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[1] Clenet et al. (2011) have developed an adapted version of the Modified Gaussian Model
(MGM). The improvements allow the characterization of spectra of olivine-pyroxene(s)
mixtures, addressing both modal composition and individual minerals chemical
composition. This version of MGM is fully automated and operational with large amounts of
hyperspectral imaging data. Two natural cases are considered. The first one is the Sumail massif
in the Oman ophiolite (Earth). Based on our approach applied to HyMap data, two contrasted
lithologic units are mapped: the mantle, which is harzburgite dominated, and the crust made of
gabbros and clinopyroxene-rich cumulates, with spectral variations interpreted in terms of
pyroxenes chemical compositions. Once this new MGM mapping approach has been validated
on a controlled natural situation, we map the distribution of mafic assemblages across the Syrtis
Major volcano on Mars using a visible and near-infrared (VNIR) - short wave infrared (SWIR)
Observatoire pour la minéralogie, l’eau, les glaces et l’activité (OMEGA) / Mars Express (MEx)
mosaic. Our results are in agreement with previous work but olivine appears to bemore abundant
than previously estimated in the central part of the volcanic edifice, especially in ternary mafic
assemblages (augite, olivine, enstatite). Based on these results, we propose a possible scenario for
the igneous (and thus thermal) evolution of the Syrtis Major region. Surrounding terrains have
formed first and local heterogeneity can be observed between northern and southern areas
of the Noachian crust. We also observe variations in the mineral assemblages within Syrtis
Major lavas, which can be interpreted in terms of differentiation from a common parent
melt and/or of a progressive evolution of the mantle source composition and temperature.

Citation: Clenet, H., et al. (2013), A systematic mapping procedure based on theModified GaussianModel to characterize
magmatic units from olivine/pyroxenes mixtures: Application to the Syrtis Major volcanic shield onMars, J. Geophys. Res.
Planets, 118, 1632–1655, doi:10.1002/jgre.20112.

1. Introduction

[2] Mafic minerals have been detected early in the explora-
tion of Mars, first using telescopic observations [e.g., Adams,
1968; Pinet and Chevrel, 1990]. The Syrtis Major region is
characterized by one of the darkest albedos on Mars and low

dust cover and exhibits strong absorption features indicative
of the widespread occurrence of mafic minerals and variability
within the volcanic construct [e.g., Pinet and Chevrel, 1990].
Telescopic detections have been confirmed by orbital obser-
vations using different techniques such as thermal infrared
[e.g., Bandfield, 2002; Bandfield et al., 2000] or visible
near-infrared optical spectroscopy [e.g., Mustard and
Sunshine, 1995; Bibring and Erard, 2001; Mustard et al.,
2005; Poulet et al., 2007; Ody et al., 2012].
[3] Another way to understand Martian petrology relies on

SNC meteorites [McSween, 1994]. Detailed studies of their
constituents can be done, especially in terms of minerals
chemical composition [e.g., McCoy et al., 1992; Mittlefehldt,
1994; Smith and Hervig, 1979; Stolper and McSween,
1979]. Crystallization conditions can then be inferred from
the pyroxenes composition [Lindsley, 1983]. However, direct
comparison between SNCs analyses and remote-sensing
observations is hard to establish. Indeed, on the one hand,
the loci of origin of the meteorites are not clearly known
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[Mustard and Sunshine, 1995; Hamilton et al., 2003], and on
the other hand, the chemical composition of the Martian mafic
minerals is not well constrained from remote sensing, despite
recent efforts [e.g., Bibring et al., 2005; Combe et al., 2008;
Kanner et al., 2007; Poulet et al., 2007].
[4] The transition between the Noachian and Hesperian

epochs on Mars is characterized by fundamental changes in
planetary-scale processes, including a potential increase in
volcanic activity [e.g., Baratoux et al., 2011; Bibring et al.,
2006; Greeley and Spudis, 1981; Hiesinger and Head,
2004]. The global change in igneous mineralogies observed
on the surface could be explained by an evolution of the man-
tle composition and thermal structure and, consequently, of the
partial melting and crystallization conditions [Baratoux et al.,
2013]. The chemical composition of each mafic mineral on the
surface is related to the igneous processes which have affected
the planet through time. Thus, detection of olivines and pyrox-
enes and characterization of their respective composition are
instrumental in documenting the magmatic evolution of Mars.
[5] The aim of this paper is focused toward better

constraining Mars igneous processes in the region of Syrtis
Major using recent developments from Clenet et al. [2011].
Improvement in data processing now allows us characterizing
olivine and pyroxene chemical composition within their
solid solution (respectively forsterite-fayalite and enstatite-
ferrosilite-diopside-hedenbergite), even in the case of complex
mixtures involving both minerals. In the first part of the paper,
we illustrate the validation process from laboratory data to con-
trolled geologic mapping based on imaging spectroscopy under
natural conditions on Earth. This demonstration was made by
means of an airborne hyperspectral survey performed over a
massif of the Oman ophiolite, for which ground truth (e.g.,
rocks modal abundance and minerals chemical composition)
is available through extensive field and petrologic work. In
the second part of the paper, we apply the same method to an
integrated VNIR-SWIR OMEGA/MEx mosaic produced over
the volcanic shield of Syrtis Major and propose a first global
depiction of the regional compositional changes associated with
the identified mafic assemblages.

