occur in localized features in the Murray formation and 
in the Stimson fracture haloes (Figure 18b). Dark gray nodules and patches on bed-
rock (e.g., Timber Point, Maple Spring, Berry Cove, and Jones Marsh) have correlated 
enrichments in MnO (0.8–4.0 wt%) and P2O5 (3.0–7.5 wt%; Figure S10a). Another 
occurrence of P enrichment is in the Garden City vein complex, where the target 
Kern Peak, interpreted to be altered vein-hosting bedrock (Berger et al., 2017), has 
elevated P2O5 (2.72 ± 0.14 wt%). The silica-rich fracture haloes in the Stimson for-
mation have elevated P2O5 (up to 2.51 wt%), which represents a 185% enrichment 
relative to the less-altered adjacent bedrock (Figures 18b and S10b). Assuming TiO2 
has low mobility in diagenetic fluids under most Eh-pH conditions (e.g., Young & 
Nesbitt, 1998), the increase of molar P/Ti from 1.1 ± 0.1 in the Stimson bedrock to 
∼1.6–1.9 in the altered haloes indicates an addition of P during formation of the 
haloes (Yen et al., 2017, p. 04).

5.  Discussion
The APXS results demonstrate compositional diversity in Gale crater sedimentary 
bedrock and unconsolidated float, including elemental compositions that were not 
predicted to occur on Mars. Below, we discuss how the results are relevant to the pri-
mary objectives of the APXS investigation, which seeks to deduce the provenance of 
sedimentary materials in the crater, infer the paleoclimate, establish if liquid water 
was stable for extended periods, and constrain the geochemical conditions of ancient 
liquids. First, we compare compositions with igneous models to constrain the prove-
nance of the materials in Gale crater. Then, we discuss the chemical evolution of the 
sedimentary units.
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Figure 17.  P2O5 versus sol. The unique, high P2O5 target named Nova is denoted (sol 687) and the target named Jones 
Marsh (sol 1727; indicated by arrow) with very high P2O5 (7.56 ± 0.40 wt%) is not shown. The brown line denotes the 
median soil concentration.

Figure 18.  P2O5 versus SiO2 in (a) Murray formation and 
(b) Stimson formation rocks. The black arrows indicate three 
trends: (1) bedrock with elevated SiO2 and P2O5 primarily in 
the Pahrump Hills member and Stimson formation Si-rich 
haloes, (2) bedrock with prominent Ca-sulfate veins in the 
FOV, and (3) localized, P-rich diagenetic features in the HV-J 
Murray members. The red arrow denotes the SiO2 content of 
the Jones Marsh with very high P2O5 (7.56 ± 0.40 wt%).
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5.1.  Comparison With Igneous Models to Constrain Provenance

Comparison of the APXS results with igneous geochemical models is useful for constraining the prove-
nance of the sedimentary units in Gale crater, and for discerning secondary alteration and salt-forming 
processes. Below, we consider igneous models for the units with basaltic chemical characteristics, and then 
discuss igneous models for the alkali-rich rocks.

5.1.1.  Igneous Signatures of the Basaltic Units

The units with basaltic chemical characteristics include soil and sand, the Sheepbed member at Yellowknife 
Bay, the Murray formation, and the Stimson formation. First, we consider the molar element ratio:

 0.25 * Al 0.5 * Fe 0.5 * Mg 1.5 * Ca 2.75 * Na / Ti   � (1)

which models the fractionation and/or crystal sorting via magmatic evolution of rocks with a mineral as-
semblage containing olivine (OL), plagioclase (PL), and clinopyroxene (CPX; Stanley & Madeisky, 1996). A 
positive correlation of Equation 1, denoted (OL + CPX + PL)/Ti, with molar Si/Ti and a slope of ∼1 indi-
cates igneous fractionation of basalt (basalt control line; Figures 19a–19c). Most cases of open system alter-
ation cause points to deviate from the 1:1 basalt control line. The geochemical indicator is thus sensitive to 
the addition of major elements (e.g., silica, Fe-oxides, and sulfates) and removal of major elements via dis-
solution and leaching. A second element ratio model is molar (Fe + Mg)/Al versus Si/Al (Figures 19d–19f), 
which can indicate an olivine control on element concentrations when targets plot with a 2:1 slope (Barnes 
et al., 2004). That is, more or less olivine has a control on the major elements in the model. Deviation from 
the 2:1 olivine control line indicates open-system alteration.

Using chemical models intended for igneous systems to evaluate sedimentary materials has several caveats. 
These geochemical indicators are not sensitive to closed system (isochemical) alteration, and crystalline and 
amorphous alteration products can preserve the bulk chemical composition of the parent material. Sedi-
mentary sorting or mixing can simulate igneous fractionation in the basalt and olivine control models: (1) if 
sediment from a basalt protolith is sorted such that mafic and felsic components are separated into different 
deposits, then we would observe an increased range of compositions on the basalt and olivine control lines; 
(2) if sediment from a low alkali basalt is mixed with sediment from a high alkali basalt, then we would ob-
serve a range of intermediate compositions on the basalt and olivine control lines. Because of the ambiguity 
introduced by overlapping igneous and sedimentary processes, the range of values observed on the control 
lines should be interpreted conservatively. Nevertheless, in the absence of open-system alteration that adds 
or removes detectable elements, the igneous signature of basalt is likely to be preserved because the chem-
ical compositions will follow the control lines.

