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Abstract–The ChemCam instrument on the Mars Science Laboratory (MSL) rover,
Curiosity, observed numerous igneous float rocks and conglomerate clasts, reported
previously. A new statistical analysis of single-laser-shot spectra of igneous targets observed
by ChemCam shows a strong peak at ~55 wt% SiO2 and 6 wt% total alkalis, with a minor
secondary maximum at 47–51 wt% SiO2 and lower alkali content. The centers of these
distributions, together with the rock textures, indicate that many of the ChemCam igneous
targets are trachybasalts, Mg# = 27 but with a secondary concentration of basaltic material,
with a focus of compositions around Mg# = 54. We suggest that all of these igneous rocks
resulted from low-pressure, olivine-dominated fractionation of Adirondack (MER) class-
type basalt compositions. This magmatism has subalkaline, tholeiitic affinities. The
similarity of the basalt endmember to much of the Gale sediment compositions in the first
1000 sols of the MSL mission suggests that this type of Fe-rich, relatively low-Mg#, olivine
tholeiite is the dominant constituent of the Gale catchment that is the source material for
the fine-grained sediments in Gale. The similarity to many Gusev igneous compositions
suggests that it is a major constituent of ancient Martian magmas, and distinct from the
shergottite parental melts thought to be associated with Tharsis and the Northern
Lowlands. The Gale Crater catchment sampled a mixture of this tholeiitic basalt along with
alkaline igneous material, together giving some analogies to terrestrial intraplate magmatic
provinces.

INTRODUCTION

Since landing on the surface of Mars on August 6,
2012, NASA’s Mars Science Laboratory (MSL) rover,
Curiosity, has analyzed a wide variety of geological
targets ranging from sedimentary outcrops and soils to
a large number of float rocks. Over the first 1000 sols of

its mission, Curiosity traveled 10.6 km. Many of the
float rocks it encountered are of igneous origin
emplaced through fluvial and also perhaps impact
processes postdating the formation of Gale Crater itself
in the early Hesperian (Milliken et al. 2010). In this
paper, we use data from the ChemCam instrument on
MSL, which has now taken over 400,000 spectra over
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the course of the mission to date (Maurice et al.
2016), in order to determine the compositions of the
igneous rocks and compare them to shergottite
meteorites and igneous rocks from previous rover
missions, and to provide new insights about Martian
magmatism. The large amount of data enables
representative, average compositions to be calculated
for each of the different types of Gale igneous rock.
In this paper, we take a “large-data” approach,
complementary to observations of individual igneous
rocks (Sautter et al. 2014, 2015; Cousin et al. 2017;
Mangold et al. 2017).

Before the MSL mission, knowledge of igneous
rocks from Mars relied on the study of Martian
meteorites (e.g., McSween and Treiman 1998); alpha
particle X-ray spectrometer (APXS) in situ analyses
from previous landers, in particular the Mars
Exploration Rovers (MER), Spirit and Opportunity
(e.g., Squyres et al. 2004); and surface mineralogy and
derived chemistry from orbiter analyses (e.g., Poulet
et al. 2009). The Martian crust is dominated by basaltic
compositions and mineralogy (e.g., Bandfield 2000;
Dunn et al. 2007; Koeppen and Hamilton 2008; Poulet
et al. 2009; Taylor et al. 2010; Rogers and Hamilton
2015), with only localized possible evolved rocks (e.g.,
Bandfield 2004; Carter and Poulet 2013; Wray et al.
2013; Sautter et al. 2015). Similarly, the shergottite
Martian meteorites are basaltic in nature (e.g., Bridges
and Warren 2006; McSween et al. 2015; Treiman and
Filiberto 2015), with limited evidence for evolved
magma compositions in melt inclusions and clasts (e.g.,
Ikeda 2005; Nekvasil et al. 2007; Santos et al. 2015).

Specifically, the most abundant type of Martian
meteorite, the shergottites, show a very restricted range
in chemistry and are relatively alkali-poor, Fe-rich,
undifferentiated basaltic rocks. They are dominated by
pyroxene with shocked plagioclase and variable
amounts of olivine. They represent a mixture of
cumulates and melts (e.g., Musselwhite et al. 2005;
Bridges and Warren 2006; McSween et al. 2009, 2015;
Filiberto and Dasgupta 2011, 2015; Gross et al. 2011;
Treiman and Filiberto 2015). The meteorites have a
range of compositions close to near-primary magmas
and partially evolved magmas (e.g., Musselwhite et al.
2005; Shearer et al. 2008, 2013; Filiberto and Dasgupta
2011, 2015; Gross et al. 2011; Papike et al. 2013;
McSween et al. 2015; Treiman and Filiberto 2015).
Mantle source regions for the basalt generation were
Fe- and relatively total alkali-rich and Al-poor
compared to the Earth’s mantle basalt source (Stolper
and McSween 1979; Dreibus and W€anke 1985; Taylor
2013).

However, the MER APXS analyses of igneous
rocks at both Gusev Crater and Meridiani Planum

revealed a wider range in chemistry than in the
meteorite collection, showing the Fe-rich basaltic
signature, but also with some more alkali-rich
magmatic compositions (McSween and Ruff 2006;
Ming et al. 2008; Usui et al. 2008; McSween et al.
2008, 2009; and also shock features (Zipfel et al. 2011).
Opportunity only analyzed one relatively unaltered
basaltic rock—Bounce Rock—which has a similar bulk
chemistry and mineralogy to Martian meteorites
Elephant Moraine (EET) 79001 lithology B and Queen
Alexandra Range (QUE) 94201 (Zipfel et al. 2011).
Spirit analyzed a number of basaltic rocks (e.g.,
McSween and Ruff 2006; McSween et al. 2008),
providing significant constraints on the source region of
these basalts, and the evolution of Martian magmas
and crust at Gusev Crater (e.g., McCubbin et al. 2008;
Schmidt and McCoy 2010; Filiberto and Dasgupta
2011, 2015; Schmidt et al. 2013). Spirit landed on a
possible basaltic lava flow, the Adirondack class of
picritic rocks was identified within the plains, and it
was not until it reached the Columbia Hills that it
analyzed a diverse suite of rocks including ultramafic
cumulates, silica-saturated, relatively alkali-rich (alkalic)
basalts, and a pyroclastic deposit (e.g., McSween and
Ruff 2006; Squyres et al. 2007; Ming et al. 2008; Usui
et al. 2008; McSween et al. 2009). The Gusev samples
analyzed by the Spirit APXS included a subset—the
Wishstone Class—which have moderately alkaline-rich
compositions (though not silica-undersaturated), with a
pyroclastic rock and two lava flow or intrusive samples
(McSween and Ruff 2006). These were considered to
have formed by fractional crystallization of primitive,
basaltic magma, similar to olivine-rich basalts also seen
at Gusev. These basalts are the Adirondack class, and
we will also consider this basalt composition in order
to interpret the Gale data.