2. Olivine and Pyroxenes Spectroscopy

[6] In visible and near-infrared reflectance spectra, olivine
and pyroxenes are characterized by their Fe2+ electronic tran-
sition absorption bands. For a perfect octahedral crystal field,
the electronic transition creates an absorption feature with
minima around 1.10 μm. However, absorptions of a same
metallic ion can occur at different wavelengths because of
variations in the crystallographic site symmetry, bond type
and length, and site distortion [Burns, 1993; Sunshine and
Pieters, 1998; Klima et al., 2011], and absorption width is
linked to thermal vibrations that modify the bond length
around a mean value [Burns, 1993].
[7] Consequently, pyroxenes reflectance spectra show two

main absorptions respectively around 1 and 2 μm and a less
pronounced absorption at 1.2 μm [Hunt and Salisbury,
1970; Adams, 1974, 1975; Singer, 1981; Klima et al., 2007].
This 1.2 μm absorption is the result of molecular distortion
in the M1 crystallographic site [Burns, 1993]. Spectra of
olivine are dominated by a broad complex absorption feature
which is a composite of several absorptions: two of them
correspond to iron in the M1 site (around 0.85 and 1.25 μm)

while the third one, around 1.05 μm, corresponds to the M2

site [Burns, 1970; Hunt, 1977; Sunshine and Pieters, 1998;
Dyar et al., 2009].
[8] The substitution of different-sized cations, such as

calcium, iron, and magnesium, also controls the positions of
the different absorptions minima. In the case of olivine
[(Mg,Fe)2SiO4], solid solution ranges from forsterite to
fayalite. The overall position of the 1.0 μm absorption feature
is known to shift toward longer wavelengths with increasing
iron content [Burns, 1970, 1993; Adams, 1975; King and
Ridley, 1987]. For pyroxenes [(Ca,Mg,Fe)2Si2O6], wave-
lengths shift is a function of Fe/(Mg+Fe+Ca) ratio [Adams,
1974, 1975; Cloutis et al., 1986; Cloutis and Gaffey, 1991b].
Basically, enstatite (orthopyroxene) main absorptions occur
around 0.90 and 1.85 μm, while diopside (clinopyroxene)
main absorptions occur around 1.00 and 2.30 μm [Hunt and
Salisbury, 1970; Adams, 1974, 1975; Singer, 1981]. The dif-
ference between the two types of pyroxenes is related to Fe2+

position: Metallic ion is located preferentially in M2 site
for orthopyroxene and in M1 site for clinopyroxene, Ca2+

being in M2 site in the second case [Adams, 1974; Burns,
1993]. Hazen et al. [1978], followed by Cloutis and Gaffey
[1991a], have shown that absorption features evolve progres-
sively between the pyroxenes end-member, absorption minima
shifting to longer wavelength with increasing Fe content
(diopside to hedenbergite and enstatite to ferrosilite) and Ca
content (enstatite-pigeonite-augite-diopside).
[9] In this paper, we will use the terms orthopyroxene and

clinopyroxene (respectively OPX and CPX) with reference
to the minerals structures when known and to their corre-
sponding MGM initial configurations (see next section).
We will also use the terms low-calcium pyroxene and
high-calcium pyroxene (respectively LCP and HCP) with
reference to pyroxene compositions. LCP and HCP encom-
pass respectively the enstatite-ferrosilite-pigeonite and the
augite-diopside-hedenbergite range of compositions.

3. Implementation of a MGM-Based
Mineralogical Mapping Procedure

[10] The quantitative interpretation of mineralogy from
spectra is limited as it is hampered by the overlap of the ab-
sorption features, particularly when there is a mixture of two
or three minerals, as it is frequently the case with rocks.
Indeed, such spectra show intermediate characteristics to those
of the different end-member components. Those properties
vary nonlinearly as a function of minerals relative abundance
and composition [Adams, 1974; Singer, 1981; Cloutis and
Gaffey, 1991b; Sunshine and Pieters, 1998]. The Modified
Gaussian Model (MGM), developed by Sunshine et al.
[1990] and Sunshine and Pieters [1993, 1998], has been a first
step to detect and resolve these end-member contributions.
MGM technique aims at deconvolving overlapping absorp-
tions of mafic mineral spectra into their fundamental absorp-
tion components. It is achieved by considering a sum of
modified Gaussian functions characterized by their band
centers, widths, and strengths. The specific aim of this model
is to directly account for electronic transition processes
[Sunshine et al., 1990].
[11] However, as demonstrated by Kanner et al. [2007]

and Clenet et al. [2011], MGM results are sensitive to the ini-
tial parameters (i.e., centers, widths, and strengths) and thus
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MGM cannot simply be implemented blindly on an entire
data set as acquired on planetary surfaces. An automatic pro-
cedure has been recently implemented by Clenet et al. [2011]
based on the original MGM approach [Sunshine et al., 1990;
Sunshine and Pieters, 1993] in order to deal with unknown
mafic mineralogy in the case of laboratory or natural rock
spectra. A key issue is to initialize the MGM procedure with
a proper setting for the parameters. Consequently, an auto-
matic analysis of the shape of the spectrum is first performed
(spectrum maxima and minima are used to estimate at first-
order absorption strengths and widths). The continuum is
handled with a second-order polynomial initially adjusted
on the local maxima along the spectrum (curvature, slope,
and shift are free to move during the modeling). Clenet
et al. [2011] consider all the mixture possibilities involving
orthopyroxene, clinopyroxene, and olivine and use accord-
ingly for each of the seven configurations different numbers
of Gaussians (from 3 to 7), depending on the potential com-
plexity of the mixture. Additional Gaussians centered around
0.5 (UV charge-transfer absorption) and 0.6 (ferric absorp-
tion) and at 1.4, 1.9, and 2.3 μm (hydration and alteration ef-
fects) may be requested to account for spectral features not
related to mafic mineralogy. Gaussians parameters initial set-
tings for the seven configurations are made each time on the
basis of the spectrum shape and the laboratory results avail-
able in the literature in the case of simple mixtures of mafic
minerals (see Clenet et al. [2011] for details). Considering
all the mixture possibilities with the three mafic components,
MGM modeling is run seven times, with seven different ini-
tializations, on a given spectrum. Root-mean-square (RMS)
residuals cannot be used as the only parameter to check for
the validity of the results as large number of Gaussian func-
tions may result in low RMS mathematical solutions without
any physical meaning. Consequently, the returned MGM