Compared to the basalt and olivine models, soil, sand, and the Sheepbed mudstone have a relatively nar-
row range of elemental concentrations that are consistent with materials derived from basalt (Figures 19a 
and 19d). The Stimson formation bedrock has the same range of compositions, with two exceptions (Fig-
ures  19c and 19f). First, the fracture-associated haloes deviate from the basalt and olivine models, re-
flecting the depletion of Al, Fe, Mn, and Mg relative to the less-altered bedrock (Figure 11; Section 4.4.1). 
Second, several targets (Big Sky, Kwakwas, and Nomeib) have 20%–40% higher Al2O3 than soil and other 
Stimson formation bedrock, resulting in a lower Si/Al, which may indicate minor alteration. Overall, the 
Sheepbed member and Stimson formation share the geochemical signatures of basalt. Therefore, the prov-
enance of the two sedimentary units was very likely basalt with a composition similar to the soil and sand.

The Murray formation deviates from the basalt and olivine chemical control models in three ways (Fig-
ures 19b and 19e). First, the apparent depletion of Mg and Ca, and the enrichment in Si in the large number 
of vein-free bedrock targets (n ∼325; Figures 7b and 7c) results in lower molar (OL + CPX + PL)/Ti and 
(Fe + Mg)/Al. Second, the Buckskin high-Si facies has very low (OL + CPX + PL)/Ti and very high Si/Al. 
Third, localized diagenetic features with high Fe (e.g., Morancy Stream, Newport Ledge, and Sagadahoc 
Bay) have corresponding high (OL + CPX + PL)/Ti, and the Ti-depleted Haroldswick raster has high Si/Ti. 
The Murray formation observations support the interpretation that the bedrock has a basaltic provenance, 
but the deviations from basaltic compositions (e.g., lower Ca and Mg, higher K, P, and Zn; Figures 7b and 
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7c) point to widespread open-system alteration (Hurowitz et al., 2017; Rampe et al., 2017). The geochemical 
evidence and implications of this are addressed further in Section 5.2.

5.1.2.  Igneous Signatures of the Alkali-Rich Units

The variable compositions of the alkali-rich Bradbury group (Section 4.3.1.2) and Bradbury-like float on 
the Murray formation (Section 4.3.2.1) suggest a diverse provenance for the sedimentary materials in Gale 
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Figure 19.  Element ratio indicator plots for fractionation and/or sorting trends in (a–c) a basaltic mineral assemblage 
containing olivine, clinopyroxene, and plagioclase (OL + CPX + PL) and (d–f) olivine, showing the APXS results for 
the basaltic units. Ca-sulfate veins are omitted, and the units are shown separately for clarity: (a and d) soil, sand, dust, 
and the Sheepbed member, (b and e) the Murray formation, and (c and f) the Stimson formation. The Buckskin (BK) 
and fracture halo trends are indicated by the red and blue vectors, respectively. For clarity, the full range of Si/Al values 
for BK (up to 13) and the Stimson haloes (up to 18 is not shown in [f], see Figure S11 for full range). Selected diagenetic 
features are denoted: Fe-rich Morancy Stream (MS), Newport Ledge (NL), and Sagadahoc Bay (SB); Ti-depleted 
Haroldswick raster (HW).
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crater. The Bradbury group compositions are similar to igneous compositions found on Earth (Schmidt 
et al., 2014; Stolper et al., 2013; Thompson et al., 2016; Treiman et al., 2016) and drilled samples at Wind-
jana and at John Klein/Cumberland contain abundant igneous minerals (Treiman et al., 2016; Vaniman 
et al., 2014), including pyroxenes and feldspars, suggesting the sediments are sourced from igneous terrains. 
The basaltic and alkali-rich targets have a range of alkali contents consistent with a mixing model with 
variable proportions of three endmembers: mugearitic, potassic, and basaltic (soil-like). The three composi-
tional endmembers correlate qualitatively with the basalt control line (Figure 20a) and olivine control line 
(Figure 20b) discussed for the basaltic units above. To reiterate, here we use the term “mugearitic” to refer to 
compositions that fall slightly above or within the hawaiite-mugearite-benmoreite fields in the total alkali 
versus silica diagram (Figure 4). The three endmembers are further illustrated in a plot of K/Ti versus Na/
Ti, which can be sensitive to alkali feldspar fractionation and/or physical sorting (Figure 20c; e.g., Stanley & 
Madeisky, 1996). In this plot, the higher total alkalis of the mugearitic rocks results in a positive correlation, 
whereas the potassic rocks trend to high K/Ti at low Na/Ti. Many of the alkali-rich targets fall between 
the three identified endmembers and are interpreted to be mixtures of the three endmembers via physical 
sedimentary processes.