Analyses of float rocks early in the MSL mission
identified some alkaline-rich samples of uncertain
provenance—either igneous or sedimentary in origin.
Notably, the float rock Jake_M had APXS analyses
that showed Na2O+K2O contents of ~9 wt%, and is
alkaline in nature with >15% normative nepheline,
making it compositionally similar to terrestrial
mugearites (Stolper et al. 2013) though its igneous or
sedimentary origin is generally considered uncertain.
Schmidt et al. (2014) used APXS analyses from
Curiosity to highlight the occurrence of alkali (in
particular K2O) enrichments in some of the basaltic
Gale sediments suggesting that the source region
contained alkali-rich minerals. Much stronger K
enrichments, with some higher than 5 wt% K2O, have
been found in all sediments in the Kimberley region (Le
Deit et al. 2016). The CheMin X-ray diffraction
instrument showed that these compositions are due to
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the presence of alkali-rich feldspars (Treiman et al.
2016). Treiman and Filiberto (2015) showed that Gale
Crater K enrichments are similar to the parental
magmas of the nakhlite meteorites. However, the
proportion of alkali-rich material within the Gale
catchment, compared to subalkaline basaltic material
for instance, has been unclear and CheMin XRD
analyses of Rocknest and Namib eolian material
(Achilles et al. 2016) do not have an alkaline
mineralogy.

Sautter et al. (2014, 2015) also used ChemCam
compositional analyses and Remote Micro-Imager
(RMI) data from the first part of the mission to
highlight and classify the occurrence of both feldspar-
rich, extrusive igneous rocks and dark, basaltic rocks
within the float samples and Hottah facies outcrop
conglomerate clasts (Williams et al. 2013). Sautter et al.
first identified that the feldspar-rich lithologies were
extrusive and suggested they might be ancient crust
analogous to the lunar highlands transported from the
crater rim, incorporated into the coarse gravel, or
conglomerate clasts.

The MSL ChemCam, laser-induced breakdown
spectroscopy (LIBS) data, with a recalibration (Clegg
et al. 2016), provide a new opportunity to study igneous
rocks on the surface of Mars and determine their origin
within the framework of what we have learnt about the
differentiation of basalt and related rocks on Earth.
Some of the questions we address include the likely
crystal fractionation controls on the differentiated
igneous samples in Gale, the specific magmatic
differentiation series (e.g., alkaline or tholeiitic), the
relative importance of different igneous compositions
preserved in Gale, and their similarities or differences to
MER and shergottite basalts. In this work, we used a
statistical approach, rather than focusing on individual
targets, in an attempt to understand how the bulk of
igneous samples observed in Gale relates to previous
observations.

ALKALINE BASALT NOMENCLATURE

Basalts and related rocks with moderately elevated
alkali contents, which are also silica-saturated, are often
described as alkalic or mildly alkaline in the recent
literature (e.g., McSween and Ruff 2006; Nekvasil et al.
2007). Some ambiguity for basaltic compositions can
arise through the use of 2-D total alkalis versus SiO2

plots with the alkaline/subalkaline divide of Irvine and
Baragar (1971). As shown by Delong and Hoffman
(1975), some rocks with tholeiitic mineralogy fall in the
alkali basalt field of an alkali/silica 2-D plot, and this is
an artifact of the projection from the 3-D basalt
tetrahedron implicit in making the plot. To avoid this

ambiguity, and in particular because discussion of
tholeiitic affinities is a relevant issue for the Gale
samples in this paper, here we refer to alkaline basalts
as those with silica-undersaturated, feldspathoid
normative compositions, and others which are
hypersthene normative and silica-saturated as being
subalkaline, or having moderately elevated alkali
contents.

CHEMCAM AND LASER-INDUCED BREAKDOWN
SPECTROSCOPY

The ChemCam instrument on MSL is the first LIBS
instrument to be deployed on a planetary exploration
mission. The physical principle underlying the LIBS
technique implemented by ChemCam is that of atomic
emission: a high-powered pulsed laser is used to ablate
a target area, causing a few nanograms of material to
break down and form a plasma. This energy excites the
electrons, raising them from their base energy levels to
higher ones. When they return to their original energy
level, they release photons with discrete wavelengths
corresponding to atomic line emissions, characteristic of
the elements present within the sample (Cremers and
Radziemski 2006). ChemCam incorporates both a LIBS
instrument and a Remote Micro-Imager (RMI), which
both use a telescope within ChemCam’s mast unit; the
LIBS also uses three spectrometers housed inside the
rover body. The laser has a NIR wavelength of
1067 nm (Cremers and Radziemski 2006; Maurice et al.
2012; Wiens et al. 2012).

ChemCam is capable of remotely analyzing targets
up to 7 m away. Each LIBS spectrum is recorded by
three CCDs. Each of them examines a different range of
wavelengths of light from the target source: one samples
ultraviolet (UV) light from 240 to 340 nm, one
concentrates on 380–470 nm in the blue–violet (VIO)
range, and the final spectrometer focuses on the visible
and near-infrared (VNIR) spectral range of 470–
900 nm. The three-spectrometer design provides the
necessary resolution required to distinguish peaks;
particularly those that are closer together at the lower
wavelength end of the spectrum. LIBS requires a full
width at half maximum (FWHM) resolution of <0.2 nm
in UV and 0.65 nm in the VNIR range. Each of these
spectrometers has a Czerny-Turner design (Wiens et al.
2012). Figure 1 shows typical LIBS spectra of three
ChemCam targets.

Typically, 30–50 spectra (one spectrum is produced
with each single-laser pulse) are recorded from each
single point on the Mars surface. Several points are
observed per target in a raster pattern of, e.g., 3 9 3
points or linear formations, e.g., 5 9 1 points on a
single target. The individual observational footprint for
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each point varies slightly in size depending on the
distance from the Mast Unit, but will usually be 350–
550 lm (Maurice et al. 2012, 2016). Therefore,
ChemCam acts as a microprobe (Wiens and Maurice
2015) with the small diameter of laser shots on the
surface, sometimes allowing characterization of
individual mineral grains (Gasda et al. 2016; Cousin
et al. 2017).