solutions are then assessed on the basis of a mineralogical
sorting (i.e., each modeled Gaussian function must verify the
spectroscopic criteria defined in the literature [Adams, 1974;
Sunshine and Pieters, 1993, 1998]) and are accordingly either
validated or discarded. Finally, the solution(s) kept is (are)
interpreted in terms of mineralogy [Clenet et al., 2011]. A
sketch illustrating the process is presented in Figure 1.
[12] The results presented in Clenet et al. [2011] show that

this newMGM approach is able to model simple and complex
mafic mineralogies, including binary and ternary mixtures
(involving orthopyroxene, spectral type B clinopyroxene,
and olivine) for a large range of grain sizes. It is a quantitative
step forward to characterize both modal and chemical compo-
sitions of pyroxenes and olivines. A demonstration of the
methodology on specific examples of binary and ternary
olivine-pyroxenes mixtures has been made (with and without
plagioclase), which shows that the different nonlinear effects
which affect the Gaussian parameters (center and strength)
can be successfully handled. One of the major advantages of
this approach is that band center positions associated with the
different mafic minerals are not set in the inverse problem,
and thus theMGMoutputs are truly informative of the chemical
composition of pyroxenes and olivines. With the consideration
of some limits on the detection thresholds, these results set con-
fidence on the operational use of the Modified Gaussian Model
with large hyperspectral data sets, for establishing detailed
lithological/mineralogical mappings intended to explore the
petrology and mode of emplacement of magmatic units.

4. Validation of the Mapping Procedure on the
Oman’s Ophiolite

[13] The Oman ophiolite is a remnant of the vanished
Tethys Ocean [Glennie et al., 1974]. Due to the convergence

Spectrum

Ol Opx Cpx
Ol-Opx Ol-Cpx Opx-Cpx

Ol-Opx-Cpx

Gaussian parameters for
simple mineralogies

MGM
(Sunshine et al., 1993,1998)

7 run

Mineralogical sorting
Mathematical

solution(s)
kept

adapted procedureIn/out data mathematical inversion

Dominating
mineralogy

choice

Spectrum
shape

analysis

Figure 1. Schematic of fitting process used for each spectrum from Clenet et al. [2011]. Parameters for
modified Gaussian of simple mineralogies are extracted from literature [Adams, 1974; Sunshine and
Pieters, 1993, 1998] and set as fixed inputs. All the process is fully automated and the mathematical inver-
sion is the one used by Sunshine and Pieters [1993, 1998]. The output products are mathematical solutions,
which are validated in terms of spectral consistency [Clenet et al., 2011].
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between the Arabian and Eurasian plates, an ~30,000 km2

chunk of the Tethysian lithosphere, including mantle perido-
tites and the overlying mafic crust, was thrust on the Oman
continental margin in Maastrichtian time (~70 Ma). The
recent (a few Ma) uplift of the Oman mountains led to the
exposure of the ophiolite. Thanks to present-day arid
conditions and to the fact that the Oman ophiolite presents
large outcrops of relatively homogenous lithologies, this area
is quite appropriate for developing hyperspectral remote-
sensing methods relevant to the study of planetary surfaces
[cf. Clenet et al., 2010; Combe et al., 2006; Roy et al., 2009].
[14] The Sumail massif and the Maqsad oasis are located

in the southeastern part of the Oman ophiolite, where a for-
mer mid-ocean ridge axis and the related mantle upwelling
(the Maqsad “diapir”) have been mapped through the study
of high-temperature plastic deformation structures in mantle
harzburgites [Ceuleneer et al., 1988; Ceuleneer, 1991]. The
evolution of the thermal structure of the Maqsad diapir and
of the magma source during its emplacement at shallow
mantle depth has been constrained by detailed petrological
studies and by numerical modeling [Ceuleneer et al.,
1996; Benoit et al., 1999; Python and Ceuleneer, 2003;
Rabinowicz and Ceuleneer, 2005; Clenet et al., 2010].
[15] The primary igneous mineralogy in the different units

cropping out in the Sumail massif is controlled by olivine/
pyroxenes (both HCP and LCP) and plagioclase mixtures.
Accordingly, this area presents valuable spectroscopic analo-
gies with low-albedo Martian terrains such as Syrtis Major.