The basaltic and mugearitic endmembers have elemental compositional trends that are similar to ocean is-
land volcanics, such as Tenerife (Canary Islands) and Mauna Kea (Hawai'i), where compositions follow the 
alkaline differentiation series basalt-hawaiite-mugearite-benmoreite (Figure 4; Schmidt et al., 2014; Stolper 
et al., 2013). The positive correlation of K/Ti with Na/Ti (Figure 20c) and the ∼1:1 correlation of (Ca + Na)/
Ti with Al/Ti (Figure 20d) is consistent with plagioclase enrichment in the mugearitic endmember (Stan-
ley & Madeisky, 1996). Postshield volcanics on Mauna Kea exhibit very similar trends in the element ratio 
indicator plots discussed herein (Figure S12). The elemental characteristics of the basaltic and mugearitic 
endmembers may be evidence of a common petrogenetic evolution involving high pressure fractional crys-
tallization, as seen in terrestrial postshield volcanics (e.g., Wolfe et al., 1997).
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Figure 20.  Element ratio indicator plots for fractionation and/or sorting trends in (a) basaltic minerals 
(OL + CPX + PL), (b) olivine, (c) alkali feldspar, and (d) plagioclase, showing the APXS results for the alkali-rich 
units. Three endmembers that delineate trends discussed in the text are denoted: basaltic, mugearitic, and potassic. 
Geochemical control lines are shown (Stanley & Madeisky, 1996). Targets with Ca-sulfate veins are omitted.
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Constraints on the potassic endmember are provided by the drill target Windjana, which has evidence 
of a magma source separate from the basaltic and mugearitic endmembers. Windjana is not a singular 
igneous composition; the presence of pigeonite and sanidine together indicates at least two sources be-
cause a sanidine-rich protolith would contain augite and not pigeonite (Treiman et al., 2016). Windjana has 
mineralogical evidence of three sediment sources, which correspond with the three igneous endmembers 
evident in the APXS results: basalt, a plagioclase-rich source, and potassic trachyte (Treiman et al., 2016). 
Based primarily on CheMin XRD results, Treiman et al. (2016) concluded that the potassic component of 
Windjana (sanidine) was sediment derived from a potassic trachyte lava, although potassic metasomatism 
could not be ruled out.

We suggest that igneous processes and simple physical mixing of sediment with the chemical characteris-
tics of the basaltic, mugearitic, and potassic endmembers can convincingly create most of the compositions 
found in the Bradbury group. The mineralogy of Windjana, therefore, probably reflects the provenance of 
these three possible sources. It is thus not necessary to call upon generation of these compositions using 
physical sorting of sediment derived from a basalt protolith alone (cf. Siebach et  al.,  2017). On Earth, 
physical sorting of basaltic sediment does not necessarily result in significant chemical fractionation. For 
example, the Dyngjusandur basaltic glacial outwash sand sheet in Iceland has only a small increase in 
olivine content (apparent in the 8% relative increase in MgO) with fluvial and aeolian transport over a 
distance of 30 km (Sara, 2017). Similarly, an enrichment in olivine was found at the Lambahraun sandy–
lava plain in Iceland over a distance of ∼12 km of aeolian transport, but the major elements vary by less 
than 9% (Mangold et al., 2011). Basaltic fluvial sediment in Iceland exhibits more extensive chemical and 
mineralogical changes over a longer transport distance (∼100 km) due to sorting and chemical alteration 
(Thorpe et al., 2019). The effects of the fluvial transport in this Icelandic analogue, however, resulted in up 
to ∼20%–40% decreases in Ca and Na (thus a higher CIA value) and a decrease in bulk plagioclase content 
from ∼50 wt% in the parent rock to ∼30 wt% in downstream samples (Thorpe et al., 2019). Based on this 
evidence, it would be unlikely to generate a bulk mugearitic or sanidine-rich potassic composition through 
sorting processes. For comparison, the Sheepbed member is ∼30–60 km from the Peace Valles catchment 
that may have been a source region. Indeed, the active sands in Gale have been transported more than 
∼10  km with relatively limited sorting and minimal changes to the original basaltic bulk composition 
(O'Connell-Cooper et al., 2017 and 2018). Given the terrestrial evidence and the likely conditions in Gale 
crater, the chemical characteristics of the mugearitic sediment, in particular, indicate that an igneous or-
igin is more parsimonious, and thus more likely, than an origin via mineral sorting of a basalt precursor. 
Subsequent mixing with the basaltic and potassic endmembers resulted in the range of compositions ob-
served by Curiosity.

An important consideration for an igneous endmember model is the elevated concentrations of volatile el-
ements SO3 (1–8 wt%) and Cl (0.5–1.9 wt%), which are confirmed by drill fines results to be a component of 
the bedrock to a depth of ∼5 cm and are not simply a thin dust coating. The source of S and Cl is uncertain: 
were they added by aqueous processes after deposition or incorporated as a detrital or airfall dust compo-
nent? We can say with certainty that they were both mobile in fluids after deposition because Ca-sulfate 
veins crosscut nearly every unit. Furthermore, the Stephen target, which is an apparent veinlet adjacent to 
the Windjana potassic basaltic drilled sandstone, is highly enriched in Cl (3.5 wt%). Therefore, the igneous 
chemical signatures were likely modified, at a minimum, by addition of S and Cl.

5.2.  Chemical Evolution of the Sedimentary Units

Considering the evidence presented above, we can reasonably conclude that the sedimentary units of Gale 
crater contain the geochemical signatures of a basaltic provenance, with mugearitic and potassic sources 
contributing to most of the Bradbury group and to the Bradbury-like float on lower Mt. Sharp. Chemical 
evidence of alteration was found throughout the strata, and localized enrichments in veins, concretions, 
and other features demonstrate in situ mobilization and concentration of elements. Results from CheMin 
XRD confirm profoundly that, while the bedrock has a petrogenesis that is related to igneous processes 
based on the presence of the detrital basaltic mineral assemblage of plagioclase and pyroxene with some 
olivine, oxides, and apatite, other processes are also recorded by the occurrence of typical alteration prod-
ucts: X-ray amorphous materials, phyllosilicates, Ca-sulfates, jarosite, akaganeite, and iron oxides (Rampe 
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et al., 2020a). Most authors have thus explained the chemistry of Gale crater in terms of volcanic genesis 
followed by sedimentary processes that include mineral sorting, weathering, and diagenesis (e.g., Bedford 
et al., 2019; Frydenvang et al., 2017; Hurowitz et al., 2017; Siebach et al., 2017). Below we discuss the chem-
ical evolution of the sedimentary units in Gale crater and the implications for its geologic history.