After the laser has fired its pulses, a dark frame is
taken and this can then be subtracted from the other
spectra. The data are also preprocessed to remove the
Bremsstrahlung continuum and normalize the total
emission of the spectrum (Wiens et al. 2013). The
sequence for ChemCam data processing includes
subtraction of dark spectrum, denoising, continuum
removal, wavelength calibration, multiplication times
the instrument response function (IRF), conversion to
radiance units, and normalization (as needed), followed
by masking (to remove regions of high noise in the
IRF) in that order. Data are also corrected for
differences in instrument response between the flight
model on Mars and the laboratory spectrometers used
for calibration. Therefore, select regions were masked
out of the quantitative analysis models, including the
240.8–246.6, 338.5–340.8, 382.138–387.9, 473.2–492.427,
and 849–905.6 nm regions. Detailed descriptions of
these methods and the sample suite used for calibration
are given in Wiens et al. (2013) and Clegg et al. (2016).

The ChemCam telescope RMI is used to precisely
image the LIBS targets. It produces a black-and-white
image with the highest spatial resolution of any of the

remote cameras on MSL; one RMI pixel corresponds to
19.6 lrad. These images are useful to visually identify
mineral grains in the sample and provide textural
context to the spectra acquired. The RMI is used both
before and after acquiring a set of LIBS spectra,
allowing interpretation of the textural nature of the area
which produced the emission (Le Mou�elic et al. 2015).

DATA ANALYSIS AND CALIBRATION OF
CHEMCAM DATA

The individual spectra observed at each point are
normally averaged together, discarding spectra from the
first five laser shots at each point to avoid
contamination from surface dust. The ChemCam
spectra contain a large number of emission peaks
representing atomic transitions of various elements
present in the sample. Deconvolution of the spectra is
best done using a multivariate approach. In general,
LIBS data are subject to a variety of matrix effects,
which can cause the intensity of the peaks to vary
independently of elemental concentration (e.g., Clegg
et al. 2009). Multivariate analysis is a useful tool to
tackle these issues by using information from the entire
spectrum. Initially during the MSL mission, a PLS2
algorithm was used to determine the major rock-
forming elements. Following that, various PLS1
algorithms were used by the ChemCam team to increase
the accuracy of the calibration. Most recently (including
in this paper), ChemCam uses a combination of
independent component analysis (ICA) (e.g., Forni
et al. 2013), regression and submodel partial least
squares (PLS; Clegg et al. 2009; Anderson et al. 2017)
to derive quantitative compositions of targets on Mars.
ICA components of LIBS spectra tend to isolate the
emission lines of a single major element. ICA regression
uses calibration curves for each element, derived by
plotting the relevant ICA score against the composition
of known laboratory targets in order to predict the
composition of unknown targets. Submodel PLS is an
extension of the PLS1 algorithm (Anderson et al. 2015).
As chemical matrix effects vary with target composition,
PLS models trained on a restricted composition range
are often more accurate within that range than PLS
models trained on a diverse suite of samples. Submodel
PLS combines the results of multiple “submodels”
optimized for restricted composition ranges to create a
single model that has improved accuracy over the full
range of compositions. The ICA and PLS submodel
methods are trained using laboratory data collected
from a suite of 408 well-characterized geostandards, and
are combined using simple weighted means (Clegg et al.
2016).

Fig. 1. The unnormalized LIBS spectra from single shot at an
observation point from each of four ChemCam targets, La
Reine, Bindi, Noriss_2, and Beacon. Each spectra shown here
is the 10th shot of the first observation point for each target.
Based on all the observation points from these targets and
from imaging, Bindi and Noriss_2 are rich in feldspars (i.e.,
trachybasalts), while La Reine and Beacon are much richer in
mafic minerals—assumed to be dominantly pyroxene. The
peaks produced by the elemental line emissions are visible.
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The accuracy of ChemCam predictions is estimated
based on the results obtained from a test set of
laboratory samples, using the root-mean-square error
(RMSE); see supporting information for further
information. The test set for each major element was
selected to have a distribution as similar as possible to
the full training set used to generate the regression
models (Clegg et al. 2016). The accuracy of ChemCam
predictions varies with composition, as would be
expected. Thus, rather than reporting a single RMSE
per major element, a compositionally dependent RMSE
is calculated, based on the test set samples similar in
composition to the predicted composition of the
unknown target. ChemCam’s precision is significantly
better than the estimated accuracy, and can be
estimated based on repeated observations of the
calibration targets on the rover. As we show in this
paper, the comparison between APXS and ChemCam
data on fine-grained sediments of basaltic composition
gives added confidence in the accuracy of each
technique.

Most applications of ChemCam elemental
composition data use the reported values of each
observation point. These are averages of the individual
spectra from that point. In our application, we used
compositions derived from single-shot spectra. We did
this because compositions sometimes change within the
30 spectra obtained from each point due to the laser
beam profiling from one mineral grain into another.
Using single-shot compositions also provides a much
larger database (e.g., >400,000 data points for the entire
mission to date) on which to build contour plots and
histograms.

To better view the distribution of the ChemCam
data set, a scatter function algorithm was used to
produce density contour plots. These are useful for
examining the relative homogeneity of the data sets,
as well as comparing and contrasting the focal point
or focal points, as the case may be. Because the
igneous rocks vary in grain size (Mangold et al. 2017)
and the number of total number of spectra obtained
per target vary, the LIBS data on individual rocks are
often not sufficient to give an accurate whole rock
composition (Dyar et al. 2011). For this reason, we
combined the LIBS data based on the initial textural
classifications rather than considering individual rocks.
As mentioned above, the first few shots of each LIBS
observation point are discarded because they are
oftencontaminated by the Martian dust covering the
sample.

See Table S1 in supporting information for more
background information about precision and accuracy
of ChemCam data.