[16] Several geological maps of the Sumail massif have
been published during the last decades. The map by
Glennie et al. [1974] covers all of the Oman Mountains at
a 1:500,000 scale. Following this pioneering work, the
BRGM (French Geological Survey) has produced more
detailed maps, at a 1:100,000 scale, of the central part of
the ophiolite, including the Sumail massif [Rabu et al.,
1986; Villey et al., 1986]. Amri [1995] produced a detailed
map at a 1:40,000 scale that represented a significant
improvement in the definition and mapping of the different
lithological units making up the crustal section of the
Sumail massif.

4.1. HyMap

[17] Hyperspectral images of the Sumail Massif were
acquired by the HyMap airborne imaging spectrometer on 4
and 6 December 2002 [Pinet et al., 2003]. The solar elevation
ranges from 35° to 45° while azimuth ranges between 150°
and 220°. HyMap is a 128-channel instrument that collects
data between 0.45 and 2.48 μm with a spectral resolution of
15–20 nm [Cocks et al., 1998]. Spectral coverage is nearly
continuous except for the 1.40 and 1.90 μm bands that are
saturated by atmospheric water vapor. HyMap data have
been atmospherically corrected by the HyVista Corp. on the
basis of atmosphere removal radiative transfer model
[CIRES, 1999; Gao et al., 1993] and the Empirical Flat
Field Optimal Reflectance Transformation [Boardman,
1998]. Geometry corrections and orthorectification are
based on an Advanced Spaceborne Thermal Emission and
Reflection Radiometer digital elevation model. A cross-track
correction was also applied to obtain a spectrally homoge-
neous mosaic (each band is divided by a function which is
representative of the reflectance evolution orthogonally to
the trace axis).
[18] The data set covers an ~15 × 60 km2 area with a pixel

size of about 6 m acquired at 3500–4000 m flight elevation
(i.e., 4 km wide swath). In order to generate a large mapping
coverage with the highest quality, an extended mosaic was
built using images with the lowest amount of cloud cover
and shadows. The HyMap mosaic overlaps the regional
geological cartography established by Amri [1995] and
shows that both the mantle (essentially harzburgitic) and
the crustal sections (essentially gabbroic) of the massif have
been surveyed. The mosaic has already been used to map
distinct lithological units and highlight specific lithologies
[Combe et al., 2006; Pinet et al., 2006; Clenet et al., 2008,
2010; Roy et al., 2009].
[19] As a detailed study of Oman’s ophiolite using remote

sensing is not the aim of this work, we rather focus our tests
only on a small subset of the mosaic. The selected area is
nevertheless representative of the whole geological diversity
of the region (see Figure 2).

4.2. Spectral Mapping of Lithological Units

[20] Working with a terrestrial case allowed us to use both
sampling and field spectroscopy techniques to establish a
ground truth database and validate our interpretation of
HyMap observations. As described in Clenet et al. [2011]
when absorptions features are too weak, the MGM may
return mathematical solutions which do not reflect the real
mineralogy. Consequently, prior to any systematic analysis
on the whole HyMap data set, we test each pixel in order to

Figure 2. Map of dominant mineralogy. Two distinct units
are clearly mapped: The red pixels are rocks that are domi-
nated by clinopyroxene, i.e., clinopyroxene (with plagio-
clase) which are in gabbros (crustal section), while the
cyan pixels are olivine and orthopyroxene, i.e., harzburgite
(mantle section). The dashed line represents the limit be-
tween the crustal and the mantle sections and matches the
limits as defined using the geological map. The white star
indicates the outcrop from which sample analyses are repre-
sented in Figure 3. The white arrows point out gabbros orig-
inating from outcrops of the crustal section and transported
downslope along wadi. OL-CPX, OPX-CPX, and OL detec-
tions can also be found within the studied area but only in
outcrops with small spatial extents. The white ellipse corre-
sponds to local wehrlite-rich patches.
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discard the featureless spectra. On the HyMap mosaic, the
strength of the absorption features has a large range of values,
going from spectra with very shallow to deep absorption
features similar to those observed on laboratory data. The
featureless spectra are found mainly in wadi (i.e., dry valleys)
and oases and on recent sedimentary deposits. Once this
filtering has been done, the MGM is automatically initialized
and run seven times with the different configurations on the
whole data set, each pixel being processed independently.
Seven mathematical solutions are obtained for each pixel
(i.e., seven mosaics are calculated). Prior to any mineralogical
analysis, we check the global fit quality of each of the seven
solutions with the RMS. Following Chabrillat et al. [2000],
a rejection threshold is set: For each solution, pixels that pres-
ent RMS values above the mean RMS of the mosaic increased
by 2 times the standard deviation are rejected. As no prepro-
cessing on the mosaic is done, pixels associated with either
vegetation, a pronounced amount of shadow, and/or clouds/
haze are removed. Depending on the considered configura-
tion, this step may discard up to 8% of the whole mosaic.
[21] The final step before interpretation of MGM results

in terms of mineralogy consists of a mineralogical sorting.
Each mathematical solution is independently tested to
assess that Gaussian functions parameters are physically
meaningful (see section 3) [Clenet et al., 2011]. In the most
general case, only one configuration per pixel is kept after
this process. However, a few pixels located in the western
part of the massif (i.e., in the harzburgite unit) are modeled
correctly with the two following configurations: olivine and
olivine-orthopyroxene. Interestingly, optical microscopy on
samples picked up from these pixels has confirmed that for
those rocks, olivine is the dominant mineral (olivine crystals
represent ~85% of the whole rock) in an orthopyroxene-
olivine mixture. Earlier tests [Clenet et al., 2011] have
shown that in this case, the olivine-orthopyroxene config-
uration is returned.