5.2.1.  Sedimentological and Stratigraphic Background

Sedimentological and stratigraphic observations have led to the interpretation that Gale crater contained 
fluvial, deltaic, and lacustrine environments (Grotzinger et al., 2014, 2015). Curiosity's traverse through 
the sequence of eroded sedimentary rocks (Figure 1) has revealed evidence that the lowermost unit, the 
Sheepbed mudstone of Yellowknife Bay, was a subaqueous lacustrine deposit (Grotzinger et  al.,  2014, 
2015). The Sheepbed mudstone underlies the conglomerate and massive, cross-stratified, and clinoform 
sandstones of the Bradbury group, which was likely deposited in a fluvial environment (Grotzinger 
et al., 2014, 2015). The Murray formation of the Mount Sharp group is the next sedimentary unit and is 
proposed to be linked to the Sheepbed mudstone by a similar lacustrine depositional setting (Grotzinger 
et  al.,  2015). The Murray formation is primarily laminated mudstone, but thin sandstone units occur 
(Fedo et  al.,  2018; Stack et  al.,  2019). Much of the lithologic variability is found in the Sutton Island 
member, which is a mix of mudstone, siltstone, and sandstone. Depositional transitions and changes in 
lacustrine environments (i.e., perennial to episodic) are suggested by the mixed rock types. This is sup-
ported by possible desiccation features in the Sutton Island member (N. Stein et al., 2018). The Blunt's 
Point member, which is recessive relative to the overlying VRR, is a fine-grained, laminated mudstone 
with common concordant Ca-sulfate veins (Edgar et al., 2020). The Pettegrove Point and Jura members 
comprise a resistant topographic ridge (VRR) with laminae thicknesses and grain sizes similar to the 
underlying Murray formation units, also consistent with a lacustrine environment (Edgar et al., 2020). 
The Stimson formation of the Siccar Point group unconformably overlies the Murray formation, and is 
interpreted to be lithified sand dune deposits that imply a change in climate from wet to arid (Banham 
et al., 2018).

5.2.2.  Mudstones of the Mt. Sharp and Bradbury Groups

The mudstones of the Sheepbed member and Murray formation are comprised primarily of fine-grained 
rock that may be genetically linked by a lacustrine depositional environment and share a similar basaltic 
provenance (although the provenance of the Murray formation is less certain). The chemical evolution of 
the two units, however, was distinct, as reflected in compositional differences.

5.2.2.1.  Sheepbed Member

The similarity of the Sheepbed member to basaltic soil (Figure 7e) suggests that (1) the sediment source was 
basaltic and (2) the alteration evident in CheMin analyses was largely isochemical (McLennan et al., 2013; 
Vaniman et al., 2014). McLennan et al. (2013) interpreted the conditions under which the Sheepbed mem-
ber formed to be cold, arid, and rock dominated, which indicates rapid erosion and deposition. CheMin 
XRD results led Vaniman et al. (2014) to hypothesize that ∼75% less olivine, three times more magnetite, 
and the ∼20 wt% smectite in two Sheepbed member samples, relative to the nearby Rocknest soil sample 
(Blake et al., 2013), was evidence that basaltic detrital material with a soil-like composition was altered such 
that most of the olivine was converted to magnetite and smectite. The isochemical nature of this alteration 
process suggests it was authigenic (McLennan et al., 2013; Vaniman et al., 2014). A minor amount of open 
system processes may be evident in Mg-rich raised ridges (McGrath; Léveillé et al., 2014) and depleted Mn, 
which may have been dissolved in fluid and removed from the rock.

The model outlined above for the formation of the Sheepbed mudstone does not account for Zn, which is 
more than two times higher than soil, and the remarkable Ge enrichment (80 ± 25 ppm; Berger et al., 2017). 
High concentrations of moderately volatile trace elements invoke enrichment processes (e.g., hydrother-
mal; see Section 5.2.6) that are at odds with the hypothesis that basaltic sediment was isochemically altered 
at low temperatures. The trace element signature therefore suggests a more complex history.
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5.2.2.2.  Murray Formation

Evidence of aqueous processes are apparent in the Murray formation bedrock composition as well as the 
common diagenetic features. The Murray formation and Sheepbed member mudstones likely have similar 
basaltic provenance and are hypothesized to represent a common lacustrine depositional setting, with the 
overlying Murray formation representing younger deposits (e.g., Hurowitz et al., 2017). The two mudstones, 
however, have distinct compositions. In this section, we explore two models of the aqueous geochemical 
conditions under which the Murray formation could have been altered. Temperatures attained were likely 
below ∼75°C, which is the maximum temperature modeled for buried Gale sediment, assuming no exter-
nal heat source (Borlina et al., 2015) at the likely maximum burial depth of ∼2,600 m (Lewis et al., 2019). 
The absolute ages of fluid interactions in the Murray formation are partially constrained by K-Ar dating 
of the drilled sample Mojave 2 (sols 867–888) by the SAM instrument, which determined a bulk age of 
2.57 ± 0.39 Ga (Martin et al., 2017). Detrital feldspar formed at 4.07 ± 0.63 Ga, and the observed low tem-
perature K-Ar release indicates that jarosite in the sample crystallized 2.12 ± 0.36 Ga, providing evidence 
that low pH aqueous processes occurred ∼1 Ga after deposition (Martin et al., 2017), which likely occurred 
before 3.3–3.1 Ga (Grant et al., 2014; Grotzinger et al., 2015). Below, we discuss the APXS results in the con-
text of two contrasting models for the chemical evolution of the Murray formation: acid-sulfate alteration 
and circumneutral chemical weathering.