ALPHA PARTICLE X-RAY SPECTROMETER

Another instrument on MSL that we make use of
in this paper for major element analyses is the APXS on
the rover arm turret. It utilizes 244Cm sources to
irradiate targets with a combination of alpha particles
and X-rays (Gellert et al. 2009; Schmidt et al. 2014)
measuring the resulting X-rays and the scattered alpha
particles. This technique has a long heritage of
planetary exploration with both the MER and the
Sojourner rover of the Pathfinder mission including one
of these instruments (Gellert et al. 2009). Unlike
ChemCam, it analyzes a 1.6 cm diameter area, instead
of microns. Major elements—Si, Ti, Al, Fe, Mg, Mn,
Ca, K, Na, P, S, and Cl— are normalized to 100 wt%.
Light elements are not included, but as the samples in
question are relatively anhydrous, we are able to
directly compare the data sets. The APXS errors we list
here measure precision; accuracy is shown in the
supporting information. The feldspar-rich extrusive
samples we discuss in this paper have not been analyzed
by APXS but its data are important as a comparison at
the low SiO2 end of the Gale data in particular.

RESULTS

Figure 2 shows a HiRISE (High Resolution
Imaging Science Experiment) mosaic of the Curiosity
path en route to Mount Sharp (Aeolis Mons), with
some key locations of igneous float rocks and
sedimentary targets marked. During the first 1000 sols,
a large amount of data—over 700 ChemCam targets
containing both LIBS spectra and RMI images—were
collected. Twenty-five igneous float rocks were identified
in MastCam and RMI images (Fig. 3) up to sol 553. A
textural classification was described in Sautter et al.
(2014). One type of igneous rock is volcanic and
includes dark, mainly aphanitic basaltic samples (e.g.,
Ashuanipi float rock, Fig. 3). Some possible vesicles are
evident, e.g., as in the Tully target. Coarse-grained
(>500 lm median grain size; Sautter et al. 2015),
feldspar-rich samples are also notably present, such as
the Robin Hood and the Harrison conglomerate clasts
(sols 365 and 514). Feldspar was identified on the basis
of the compositions as well as the pale color and
tabular crystal forms (Williams et al. 2013; Sautter et al.
2015). Subsequent LIBS compositional analyses have
supported this identification (Gasda et al. 2016; Cousin
et al. 2017).

Frequency histograms of major element
compositions and Fig. 4 illustrate the differences in
composition between the igneous float rock and the
combined sedimentary outcrop samples. Individual
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coarse-grained igneous rocks do not have enough
observation points to give a whole rock composition to
high accuracy, e.g., Dyar et al. (2011). The histograms
are produced from analyses corresponding to each
individual laser pulse, which represent compositions at
the 350–550 lm scale. In Fig. 4 (and Tables 1 and 2)
igneous plots, the mean compositions of the texturally
defined basalt (n = 6 samples and 538 spectra) and
trachybasalt (n = 7 samples and 1011 spectra) are
labeled. The total number of igneous sample spectra in
Figs. 4 and 5 is 5787, thus including some samples (13)
where the textural distinction between basalt and
trachybasalt was not considered to be clear enough to
be used in the mean endmember calculations.

Density contour plots (Fig. 5)—where each contour
represents an equal amount of data—reveal the main
foci of data. Within the Gale igneous samples, the two
endmembers (i.e., broadly, fine-grained basaltic and
more coarse-grained, feldspar-rich; Sautter et al. 2014)
differ compositionally in line with what would be
expected from the observed mineralogy. The feldspar-
rich group has relatively high SiO2, Al2O3, and alkalis
(particularly Na2O), and is low in FeO and MgO. The
igneous samples trend from the basaltic compositions
focused at around 47–51 wt% SiO2, to a local maxima
(Figs. 5 and 6) of ~55 wt% (53 � 5 wt%) SiO2 in the

more abundant feldspar-rich group (Table 1). The
trachybasalt and basaltic textural groups were used as a
starting point to calculate the two equivalent
compositional endmember means for the igneous
samples, and a bulk average of the sedimentary targets
was also calculated. The Gale trachybasalt composition
is analogous to some terrestrial trachybasalts (Figs. 5
and 6) though terrestrial trachybasalt analogs are
relatively richer in MgO compared to FeO, as expected
for an Earth–Mars igneous comparison (e.g., McSween
2002). Figure 6 is a total alkali versus silica (TAS) plot
with comparison fields for terrestrial rocks—oceanic
island basalts (OIB), mid-ocean ridge basalts, and also
trachybasalts from a variety of continental and oceanic
terrains (Baker 1969; Humphreys and Niu 2009; Gale
et al. 2013) are also plotted. The OIB field lies at a
Na2O + K2O combined content similar to the Gale
basalts.

The two igneous maxima may each include
additional igneous subcomponents, as proposed by
Sautter et al. (2015) and Cousin et al. (2017). In

Fig. 2. HiRISE view showing MSL Curiosity rover’s progress
since landing with various points of interest marked—
sedimentary outcrops and representative igneous locations.
HiRISE images ESP_027834_1755_RED, ESP_0359
17_1755_RED, and ESP_028401_1755_RED were used to
produce this map.

a

b

Fig. 3. Samples from the two endmember groups of igneous
rocks. (a) Ashuanipi (sol 337), La Reine (sol 346), Pisolet (sol
332), Tully (sol 456), Watterson (sol 329), and Wilkinson (sol
365) are basaltic, while (b) Angelo (sol 553), Bindi (sol 544),
Harrison (sol 514), Noriss_2 (sol 356), Robin Hood (sol 365),
and Clinton (sol 512) are trachybasaltic. These images were
taken from MastCam and the ChemCam RMI images.
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Fig. 4. Histograms showing the distribution of sedimentary and igneous observations for each major-element oxide. Only single-
shot spectra giving major-element totals between 95 and 105 wt% were included; the red column is the mean MER Spirit APXS
data from targets encountered at Gusev Crater (MER PDS). For igneous plots a, c, e, g, i, m, the total number of
spectra = 5787 and for sedimentary plots b, d, f, h, j, l, n, the number of spectra = 27,448. There are 1011 spectra from
texturally identified trachybasalt samples and 538 from basalt, the remainder of spectra in the igneous plots are from samples
where the textural distinction between trachybasalt and basalt was unclear. Error E = RMSE for CCAM data and is a measure
of accuracy and P = CCAM precision; see supporting information for more information. T and B are the trachybasalt and
basalt mean compositions (Tables 1 and 2) with groups based on the textural classification.
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particular, the unique Bindi sample (Fig. 3) contains
~80% feldspar and may be a cumulate (e.g., Cousin
et al. 2017). However, because the LIBS data on
individual rocks are often not sufficient to give an
accurate whole rock composition (Dyar et al. 2011) and
imaging data are also sometimes limited, we used the
statistical, grouping approach based on the density
contours and frequency histograms. We discuss the
samples below as simple compositional endmembers,

and we will study the potential relationship between
them and other Martian basaltic rocks.