[22] The resulting mineralogical mapping is presented in
Figure 2 and shows that our MGM systematic procedure
correctly detects the main lithological units. Cyan pixels,
associated with an olivine-orthopyroxene mixture, are domi-
nant on the western part of the mosaic where mantle
harzburgites have been mapped. Trending north-east south-
west, a stripe of blue pixels is found in the mantle unit. It is
indicative of variations in the olivine/orthopyroxenes ratio
in the harzburgite unit. Field observations confirm that this
blue stripe is depleted in orthopyroxenes relative to the aver-
age harzburgites of the mosaic [Clenet, 2009]. Red pixels,
associated with clinopyroxene-rich lithologies (essentially
gabbros), are reported mainly on the eastern part of the
mosaic mapped as the crustal section of the Sumail massif.
The ability of our procedure to detect subtle geological fea-
tures is illustrated in Figure 2. The sinuous red strings (white
arrows) in the mantle harzburgites enhance the contours of
those wadi that are filled with gabbro block transported from
the crustal section located uphill in this area. Purple pixels,
associated with the occurrence of olivine and clinopyroxene
minerals, are found in the crustal section. They correspond
to wehrlite-rich outcrops (e.g., see white ellipse). The man-
tle/crust boundary is correctly delineated and is successfully
propagated outward the geological map of Amri [1995].
The alteration of the primary igneous minerals (mostly
serpentinization of olivine) and the desert varnish are poten-
tial sources of ambiguities and may generate false detections.
In spite of this, it appears that mineral assemblages including
olivine and pyroxenes are correctly detected and largely
agree with field observation. Moreover, it has led to the
detection of clinopyroxene-rich cumulates (interlayered
clinopyroxenites and wehrlites) whose occurrence was previ-
ously undocumented [Clenet et al., 2010]. An extensive
discussion on the geological implications of these results is
beyond the scope of the present work and will be addressed
in a separate paper.

4.3. Local Variations in Pyroxenes
Chemical Compositions

[23] Two clinopyroxene (HCP) types with slightly differ-
ent compositions have been detected in the area surveyed by
HyMap (white star in Figure 2) and have been used as
ground truth for our detections. For this purpose, we
collected 53 samples along a 200 m thick section of
interlayered wehrlitic and pyroxenitic cumulates overlain
by layered gabbroic cumulates. Mineral composition (major
and minor elements) was determined with the electron
microprobe [Clenet et al., 2010].
[24] A direct comparison with our spectroscopic results

is done in the pyroxenes quadrilateral (Figure 3). The
two trends we observe in HyMap data correspond to two
different clinopyroxene compositions: Clinopyroxenes in
pyroxenites and wehrlites plot in the field of diopside
(high Mg/Fe ratio) while clinopyroxenes from gabbros
have slightly lower Mg/Fe ratios and plot in the field of
augites. This fits particularly well with the two fields
defined using MGM results. Uncertainties inherent to
visible near-infrared spectroscopy do not allow us to dis-
criminate augites from diopsides with a low-Ca content
(Figure 3). As a matter of fact, diopsides from werhlites
and clinopyroxenites show a trend toward low-Ca compo-
sition. This scatter in the microprobe data is a classical

Di Hd

En Fs

1.04
1.02 1.041.02

Gabbro
Wehrlite
Pyroxenite

Microprobe

Gabbro

Wehrlite

Spectroscopy

Pyroxenite

1µm absorption center

Figure 3. Clinopyroxene compositions from the outcrop
studied intensively in Clenet et al. [2010] (see Figure 3
therein for a picture of the outcrop). The red field corresponds
to the chemical compositions estimated using spectroscopy
on HyMap data set for clinopyroxene/wehrlite. Similarly,
green field corresponds to layered gabbros compositions.
Fifty-three samples have been taken along the section.
Composition of ~750 clinopyroxene grains has been deter-
mined using an SX50 electron microprobe (see Clenet et al.
[2010] for analytical conditions) and each measurement is
reported in the quadrilateral as a colored dot (red, blue, and
green, respectively, for each considered unit). Red and green
circles indicate the highest density of data for diopsides and
augites respectively.
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effect of submicron exsolutions of enstatite (LCP) in diop-
sides (HCP). It does not significantly affect the bulk com-
position of diopside grains as attested by the fact that ~50
analyses only among a total of 750 plot outside the red
circle. Given the large pixel size, and the low abundance
of exsolution, the average spectroscopic signal is not
sensitive to this scatter in composition revealed by the in
situ microprobe analyses.
[25] Oman data show that one can reliably make use of

the proposed MGM-based mapping procedure for reveal-
ing and highlighting large-scale variations in pyroxene
compositions from hyperspectral imaging observations
acquired under natural conditions. This is of particular
interest for orbital imaging spectroscopy used in planetary
exploration of mafic terrains, like the Syrtis Major volca-
nic shield on Mars.