Acid-Sulfate Alteration

In the Murray formation, element enrichments and depletions relative to soil (Figures 7b and 7c) have 
several possible chemical fingerprints of low pH alteration: (1) elevated SiO2, (2) depleted MnO, MgO, 
CaO, and (3) enriched K2O. The elevated SiO2 and high K2O, in particular, may be low pH indicators 
because both elements are typically depleted in basalt by circumneutral, open-system alteration and en-
riched by acid-sulfate alteration (Figure S13; Nesbitt & Wilson, 1992). This leads us to consider if the 
acid sulfate alteration interpretation for the fracture haloes (Yen et al., 2017b) can also account for vari-
ations observed in the Murray formation bedrock. The presence of jarosite (∼1–8 wt%) in 8 of 12 Murray 
samples (Achilles et al., 2020; Morrison et al., 2018; Rampe et al., 2020b) is also an indicator of low pH 
fluids because it precipitates at pH  <  5 (King & McSween,  2005), and commonly coprecipitates with 
phyllosilicates and hematite in acidic sedimentary systems (e.g., Baldridge et al., 2009). The geochemical 
and mineralogical evidence led Rampe et al. (2017) to propose a model for the Pahrump Hills member 
in which acidic groundwater interacted with the sediment and mobilized Al, Fe, Mn, Ni, and Zn. In this 
model, the Buckskin high-Si facies was leached of these elements (Figure 7d), and they were translocat-
ed downsection and precipitated due to buffering by weathering reactions to higher pH, causing Al, Zn, 
and Ni enrichment in the underlying Pahrump Hills bedrock. A similar interpretation was proposed for 
the Vera Rubin ridge based on the mineralogy observed by CheMin: variably warm, acidic, saline fluids 
interacted with the Murray formation bedrock at a contact with an overlying unit, likely the Siccar Point 
group before it was eroded (Rampe et al., 2020b). The presence of smectite, red hematite, gray hematite, 
akaganeite, jarosite, and Ca-sulfate indicate, along with other evidence, that conditions were variable 
(Rampe et al., 2020b).

The bulk elemental indicators of acidic alteration are also evident in the ∼320 m of overlying Murray forma-
tion strata. The element ratio pattern (Figure 7b) shows that, relative to the basaltic soil, Murray formation 
bedrock has elevated SiO2, the same or greater TiO2, FeO, K2O, and P2O5, and depleted MnO, MgO, and CaO. 
These chemical trends are similar to terrestrial rocks altered by acid-sulfate processes. For example, Morris 
et al. (2000) showed that acid-sulfate altered tephra from Mauna Kea, Hawai'i retains SiO2 and TiO2 in the 
altered rock residue. Iron is oxidized and forms secondary Fe-oxides that can be retained in the altered 
tephra. Sodium and potassium are leached from the rock and precipitate with alunite group sulfates (e.g., 
jarosite), and phosphate derived from apatite dissolution is retained in the secondary alteration assemblage. 
Elements removed from the rock are Mn, Mg, and Ca. The result is a bulk composition with same or greater 
TiO2, FeO, K2O, and P2O5, and depleted MnO, MgO, and CaO, which is similar to the trend observed in the 
Murray formation bedrock. Elements that were mobilized and removed from the bulk rock are accounted 
for in the closed Gale crater basin by the Mg- and Ca-sulfates in veins and concretions, and in highly local-
ized Mn-rich features (Berger et al., 2019).
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Several characteristics are problematic for the acid sulfate alteration model. Minor amounts of fluorapatite 
(1–2 wt%) co-exist with jarosite (0–3 wt%; Rampe et al., 2017), but fluorapatite is soluble at low pH (Chaïrat 
et al., 2007) and so would be expected to dissolve. This may be evidence that only minor, localized jarosite 
formed by oxidation of sulfides (Hurowitz et al., 2017). Furthermore, it is difficult to maintain extensive 
amounts of strongly acidic solutions in the presence of the other observed minerals because acid-base reac-
tions will neutralize the solution (King & McSween, 2005).

Chemical Weathering and SiO2 Enrichment in Neutral to Alkaline Fluids

Chemical weathering and silica addition via precipitation from neutral to alkaline fluids has been proposed 
to explain the Murray characteristics, particularly the elevated SiO2 (Figure  7; Frydenvang et  al.,  2017; 
Hurowitz et al., 2017). If circumneutral (i.e., pH between ∼6 and 8) chemical weathering occurred at Gale 
crater before, during, and after transport of the lake sediment, it is likely that the fluids which interact-
ed with the sediment contained dissolved silica (Hurowitz et al., 2017). The addition of a silica cement 
(e.g., Siever, 1957) would result in higher SiO2 in the bulk rock. This model requires that the silica-deplet-
ed, weathered residue was not re-incorporated into the sediment, because that would result in ∼zero net 
change in the bulk composition. According to Hurowitz et al. (2017), the SiO2 enrichment in the Pahrump 
Hills member, typified by the drill target Buckskin, can be explained by the simple addition of pure SiO2 
and CaSO4 to a bedrock composition representative of average bedrock for that unit (Telegraph Peak drill 
sample).