The shergottites generally have considerably lower
Al2O3 contents than these Gale igneous samples which
have maxima at 11 and 22 wt%. The different
shergottites—although comprised of a diverse range of
samples and modal mineralogies—have a smaller range
of SiO2 than the Gale igneous samples (Figs. 4, 5, and
6). The shergottites also have low combined

Fig. 4. Continued.
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Na2O + K2O contents compared to the Gale igneous
rocks we are studying which have Na2O + K2O of 4–
6 wt% (Fig. 6). The trachybasalt samples also have a
notably low MgO (average 1.6 wt%, Table 1) and a
lower focus of Mg# at ~27 than the MER Spirit
(Mg# = 52), (Figs. 4 and 5; Table 2), but the Gale
basalt endmember focus of Mg# at ~54 is similar to the
MER compositions. We note these foci of Mg# do not
preclude a wider spread from individual targets. As we
argue in the next section, the crystal-melt fractionation
the trachybasalt parent rocks underwent from basaltic
melt precursors gave them the lower average MgO and
Mg# composition foci.

The sedimentary strata have been analyzed to
provide outcrop data along the Gale traverse, which we
use to compare with our igneous samples’ compositions.
The individual stratigraphic units are described in
Grotzinger (2013), Rice (2014), Anderson et al. (2015),
Le Deit et al. (2016), and Mangold et al. (2016). These
sediments are fluvio-lacustrine mudstones and coarser
sediments, which have sampled source areas around
Gale Crater (Grotzinger et al. 2015). The sedimentary
outcrop analyses have a clear LIBS focal point of SiO2

at 45 wt%, similar to the basaltic endmember of the
igneous samples. Likewise for Al2O3, the sedimentary
set has a well-defined compositional density peak at
10 wt%, but as noted above, the igneous data have a
less well-defined peak and ranges 6–25 wt% Al2O3. For
FeO, the sedimentary data (peak at 19 wt%) have a
wider distribution than the igneous rocks, but match
those of the shergottite meteorites. The CaO
distributions are broadly similar with the sedimentary
outcrops having a slightly lower mean (5.5 wt%) than
the igneous float samples’ mean (6.4 wt%). The Gale

basaltic igneous and sedimentary samples both give
further evidence for the importance of an Fe-rich, Al-
poor, moderately alkali-rich basaltic composition in the
Martian highlands, distinct from the more alkali-poor
shergottites. APXS data from numerous sedimentary
targets are in agreement with the focal point at 45 wt%
SiO2. The additional trend toward extreme CaO
enrichment in the sediments reflects the presence of
abundant Ca sulfate veins of diagenetic origin (Nachon
et al. 2014; Schwenzer et al. 2016) and is not directly
related to the bulk silicate and oxide compositions of
the sediments.

CRYSTAL FRACTIONATION MODEL

In order to test crystal fractionation controls on the
igneous trends identified in Figs. 5 and 6, a simple
model (described below) was used to simulate the
igneous compositional trends through crystal
fractionation. The model subtracted olivine and
pyroxene from the Spirit MER composition of the
Humphrey sample, a representative Adirondack class,
olivine-rich Martian basalt. This composition (Gellert
et al. 2009) was normalized to 100%, and then 10%
augite was subtracted. The result was then renormalized
and a series of olivine subtractions took place every
10% between 0 and 40%. An olivine composition of
SiO2 = 32 wt%, FeO = 44 wt%, and MgO = 24 wt%
was used to reflect the Fe-rich, low-Mg nature of the
environment. The Mg# of the olivine (50) used in the
crystal fractionation model is within the range suggested
by Mossbauer spectroscopy (Morris et al. 2006;
Filiberto et al. 2008) for the Adirondack basalts on the
MER Spirit landing (60 � 10). For the augite

Fig. 4. Continued.
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subtraction, a composition of SiO2 = 42 wt%,
FeO = 19 wt%, MgO = 14 wt%, and CaO = 24 wt%
was used due to a similar Mg# to Humphrey. This
model matches well with the apparent trend (Figs. 5
and 6) of igneous compositions, for major elements and
Mg# of 54-27, from the lower silica igneous peak near
the Gusev-like basaltic composition to the trachybasalt
peak, suggesting a fractionation trend based on the
removal of olivine. The key link between the
fractionation of olivine and the Gale compositional
trend raises the issue of the identification of olivine in
Gale rocks. Although CheMin has identified variable
amounts of olivine in some Gale sediments (Vaniman
et al. 2014), ChemCam has not identified discrete
olivine phenocrysts in the igneous samples or detrital
grains in the sedimentary rocks. The absence of olivine
in the igneous samples is to be expected for silica-
saturated, low-MgO trachybasaltic bulk compositions.

Within the basaltic igneous rock, and sediments, the
absence of pure olivine compositions—or identified
olivine phenocrysts in images—may be due to the grain
size of the olivine being less than the laser beam width
of 350–500 lm. It may also be the case that there has
not yet been a suitable MAHLI, RMI image on a fresh
face on the limited number of basaltic igneous samples.

CIPW NORMATIVE COMPOSITIONS

Table 1 presents CIPW weight normative values
calculated from the textural endmember mean
compositions, together with a realistic set of Fe3+/
(Fe3+ + Fe2+) contents, i.e., 0.1–0.2 (e.g., Schmidt
et al. 2013, 2014). Figure 7 shows these results plotted
on a Yoder and Tilley (1962) basalt tetrahedron. The
tetrahedron spans the parameter space between
normative diopside, nepheline, quartz, albite, enstatite,
and forsterite. This divides the tetrahedron volume into
three sub tetrahedra. Both of the Gale representative
igneous compositions fall between the plane of silica
saturation (Di, Ab, and En) and the plane of silica
undersaturation (Di, Ab, and Fo) indicating that a
significant fraction of the igneous Gale rocks is olivine
and hypersthene normative, having affinities with
terrestrial silica-saturated, olivine tholeiites. CIPW
norms are generally used to estimate the mineralogical
composition of anhydrous igneous rocks, such as these.
We do not consider normative mineralogies of the
averages of Martian sedimentary rocks because of the
presence of hydrous mineralogy. However, as there is
strong evidence (McLennan 2003; Bridges et al. 2015)
for dominantly isochemical alteration in the
sedimentary rocks from the early part of the mission,
we do compare the sediments on the TAS plots with
igneous fields as a useful way of contrasting the igneous
float rock compositions.