5. The Syrtis Major Volcanic Shield

[26] The Syrtis Major region on Mars lies near the bound-
ary between the northern plains and the older highlands, near
the Isidis impact structure. This circular large dome has been
early recognized as a volcanic shield with two calderas, Nili
Patera and Nili Meroe [Schaber, 1982]. Its surface morphol-
ogy is dominated by lava flows intersected by compressive
ridges. The end of the volcanic activity is Hesperian in age
[Hartmann and Neukum, 2001; Hiesinger and Head, 2004].
Later erosion processes have occurred since that time [Skok
et al., 2010a].
[27] Detection of mafic materials has been made both from

telescopic [e.g., Bell et al., 1997; Pinet and Chevrel, 1990]
and orbital observations [e.g., Mustard et al., 1993, 2005].
Lavas have been found to be composed of pyroxenes, mainly
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Figure 4. Collection of six OMEGA spectra representative of the spectral variability across the mosaic.
The white line outlines the limit of the Syrtis Major edifice and the location of spectra is indicated by col-
ored boxes on the map (Figure 4a) and displayed in reflectance below (Figure 4b). Labels 5x refer to the
associated results presented in Figure 5. Spectra show high-frequency residual artefacts (atmospheric ef-
fects, VNIR-SWIR transition, etc.). The red and orange spectra are respectively representative of the north
and south crust; the blue spectra correspond respectively to Nili Patera and Nili Fossae areas; the green
spectrum corresponds to the peripheral lavas of Syrtis Major; the pink spectrum corresponds to the central
lavas of the edifice. After applying a spectral smoothing (seven-channel sliding window; Figure 4c), the
MGM is applied to each spectrum for the seven configurations. The best solution is plotted in Figure 5.
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Figure 5. Results of the MGM deconvolution, considering different initial configurations, applied on the
six spectra displayed in Figure 4. Shown on each graph are the measured spectrum (dotted pink line), the
MGM modeled spectrum (displayed in green), the Gaussians and polynomial determined by the MGM
deconvolution, and the residual error as a function of wavelength. Gaussians are displayed with a solid blue
line. Dashed red line corresponds to the continuum modeled as a second-order polynomial. For clarity, the
residuals (observed-modeled quantity) are shifted by +0.1. (a) The north crust spectrum, modeled by an
orthopyroxene/ferric configuration. (b) The peripheral lavas spectrum, modeled by a clinopyroxene config-
uration. (c) The Nili Patera spectrum, modeled by an olivine configuration. (d) The Nili Fossae spectrum,
modeled by an olivine configuration. (e) The south crust spectrum, modeled by an orthopyroxene config-
uration. (f) The south crust spectrum, modeled by a clinopyroxene configuration. (g) The central lavas spec-
trum, modeled by a clinopyroxene configuration. (h) The central lavas spectrum, modeled by a ternary
configuration (orthopyroxene, clinopyroxene and olivine).
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HCP and minor amounts of LCP, with feldspar and more or
less olivine [Mustard et al., 1997, 2005; Poulet et al., 2003;
Combe et al., 2008]. Reyes and Christensen [1994] have pro-
posed that such compositions could be similar to komatiitic
basalts (i.e., basalts derived from a komatiitic melt by high
degree of fractional crystallization). Such an association
between komatiites and komatiitic basalts is documented on

Earth in Archean terranes and bears witness to high mantle
temperatures in the young Earth (~300°C higher than today).
More recent estimates given by Poulet et al. [2009] are
of 34 ± 7% HCP, 9 ± 3% LCP, 48 ± 9% neutral component
(i.e., plagioclase or Si-rich phases), and less than 5% olivine.
Bandfield et al. [2000] and Hamilton et al. [2001], using
Thermal Emission Spectrometer (TES) onboard Mars

Figure 6. Dominant mineralogy for each pixel as in Figure 2 over a global THEMIS daytime thermal
infrared mosaic. Three main units are found. Two of them are monopyroxene dominated with red pixels
corresponding to Noachian crust and green pixels corresponding to Syrtis Major peripheral lavas. The last
unit (cyan pixels) is located in the central part of the volcanic edifice and is detected as a ternary mixture
involving both olivine and twopyroxenes.Twoareas,Nili Patera andNili Fossae, showavery strong enrichment
inolivine.OMEGAmosaichasbeencreatedusingthefollowinghyperspectral images:ORB0576_3,ORB0576_4,
ORB0554_4, ORB0554_3, ORB0521_4, ORB0521_3, ORB0521_2, ORB0422_5, ORB0422_4, ORB0422_3,
ORB0422_2, ORB0444_4, ORB0444_3, ORB0444_2, ORB0444_1, ORB0488_2, ORB0488_3, ORB0488_4,
ORB0988_5, ORB0966_5, ORB0955_5. On the two zoomed areas on the right side, Mars Reconnaissance
Orbiter (MRO) Context Camera (CTX) images (P12_005789_2028, P21_009151_2014, P03_002321_2013,
P15_006857_1993, G17_024948_2000, B02_010496_2005, P05_002888_2025,_B06_011841_2005,
P13_006211_2038, P15_006712_2010, P15_006778_2002, B11_013964_2038, P17_007780_1987,
P21_009191_1895, P17_007609_1883, P05_003139_1887, P16_007398_1893, P08_004339_1888)
are also used as background images (ISIS3 calibration).
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Global Surveyor (MGS), have found similar type of rocks (i.
e., basaltic composition called “surface type 1”). Rogers and
Christensen [2007] identified plagioclase (31%), HCP (29%)
and LCP (4%), olivine (7%), and high-Si glass (12%).
[28] The regional surrounding crust shows an enrichment

in LCP [e.g., Combe et al., 2008; Mustard et al., 2005;
Poulet et al., 2007], while two areas in the vicinity of Syrtis
Major show local enrichments in olivine: Nili Patera caldera
and Nili Fossae region [e.g., Combe et al., 2008; Hamilton
and Christensen, 2005; Koeppen and Hamilton, 2008;
Mustard et al., 2005; Poulet et al., 2007]. Grain size has a
strong effect on olivine spectra [Poulet et al., 2007; Clenet
et al., 2011; Ody et al., 2013]. Accordingly, olivine composi-
tion in the Syrtis Major region has been interpreted to be