A simple silica addition model is inconsistent with APXS observations. Hurowitz et al. (2017) predicts that 
the composition of the high-SiO2 Buckskin high-Si facies is modeled by a mixture of three endmembers: 
pure SiO2, CaSO4, and Pahrump Hills bedrock (represented by the Telegraph Peak target). We tested this 
model to determine how accurately it predicts the Buckskin composition. A linear, least-squares decon-
volution was used to estimate the fractions of each of the three endmembers proposed for Buckskin (see 
Text S1). According to the deconvolution, pure SiO2, CaSO4, and Telegraph Peak comprise 55%, 8%, and 
32% of Buckskin, respectively. This result is comparable to Hurowitz et al. (2017), who estimated Telegraph 
Peak was ∼30% of Buckskin. However, when the three endmember components are combined to model 
Buckskin, significant differences are apparent (Figure 21a). Most notable are TiO2, K2O, and P2O5, which are 
respectively ∼3X, ∼2X, and ∼2X higher in the actual Buckskin than in the model. A fingerprint of acid sul-
fate alteration, as discussed above in terrestrial materials (Morris et al., 2000), is the retention of these three 
elements in the altered residue and secondary phases. These characteristics should therefore should not be 
dismissed in interpretations of the Murray formation chemical evolution. In summary, the silica + CaSO4 
addition model may be oversimplified; the geochemical characteristics of the bedrock are, overall, not con-
sistent with the model.

The circumneutral weathering model may also be inconsistent with K2O and Na2O observations. If the pro-
tolith was chemically weathered by a circumneutral fluid that released silica into solution, then we would 
expect concomitant mobilization of the more-soluble ions K+ and Na+ (Nesbitt & Wilson, 1992). Both K+ and 
Na+ are conservative elements and would likely accumulate in a brine and precipitate in evaporitic deposits, 
not in a cement with silica (Garrels & Christ, 1965). This prediction is not consistent with the K2O enrich-
ment and soil-like Na2O concentrations in the Murray formation bedrock (Figures 7b, 7c, and 7d).

Chemical weathering of basalt in a circumneutral, open system can be quantified with the chemical index 
of alteration (CIA; Nesbitt & Young, 1982). The CIA is calculated using molecular proportions as:

CIA � � � �� ��� �� �Al O Al O CaO Na O K O2 3 2 3 2 2 100/� (2)

Higher CIA values, relative to the unaltered protolith, indicate chemical weathering because Al usually has 
low solubility at circumneutral pH and is retained in weathered residue, whereas Ca, Na, and K are more 
soluble and are more likely to be removed from the system via weathering (Nesbitt & Young, 1982). We find 
that the CIA is not a useful alteration index for APXS results in Gale crater for the following reasons:

1.	 �The CIA does not consider Mg, which has been demonstrated as a sensitive indicator of chemical weath-
ering on Mars (Figure 8; e.g., Ming et al., 2006) in part because olivine is likely the most susceptible min-
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eral to incipient low temperature alteration in martian sediments (Van-
iman et al., 2014; Yen et al., 2017b), which is consistent with terrestrial 
materials (e.g., Nesbitt & Wilson, 1992).
2.	 �The CIA is only applicable if the secondary Al-, Ca-, Na-, and K-bear-

ing salts can be subtracted from the chemical analysis, which is a 
problematic correction for Gale crater targets. In particular, Ca-sul-
fate is ubiquitous (Section  4.4.2), but the amount of Ca-sulfate is 
poorly constrained in targets that have not been analyzed by CheMin. 
Therefore, Ca-sulfate cannot be subtracted from most targets without 
an unacceptable amount of uncertainty. Furthermore, much of the S 
in the bulk sample is likely associated with the amorphous compo-
nent (Table S1; McAdam et al., 2014; Morrison et al., 2018). In this 
amorphous material, S may be coupled with Mg and/or Fe in amor-
phous sulfates. Thus, the amount of sulfate salts cannot be unambig-
uously subtracted from APXS analyses because S is coupled with Ca, 
Mg, and Fe, all of which are major elements associated with primary 
igneous phases.

3.	 �Evidence of Al mobility is found in the Pahrump Hills member 
(Rampe et  al.,  2017) and in the Stimson formation fracture haloes 
(Yen et al., 2017b). If Al is mobile, then it is not suitable to use as the 
immobile element against which to compare Ca, K, and Na mobility 
in the CIA.

5.2.3.  Bradbury Group Sandstone, Conglomerate, and Float

The geochemical characteristics of the Bradbury group (excluding the 
Sheepbed member mudstone) are generally consistent with a mixture 
of unaltered and/or isochemically altered igneous endmembers. The 
physical mixing model proposed in Section 5.1.2 reasonably accounts for 
most of the sandstone, conglomerate, and float compositions by way of 
mixtures of the basaltic, mugearitic, and potassic basaltic endmembers. 
This is consistent with the results from the only drill target in Bradbury 
units above the Sheepbed member, Windjana, which is a mixture of igne-
ous components that were likely cemented by magnetite and ferrihydrite 
(Treiman et al., 2016). Iron-rich cement is also apparent in several Brad-
bury targets with higher FeO that deviates from igneous mixing models 
(e.g., Oscar, Et Then; Figure 8a; Schmidt et al., 2014). The APXS obser-
vations suggest that the Bradbury materials were transported, deposited, 
and lithified under conditions with limited chemical weathering.