DISCUSSION

Mars has generally been considered to have a
dominantly basaltic composition crust on the basis of
over 40 yr of Martian meteorite analyses, orbiting
spectral observations, and previous landed missions
(e.g., Adams 1968; McSween et al. 1999; Bandfield
2000; Bibring and Erard 2001; Bridges and Warren
2006; Karunatillake et al. 2006). However, Dreibus and
W€anke (1985) suggested that the Martian interior is
alkali-enriched compared with the Earth, and some
alkali-rich rocks have been found on Mars with
McSween and Ruff (2006) demonstrating that
moderately alkaline-rich basalt, trachybasalt, was
present at the MER Spirit landing site. In addition,
Adirondack class, subalkaline, olivine-rich basalts, like

Table 1. Mean bulk and normative compositions of
basalt and trachybasalt endmembers (ChemCam Data
from MSL PDS).

Basalt Trachybasalt Sedimentary

Mean
SiO2 51.4 55.2 49.6
TiO2 1.2 0.8 1

Al2O3 10.7 19.8 14.3
FeO 17.7 7.7 18.7
MgO 11.8 1.6 5.8

CaO 5.6 6.4 5.3
Na2O 3 5.4 3.3
K2O 0.6 1.2 1.3

Total 101.9 98 99.2
Mg# 54.3 27 35.6

One standard deviation

SiO2 2.6 3.5 4.4
TiO2 0.9 0.2 0.3
Al2O3 4 2.5 3.6
FeO 2.4 5.6 5.4

MgO 4.1 1 2.9
CaO 1.4 2.4 2.2
Na2O 0.9 1.3 1.1

K2O 0.5 0.9 1.1
Total 2.8 1.9 2.6
Fe3+/(total iron) 0.1 0.2 0.1

Plagioclase 39.3 39.3 71.9
Orthoclase 3.7 3.7 6.9
Diopside 11.1 11 4.5
Hypersthene 24.7 28.4 11

Olivine 18.3 11.9 1
Ilmenite 2.3 2.3 1.5
Magnetite 2.9 5.7 1.3

Total 102.1 102.3 98.1

Basalt and trachybasalt fields are the average of each texturally

defined class’s composition. Sedimentary is a mean of all

sedimentary data from the first 1000 sols (MSL PDS).
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“Humphrey” used in our model, show a complex record
of planetary differentiation. Furthermore, relatively
alkali-rich basalts were predicted to be on the surface of
Mars based on the mineralogy and mineral chemistry of
the chassignites (Nekvasil et al. 2007), and a connection
between basalts at Gusev Crater and the chassignites
was suggested based on mineral chemistry and results of
experimental crystallization studies (Filiberto et al.
2008; Nekvasil et al. 2009). Although the majority of
the 90 known Martian meteorites are subalkaline, the
impact regolith breccia NWA 7034, NWA 8114, and
pairs have a high abundance of K-feldspar and contain
alkali basalt clasts (Humayun et al. 2013; Santos et al.
2015), suggesting that the parental magmatic crust to
some of the clasts in the rock was alkali-rich. The
Yoder and Tilley basaltic tetrahedron in Fig. 7 uses
CIPW weight-normative compositions to show the
relationships between igneous data (Yoder and Tilley
1962). The critical plane Di–Fo–Ab has fundamental
petrological significance in that it is an equilibrium
thermal divide across which silicate liquids cannot pass
at the relatively low pressures associated with shallow
crustal settings. Thus, the silica-saturated rocks
associated with the Gale trachybasalts cannot be co-
genetic with any silica-undersaturated, alkaline igneous
rocks in the Gale catchment. Magmas undergoing
tholeiitic fractionation become saturated with Fe as
their silica contents increase during fractional
crystallization and begin crystallizing iron oxides
(Nicholls and Ringwood 1972). The residual magma
becomes progressively enriched in alkali metals as the
melts evolve toward silica and alkaline-rich
compositions. The tholeiite fractionation trend can
produce a wide range of igneous rock types including
trachybasalts, trachyte, and rhyolite, such as shown by
the Shishaldin volcanics in the Aleutian Islands,
Aleutians (Cox et al. 1970; Spulber and Rutherford
1983; Whitaker et al. 2005; Zimmer et al. 2010). The

olivine-dominated fractional crystallization trends
shown for the major elements in Fig. 5 are consistent
with such differentiation taking place. Recent
discoveries of the high-temperature silica polymorph
tridymite by Curiosity (Morris et al. 2016)—although
not diagnostic of a particular melt composition—are
consistent with the presence of more fractionated
tholeiitic igneous rocks—as yet unidentified in whole
rock samples—in the Gale catchment.

Sedimentary units in the early part of the MSL
mission—Sheepbed, Shaler, Darwin, and Pahrump
Hills, sols 126–923 (Grotzinger et al. 2015)—have
compositions similar to those of the MER APXS
olivine-rich basalts’ data from Gusev Crater. The Gale
sedimentary units do, however, show notable
compositional differences between and within each
other. For instance, Mangold et al. (2016) used
ChemCam data to show that conglomerates in Darwin
had source regions with varying Na/K ratios. Alkali
enrichment was seen within the Shaler Facies 7 and
Kimberley units, which were relatively K-rich and also
in the latter case known to be sanidine-bearing from
CheMin XRD (Anderson et al. 2015; Thompson et al.
2016; Treiman et al. 2016). Similarly, APXS analyses of
the Jake_M float sample (sols 46–47) suggest it is
sufficiently enriched in sodium that it is either a silica-
undersaturated, nepheline-normative, alkaline igneous
rock (as originally suggested by Stolper et al. 2013), or
a sedimentary float rock which has sampled alkaline
igneous minerals from the catchment area. The origin of
those alkali enrichments is beyond the scope of our
paper on silica-saturated igneous rocks, and as shown
by the basalt tetrahedron plot (Fig. 7), there is no clear
link between them. However, we note that silica-
undersaturated, alkaline-rich rocks are likely to be part
of the Peace Vallis catchment area (Treiman et al. 2016)
while not being the dominant Gale igneous signature.
Juxtaposition of distinct alkaline and tholeiitic lavas is

Table 2. Comparison of the compositions of the mean endmembers of the igneous samples with MER.