either close to fayalite or forsterite-like but with large grain
size [Mustard et al., 2007; Poulet et al., 2007; Combe et al.,
2008; Ody et al., 2012]. Nili Patera caldera also exposes silica
deposits produced by a volcanically driven hydrothermal
system [Skok et al., 2010b]. The Nili Fossae region is of par-
ticular importance when considering the Noachian-Hesperian
transition. Thus, some recent studies have focused on the local
stratigraphy, particularly on alteration products [e.g., Ehlmann
et al., 2009; Mustard et al., 2009; Ehlmann and Mustard,
2012; Viviano and Moersch, 2012].

5.1. OMEGA

[29] The OMEGA (Observatoire pour la Minéralogie,
l’Eau, les Glaces et l’Activité) instrument onboard Mars

Figure 7. RGB composite map based on the relative band strengths derived from the MGM
deconvolution of the three mafic minerals (red: orthopyroxene 1 μm Gaussian; green: clinopyroxene
1 μm Gaussian; blue: olivine 1.25 μm Gaussian) over a daytime thermal infrared mosaic. With such a rep-
resentation, HCP appears as the dominant mineral in the mixture across Syrtis Major lavas in agreement
with previous work [e.g., Combe et al., 2008; Mustard et al., 2005]. On the two zooms on the right side,
MRO/CTX images are also used as background images. This case shows that RGB representation may
be somehow misleading as it tends to oversimplify the rendition of the dominant mineralogy variation
and distribution as revealed in Figure 6.
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Express [Bibring et al., 2004] operates from visible to
thermal infrared (0.35–5.1 μm) using three detectors. In this
work, only the VNIR and SWIR channels are used (0.35–2.73
μm). Spectral resolutions of the two detectors are respectively
7 and 13 nm. The field of view varies between 1.1° and 8.8° as
a function of the spacecraft altitude, which implies a spatial
resolution at global scale between 350 and 4800 m/pixel.
[30] Mosaic used in this work has been created using 21

hyperspectral images acquired in 2004 (details in Figure 6
caption). Each of them has been first instrumentally cali-
brated [Bonello et al., 2005; Bellucci et al., 2006]. The
VNIR and SWIR channels are then radiometrically and
spatially coregistered [Carrozzo et al., 2012], and an
atmospheric correction is applied following the method in
Langevin et al. [2005].
[31] Finally, we remove a few channels at the edge of the

detectors as they show a lower signal-to-noise ratio. The final

product is a hyperspectral mosaic ranging from 47.0°E to
78.8°E and 23.9°S to 41.5°N, with a spatial resolution of
32 pixels/degree, including both the Syrtis Major volcano,
the Nili Fossae region, and the surrounding Noachian crust
[Greeley and Guest, 1987]. The available spectral interval
spanning the 0.49–2.60 μm domain is particularly suited
for the detailed characterization of mafic assemblages and
mixtures [Burns, 1993].

5.2. Regional Mapping Across Syrtis Major
and Surroundings

[32] Spectra representative of the various regional litholog-
ical units have been extracted. Based on previous work [e.g.,
Clenet et al., 2008; Pinet et al., 2007], distinction can be
made between the Noachian crust, the Syrtis Major lavas,
and the two particular areas, Nili Patera and Nili Fossae. To
test carefully for subtle spectroscopic variations within larger

Figure 8. Normalized Band Strength Ratio (NBSR) between the strength of the LCP and HCP Gaussian
parameters [LCP/(LCP +HCP)]. Left side corresponds to NBSR in the 1 μm wavelength domain while the
right side corresponds to the 2 μm wavelength domain. Relative abundances of the two pyroxenes esti-
mated from the MGM results (including ternary mixtures) are similar using independently the two absorp-
tion features. In general, HCP dominates in the Syrtis Major lavas although LCP appears to prevail in some
spots in the central part of the edifice based on the 1 μm absorption-based NBSR estimate. See Figure 9 and
text in section 5.3 for explanation.

CLENET ET AL.: SYSTEMATIC MGM MAPPING ON SYRTIS MAJOR

1642



units, two spectra are extracted from the crust (i.e., in the
northern and in the southern crusts, outside Syrtis volcanic
terrains) and from the volcanic lavas (i.e., central lavas and
peripheral lavas). The localization of the six spectra on the
mosaic is shown in Figure 4a and the spectra are displayed
in Figure 4b. MGM has been run with the seven configura-
tions on each of them, after applying a seven-spectel sliding
window smoothing along the spectrum (Figure 4c). Sorting
within the different mathematical solutions is done as in
Clenet et al. [2011] and the final results are given in
Figure 5 and the associated Table 1. All the solutions retained
have a physical meaning consistent with previous results:
The preexisting crust is found to be enriched in LCP
(even if locally the crust could be partially altered and
if in the northern area pyroxene signatures are partially
masked by dust and/or ferric oxides [Ody et al.,
2012]), the Syrtis Major lavas are enriched in HCP,
and the Nili Patera and Nili Fossae units are enriched
in olivine. However, quite interestingly, two possible so-
lutions are found for the central lava spectrum, the best

mathematical solution being obtained using a ternary
mixture configuration.
[33] This shows that composition variations exist within

the volcanic edifice and that olivine may be also present in
the central part of the edifice. Variations also exist within
the crust as northern and southern areas do not have identical
band centers. The next step is to expand these local results by
means of a systematic mapping of the spectroscopic variabil-
ity across the whole mosaic.
[34] As described previously for HyMap, the first step in