An important consideration is the veinlet Stephen next to the drill target 
Windjana. Stephen is highly enriched in Zn, Mn, and Cl (Sections 4.3.2 
and 4.4.3), which is strong evidence of in situ mobilization of those ele-

ments, likely after lithification. The timing of the formation of Stephen is not well-constrained because the 
fin-shaped feature protrudes from the bedrock and does not preserve clear cross-cutting relationships. In 
addition, aqueous activity was possible >1 Gy after the bulk of the sediments were deposited because lo-
calized Aeolis Palus alluvial deposits dated at <2 Ga could have introduced fluids into the system (Grant & 
Wilson, 2019). Nevertheless, Stephen demonstrates aqueous activity in the Bradbury group sandstone that 
concentrated fluid-mobile elements.

5.2.4.  Stimson Formation Sandstone

The Stimson formation bedrock has a composition consistent with basaltic soil and sand that has experi-
enced limited, largely isochemical alteration of basaltic material (section 4.3.4.3). Olivine is below the 1–2 
wt% detection limit of CheMin in the Big Sky and Okoruso drill targets, and the 10–11 wt% magnetite in 
the samples, which probably comprises the cementing agent, could be a secondary diagenetic product of 
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Figure 21.  Tests of simple SiO2 addition models (see Text S1). (a) 
Measured Buckskin high-silica facies normalized to soil is compared to 
the modeled composition derived from SiO2 and Ca-sulfate addition as 
proposed by Hurowitz et al. (2017). (b) Measured Greenhorn normalized 
to the less altered parent Big Sky and compared to the modeled 
composition of simple pure SiO2 and Ca-sulfate added to a Big Sky 
composition. (c) Lubango normalized to the less altered parent Okoruso 
and compared to a modeled Okoruso composition with pure SiO2 and Ca-
sulfate added. Note that the model does not fit well with the observed Ti, 
K, and P concentrations.

10-1

100

101

R
at

io
 to

 s
oi

l

10-1

100

101

R
at

io
 to

 B
ig

 S
ky

10-1

100

101

R
at

io
 to

 O
ko

ru
so

SiO
2

TiO
2

Al2O
3

FeO
M

nO
M

gO CaO
Na2

O
K2O

P2O
5 Ni

Zn

Cr2
O3

SO3 Cl

SiO
2

TiO
2

Al2O
3

FeO M
nO

M
gO

CaO Na2
O

K2O P2O
5

Ni Zn

Cr2
O3

SO3
Cl

Buckskin high-Si facies, Lower Murray fm.
Modeled
Measured

Greenhorn halo, Stimson fm.

Lubango halo, Stimson fm.

(a)

(b)

(c)



Journal of Geophysical Research: Planets

olivine alteration (Yen et al., 2017b). The sedimentological interpretation of the Stimson formation is that 
it formed in an arid aeolian system, and stratigraphic relationships suggest the unconformity between the 
underlying Murray formation and the Stimson formation represents a period of erosion and time (Banham 
et al., 2018). The geochemical differences between the two formations also indicate distinct geochemical 
evolution of the bedrock. However, features indicating similar aqueous activity are common to both forma-
tions: (1) cross-cutting sulfate veins, (2) cross-cutting fracture-associated haloes, and (3) Mg-sulfate nodules 
near the unconformity (e.g., Sperrgebiet). Therefore, the chemical evolution of the two formations is not 
entirely decoupled.

5.2.5.  Fracture Halo Formation

Fracture-associated haloes (Section  4.4.1) cross-cut the Murray formation, Stimson formation (Yen 
et  al.,  2017b), and the Bradbury group (Gabriel et  al.,  2019), postdating the lithification of those units. 
Two of the models proposed for the fracture haloes have contrasting hypotheses on the pH of the fluids 
that interacted with the rock. The chemical and mineralogical characteristics of the fracture haloes led 
Yen et al.  (2017b) to conclude that initially acidic fluids leached Al, Fe, Mn, Mg, Ni, Zn, ±Na, and ±K, 
causing the passive enrichment of silica and TiO2 in the residue. The depletion of Al is notable because 
it typically has low solubility in circumneutral fluids and remains in altered residue; mobility of Al is an 
indicator for low pH. Excess Si, relative to Ti, indicates later alkaline fluids deposited additional silica, thus 
silica enrichment was both passive and active. Frydenvang et al. (2017) proposed a model involving only 
active enrichment of silica: groundwater interacted with the underlying Si-rich Buckskin facies and carried 
dissolved silica to the fractures where it was precipitated via decrease in temperature and/or alkalinity. 
The model suggests that the haloes are parent bedrock diluted with Ca-sulfate and pure silica. This three 
endmember model is the same as proposed for the Murray formation (Hurowitz et al., 2017), and we test-
ed it with the same linear, least-squares deconvolution discussed in Section 5.2.2.2 (see also Text S1). The 
model results have a significant mismatch of the modeled versus measured concentrations of Ti, Na, K, P 
and ±Cr (Figures 21b and 21c). The silica + CaSO4 addition model deviates from the observed composition 
in a similar manner for both the fracture haloes and the Murray formation (Figure 21a). We conclude that 
silica + CaSO4 addition is not a compelling model for the formation of the fracture haloes and that the ac-
id-sulfate-dominated alteration model of Yen et al. (2017b) is more plausible.