Data set SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O P2O5 SO3 Cl MnO Cr2O3 Total Mg#

Mean spirit APXSa 45 1 10.5 15.5 9.3 6.2 3 0.4 1.4 6.1 0.9 0.3 0.3 99.9 51.7
MER—Wishstonea 43.8 2.6 15 11.6 4.5 8.9 5 0.6 5.2 2.2 0.4 0.2 0 99.9 40.9

MER—Bouncea 47.5 0.7 10.7 14.2 7.6 9.8 2.2 0.3 0.9 4.6 0.9 0.4 0.1 100 48.8
MER—Humphreya 46.3 0.6 10.8 18.6 9.5 8.2 2.8 0.1 0.6 1.1 0.3 0.4 0.7 100 47.6
MSL—APXSb 45.5 0.9 9.6 17.8 7.4 5.9 2.9 1.1 1 5.8 1.1 0.4 0.4 99.7 42.6

Basaltic
endmemberb

51.4 1.2 10.7 17.7 11.8 5.6 3 0.6 N/A N/A N/A N/A N/A N/A 54.3

Trachybasaltic

endmemberb
55.2 0.8 19.8 7.7 1.6 6.4 5.4 1.2 N/A N/A N/A N/A N/A N/A 27.0

Targets texturally identified as basaltic and trachybasaltic use the mean of the ChemCam spectra for the relevant targets. ChemCam PLS/ICA

does not return values for P, S, Cl, Mn, or Cr.
aMER PDS.
bMSL ChemCam LIBS Planetary Data System.
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Fig. 5. Contour plots a–g showing the distribution of major-element oxides for the sedimentary and igneous compositional
groupings. Each contour level contains an equal fraction of data. Individual spectra data were used with the major-element oxide
totals between 95 and 105%. The first five spectra on each observation point were ignored as they contain a high percentage of
Martian dust giving an unrepresentative view of the target composition. The olivine subtraction model is marked with each point
on the black line marking 10% olivine extractions moving from left to right. Terrestrial trachybasalts are included from the
literature (Baker 1969). Light crosses on each plot show the RMSE error (accuracy) for each ChemCam oxide and darker
crosses show precision; see supporting information for further information. MER data from Spirit at Gusev.
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known on Earth, and is characteristic of ocean island
settings (Delong and Hoffman 1975; Floyd et al. 1991).
An important overall observation from Gale is that
coarse-grained sediments (e.g., conglomerates and
coarse-grained sandstones) are more felsic (enriched in
silica and alkalis), while fine-grained material, such as
the Yellowknife Bay Mudstone (McLennan et al. 2014;
Mangold et al. 2015), is more mafic (Mangold et al.
2016), much closer to the canonical average Mars
composition (Taylor and McLennan 2009). This may
suggest that regions closer to Gale, which would be the
source of larger clasts and coarser grained material,
have more felsic compositions, while catchment regions
farther from Gale, represented by more abraded, finer
grained material, are more mafic.

The similarity between MSL sedimentary detrital
material and MER Spirit basalt data indicates that their
parental melts had mantle source regions of similar
composition and nature, but distinct from those
associated with the more alkali- and Al-poor
shergottites. The latter are often considered to have
been derived from depleted mantle melts underlying the
northern lowlands and Tharsis, and the majority

crystallizing <600 Myr ago (e.g., Nyquist et al. 2001;
McSween et al. 2003). In contrast, McSween and Ruff
(2006) described mantle partial melting controls leading
to primitive picritic basalts (like the Humphrey sample)
in Gusev. The Gale igneous samples that are the topic
of our paper are related to this type, rather than
shergottites, through crystal-melt fractionation.

WATER AND HYDRATED MINERALS IN
MARTIAN MAGMAS

The water content of magmas is a critical control
factor on their petrogenesis. For instance, Whitaker et al.
(2005) reported their experimental evidence that tholeiitic
basalt can give rise to alkaline magma if crystallized
>4.3 kbar and with magmatic water contents above
0.4 wt%. However, until recently, there has been little
consensus about the water content of Martian basaltic
magmas. The shergottites typically contain less water
(<350 ppm H2O; e.g., Leshin and Epstein 1996) than
their terrestrial basaltic counterparts (2000–20,000 ppm
H2O; e.g., Saal et al. 2002). The magmatic water contents
of glassy olivine-hosted melt inclusions in primitive
basaltic shergottites are similarly low, at <250 ppm H2O
(Usui et al. 2012, 2015; Collinet et al. 2015). However, to
some extent, magmas will have degassed upon eruption
(McSween et al. 2001; Beck et al. 2004; Herd et al. 2005;
Udry and Howarth 2016). Because of this inherent
uncertainty, estimates of water in Martian magmas range
from nearly anhydrous to 2 wt% dissolved H2O (e.g.,
see review Filiberto et al. 2016a, 2016b). Recent
investigations of hydrous and halogen-bearing minerals
(in particular apatite) have helped to constrain the water

Fig. 6. TAS plot comparing the sedimentary and igneous
groupings with MSL ChemCam and MER APXS data, along
with Martian shergottite meteorite data. Also shown are
terrestrial trachybasalts from the literature. Each contour level
contains an equal fraction of data. Single-shot data with
major-element totals of 95–105% were used. Model shown
subtracting olivine and pyroxene from the mean of a
representative Spirit MER APXS target Humphrey RAT1
(MER PDS). This mean was normalized to 100% for the
model and then 10% augite composition was subtracted. This
was again renormalized and then a series of 10% olivine
subtractions between 0 and 40% shows a trend matching the
igneous compositions. Terrestrial mid-ocean ridge basalts
(Gale et al. 2013) and ocean island basaltic compositions
(Humphreys and Niu 2009) are also plotted. The cross shows
CCAM RMSE (accuracy), and APXS errors (percentage error
of total) are detailed in the supporting information.

Fig. 7. Yoder and Tilley basalt tetrahedron (Yoder and Tilley
1962) showing that Gale igneous rocks fall between the olivine
and silica normative planes, and so have silica-saturated
compositions. Mean compositions of the spectra in the
subcategorized basaltic and trachybasaltic groups were used
for the CIPW norm (Table 1). Di = diopside; Ne = nepheline;
Q = quartz; Ab = albite; En = enstatite; Fo = forsterite.
Humphrey composition from MER PDS and McSween and
Ruff (2006).
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contents of pre-eruptive Martian magmas, and the results
are consistent with a drier interior (Gross et al. 2013;
Filiberto et al. 2016a; McCubbin et al. 2016). Recently,
Filiberto et al. (2016b) calculated a basalt source region
that is 56 � 60 ppm H2O.

Such a low water content is consistent with the
notably anhydrous mineralogy of the igneous
components of the Gale sedimentary assemblages. None
of the drillhole CheMin XRD analyses of sedimentary
outcrop targets have revealed any amphibole or mica
(e.g., Vaniman et al. 2014; Treiman et al. 2016; Rampe
et al. 2017). Micas have been inferred from ChemCam
observations indicating co-enrichments of Al and F
(Forni et al. 2015; Le Deit et al. 2016); however, in
these sheet silicates, F can substitute for OH.
Amphibole may also have been observed by ChemCam,
but conclusions are not definitive due to the qualitative
nature of the hydrogen observations (Schroeder et al.
2015) and the fact that amphibole major-element
compositions potentially overlap with other common
minerals or combinations of minerals.

In contrast, one argument that has been put
forward for volatile-rich Gale magmas is from modeling
of the source material for the Jake_M float rock, e.g.,
Collinet et al. (2015). Based on the (questionable)
assumption that this rock is igneous, a water content of
at least 0.5–1 wt% H2O could be required to achieve

the relatively high Al/Mg ratio observed in this rock
(Stolper et al. 2013). However, in line with the current
understanding of low water contents in Martian
magmas, the uncertain origin of the Jake_M sample,
and the absence of any obvious evidence from
ChemCam data for amphibole or mica in the igneous
float rocks, we suggest the parental Martian melt to the
trachybasalts was anhydrous.

TERRESTRIAL AND EXPERIMENTAL ANALOGS

If Mars has always lacked plate tectonics as is
generally accepted (Banerdt et al. 1982; Karlsson et al.
1992; Mezger et al. 2012), then intraplate magmatism
will be most relevant for interpreting our results. In the
terrestrial environment, intraplate magmas are often
part of diverse groups of magmas including from basalt
to rhyolite, alkaline and tholeiitic compositions (e.g.,
Whitaker et al. 2005). Results from data from Gusev
Crater and the Spirit Mars Exploration Rover have
shown samples with some similarities to these terrestrial
basalts such as OIB. Oceanic island magmatic provinces
are associated with both tholeiitic and alkaline magmas
(Wilson 2007) and so are useful analogs for Gale
igneous rocks. However, we note that this analogy has
limitations because terrestrial primitive OIB has H2O
contents of 2000–8000 ppm (Johnson et al. 1994; Dixon
and Clague 2001), far higher than the likely anhydrous
magmas under consideration here. Terrestrial
trachybasalts are found in a range of alkaline and
tholeiitic environments. Previous experimental work has
investigated the fractionation conditions likely to be
experienced in the Martian igneous environment.
Nekvasil (2004), Nekvasil et al. (2007), and Whitaker
et al. (2005) tested melt fractionation, starting from
hawaiite compositions associated with ocean islands and
continental hotspots. Those authors demonstrated that
there are four major trends that these compositions can
follow. They are (1) silica-saturated, Na-rich; (2) silica-
saturated, K-rich; (3) ocean island tholeiitic; and (4)
silica-undersaturated, Na-rich. Comparing these trends
to our ChemCam data helps constrain the nature of the
melt source and fractionation conditions. The
ChemCam data parallel quite closely the Curve 2 trend
in Whitaker et al. (2005, 2007) in Fig. 8, which is
representative of silica-saturated, K-rich basalt.
Fractionation of a tholeiitic parent liquid at 4.3 kbar
(i.e., a mid-crustal pressure on Mars, Nimmo and
Stevenson 2001) with moderate water contents
(~0.3 wt%) replicates the silica-enrichment segment of
Trend 2. This part of the trend continues from
ferrobasalt to potassic rhyolite (Whitaker et al. 2005,
2007), again raising the possibility of more fractionated
igneous samples in Gale that have yet to be identified.

Fig. 8. Total alkalis versus silica diagram showing four major
trends from Whitaker et al. (2005) and Nekvasil et al. (2007).
(a) Silica-saturated Na-rich, (b) silica-saturated K-rich, (c)
ocean island tholeiitic, and (d) silica-undersaturated Na-rich
trends (Nekvasil et al. 2007). The contours are single-shot
ChemCam compositions of igneous samples (blue) and
sedimentary (red) samples—see Figs. 5 and 6. Trend 2
(5 kbar, dry conditions) corresponds most closely to the
igneous trend in the Gale samples studied in this paper,
though with slightly lower alkalis. Dotted line represents the
alkali/subalkali saturation divide from Irvine and Baragar
(1971).

2404 P. H. Edwards et al.



This suggests that the Gale basalt to trachybasalt
igneous assemblage is associated with fractionation at
low crustal pressures from low H2O, silica-saturated
tholeiitic magmas. Similarly, Nekvasil (2004) showed
that under shallow crustal conditions, the abundance of
early olivine produces strong silica enrichment and
subalkalic total alkalis to silica ratios in evolved basaltic
rocks. The dotted line on Fig. 8 represents the alkali
saturation divide from Irvine and Baragar (1971). That
line suggests that the Gale igneous rocks are close to
the boundary of tholeiitic and alkaline lavas but as
argued previously, this 2-D plot has limitations in firmly
distinguishing alkaline from tholeiitic melts (Delong and
Hoffman 1975). The crystallization sequence of an Fe-
rich tholeiitic basalt magma at low pressure starts by
being dominated by olivine extraction (Grove and
Baker 1984). Following the olivine extraction
plagioclase dominates. Thus, our model of initial
olivine-dominated fractionation (to create feldspar-rich
trachybasalts) is realistic.

CONCLUSIONS

1. The ChemCam and textural observations of igneous
float rocks and conglomerate clasts in the first 530
sols of the Curiosity rover traverse in Gale Crater
have led to identification of extrusive basalts and
trachybasalts.

2. ChemCam data show that the samples identified
texturally as basaltic have an average SiO2 content
of about 47–51 wt%, Mg# = 54, and those
identified texturally as trachybasalts, � 55 wt%
(53 � 5 wt%), Mg# focus at 27. This range in
composition is consistent with olivine-dominated
crystal fractionation from a subalkaline, Fe-rich
basaltic melt similar to the composition of
Adirondack class basalts seen at Gusev Crater.

3. The Gale melts associated with the basalt–
trachybasalts were silica-saturated and tholeiitic.
Our model shows that these are consistent with a
formation under Mars crustal pressure (e.g.,
4.5 kbar) and low H2O conditions. These affinities,
together with the likely existence of alkaline, silica-
undersaturated igneous rocks in other parts of the
Gale catchment, are consistent with a terrestrial
intraplate analogy for Gale magmatism.
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