5.2.6.  Hydrothermal Indicators

In the Murray formation, the trace elements Zn and Ge are enriched (1,060 ± 460 ppm and 110 ± 20 ppm, 
respectively) tens to hundreds of times greater than predicted from martian meteorites and crustal forma-
tion models (Berger et al., 2017). The enrichment is relatively uniform, except in the Buckskin high-Si facies 
where Zn and Ge are lower (respectively 170 ± 100 and 50 ± 20 ppm; Figure 7). Because the two elements 
are commonly coupled in hydrothermal fluids, their enrichment indicates a hydrothermal signature in the 
Murray formation. The Murray units do not contain hydrothermal mineral assemblages expected with a 
basaltic protolith (e.g., serpentine–chlorite–[amphibole–talc–magnetite] ±  garnet ±  quartz) (Schwenzer 
& Kring, 2009). However, the Murray formation does contain assemblages of minerals that can be associ-
ated with hydrothermal processes: hematite, magnetite, Si-rich X-ray amorphous material, phyllosilicates, 
and, most importantly because it is the only unambiguous high temperature phase, tridymite (e.g., Hynek 
et al., 2013). These observations led Berger et al. (2017) to conclude that hydrothermal deposits exist (ed) in 
the Gale source region and were dispersed with siliciclastic material during transport and deposition. Alter-
natively, the possible localized occurrence of high-temperature silica mineralization (∼870°C; e.g., Swamy 
et al., 1994) has led to speculation that hydrothermal fluids interacted with the Murray formation bedrock 
after deposition (Yen et al., 2017a). The presence of a possible hydrothermal deposit is a key finding because 
it expands the number of habitable environments that could have existed in Gale.

Enriched Zn and Ge also occur at concentrations similar to the Murray formation in the Sheepbed mem-
ber and alkali-rich units (with the exception of the mugearitic endmembers), suggesting that this trace 
element signature is common in Gale (Berger et  al.,  2017). In these units, like the Murray formation, 
hydrothermal alteration mineral assemblages expected for a basaltic protolith were not unambiguously 
identified.

BERGER ET AL. 33 of 39

10.1029/2020JE006536



Journal of Geophysical Research: Planets

6.  Conclusions
Curiosity's APXS has acquired a dataset of >700 measurements over a >20 km traverse, determining the 
elemental composition of geologic materials on the martian surface. The APXS has made a number of other 
contributions, including triage for drill site selection, providing constraints on crystal chemistry for CheMin 
(e.g., Morrison et al., 2018) and sulfur and chlorine speciation for SAM (e.g., Sutter et al., 2018), and ena-
bling K-Ar dating with SAM results (Farley et al., 2014; Martin et al., 2017). The APXS has also made it pos-
sible to directly compare the elemental composition of martian surface materials at the Viking, Pathfinder, 
MER-A, and MER-B landing sites, building on a global compositional dataset.

How does the geochemical data from the APXS contribute to an integrated model of the provenance and 
chemical evolution of Gale crater? APXS-based observations from Gale crater have led to a number of con-
clusions, including:

1.	 �Unconsolidated fine material, or sand, soil, and dust, has a basaltic composition that is effectively the 
same as basaltic soil found at the MER and Pathfinder sites. This establishes an average basaltic compo-
sition for the martian crust.

2.	 �The Bradbury group has a wide range of compositions, indicating the source region is a diverse igneous 
complex containing basalts, high-alkali rocks with igneous hawaiite-mugearite-benmoreite characteris-
tics, and potassic basalts.

3.	 �The preserved igneous bulk elemental compositions of the Bradbury group sandstone, conglomerate, 
and float indicate deposition in an arid climate and rapid erosion, with minimal open-system chemical 
weathering.

4.	 �The Sheepbed member mudstone and Murray formation mudstone both have evidence of a basaltic 
provenance; however, their geochemical characteristics are different. The Sheepbed member largely 
preserves the bulk chemical composition of basalt, indicating limited, closed-system alteration. In con-
trast, the Murray formation has indications of pervasive open-system alteration in the bedrock. If the 
Sheepbed member mudstone and Murray formation mudstone are linked by a similar lacustrine deposi-
tional paleoenvironment, their chemical evolution pathways were distinct.

5.	 �The Stimson formation is an aeolian sandstone with a basaltic composition similar to sand and soil. 
The basaltic composition is largely preserved, indicating deposition in an arid environment and limited, 
closed-system alteration during lithification.

6.	 �Diverse diagenetic features are common on Curiosity's traverse, and include nodules, veins, concretions, 
and patchy crusts with enrichments in Mn, Fe, Zn, Ni, P, Cl, and S. These enrichments indicate wide-
spread element mobility in fluids.

7.	 �Ca-sulfate veins crosscut every sedimentary unit, demonstrating fluid activity after lithification of the 
sediment.

8.	 �Extensive open-system alteration occurred in localized, fracture-associated haloes, thus fluid activity 
occurred after lithification of the Murray formation and unconformably overlying Stimson formation.

Data Availability Statement
All APXS spectra and reductions are available at the planetary data system, https://pds-geoscienc-
es.wustl.edu/msl/msl-m-apxs-4_5-rdr-v1/mslapx_1xxx/ and the MSL APXS RDR dataset has the 
DOI:10.17189/1518757. The Supporting Information, including the two .csv files containing Data 
Sets  S1 and S2, are also in Berger  (2020) PDS GeosciencesNode https://pds-geosciences.wustl.edu/msl/
urn-nasa-pds-msl_apxs_supplement_sols_0_2301/.
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