MGM data processing on the whole data set consists of
removing all the pixels with the more featureless spectra.
The lowest values (1 μm absorption depth below 0.04) are
found in the crust around the volcanic shield. In principle,
those weak absorptions would not give reliable mathematical
solutions in the case of complex mixtures [see Clenet et al.,
2011]. However, MGM analyses show that the only vali-
dated configuration in this area is a single pyroxene
(Figures 5 and 6). As only one Gaussian function is needed
for each wavelength domain at 1 and 2 μm, obtained

Figure 9. (left) NBSR between the strength of the olivine 1.25 μm Gaussian, the HCP 1 μm Gaussian,
and the LCP 1 μm Gaussian when considering the olivine-clinopyroxene-orthopyroxene mixture configu-
ration [OL/(OL+LCP+HCP)]. White line emphasizes the limit between the lithological units where
olivine is found (central lavas and Nili Fossae) and the others where olivine is totally absent. Red box
localize area shown in Figure 11. Nili Fossae and Nili Patera show the strongest enrichment in olivine
(values> 0.6). (right) Comparison between our detection of olivine (white line, same as in the left subset)
and the detection of “surface type 1” from Bandfield et al. [2000]. Red indicates a higher abundance of this
particular unit in thermal infrared. A direct spatial correlation can be established between the two data sets.
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parameters can be used to extract surface compositions there.
High strengths of absorption features are found in the central
and southern parts of the volcanic shield. The highest values
are localized in the Nili Fossae area. Consequently, this as-
sessment establishes that absorption features are strong
enough on the volcano to be analyzed using MGM.
[35] Once this first test is performed, the MGM is then

automatically initialized and run seven times with the differ-
ent configurations on the whole data set, each pixel being
handled independently. Seven mathematical solutions
are obtained for each pixel. As described in section 4.2,
the global fit quality is checked for each mosaic using
RMS prior to any mineralogical analysis. Very few pixels
are removed in the case of the OMEGA data set as only
less than 1% of the whole mosaic does not verify the
rejection threshold. Most of them are localized in the
southern part of the mosaic, on the old highlands adja-
cent to the volcanic shield.
[36] The seven mathematical solutions are each tested to

make sure that Gaussian functions parameters have a physi-
cal meaning (see section 3) [Clenet et al., 2011]. The final
output results in a global mapping represented in Figure 6.
As expected from individual spectrum analyses (Figure 5),
only one configuration per pixel is kept both in the west to
north crust (orthopyroxene configuration) and in the periph-
eral lavas of Syrtis Major (clinopyroxene configuration). In
the central lavas unit, both clinopyroxene only and olivine-
clinopyroxene-orthopyroxene configurations give reliable
mathematical solutions as demonstrated in Table 1. The rela-
tive abundance of olivine, HCP, and LCP will be discussed
using band strengths in the next section of the paper.
[37] For specific pixels, both an initialization dedicated to

orthopyroxene alone and an initialization dedicated to
clinopyroxene alone give realistic mathematical solutions.
Our mathematical solutions (which are set free [see Clenet
et al., 2011]) for each monopyroxene configuration

converge toward an almost identical result, the band centers
position varying within a few nanometers (see Table 1)
which is within MGM uncertainties [Kanner et al., 2007].
Two different configurations are here validated because of
the overlapping fields in pyroxenes band centers (i.e., py-
roxenes can have intermediate compositions between LCP
and HCP, with band centers satisfying both orthopyroxene
and clinopyroxene trends as defined in Adams [1974]).
Consequently, our MGM results are here indicative of the
occurrence of an intermediate low-calcium pyroxene com-
position and accordingly, the choice is made to chart those
pixels in red in Figure 6. Localization of those pixels is
limited to cratered terrains south of the volcanic edifice
(i.e., Noachian crust), in the southern part of the mosaic.
[38] Two small areas show an olivine-dominant mineral-

ogy. First one is a little patch south-east of Nili Patera where
only the olivine configuration is validated (bottom zoom in
Figure 6). Interestingly, a narrow ring where both olivine
and olivine-clinopyroxene configurations are kept is found
around the patch, transitioning toward the surrounding
HCP-rich lavas. A similar behavior is observed in the second
area localized in the Nili Fossae region (top zoom in Figure 6).
In this location, next to the olivine-only configuration, both
olivine/HCP and olivine/LCP mixtures are also found.
[39] While these results agree with the olivine-rich outcrops

detections proposed in previous studies [e.g., Hamilton and
Christensen, 2005; Mustard et al., 2005; Poulet et al., 2007;
Combe et al., 2008; Koeppen and Hamilton, 2008; Ody
et al., 2013], the present work highlights the occurrence of
local binary and/or ternary mafic mixtures involving olivine,
associated with subtle spatial variations.

5.3. Olivine and Clinopyroxene Abundances in the
Central Lavas

[40] The detection of olivine present in the central part of
Syrtis Major shield does not however change the overall
picture proposed from previous studies. At first order and
as found in earlier works, pyroxene generally prevails in
Syrtis Major lavas and, in this respect, our RGB map
displayed in Figure 7 compares well with the HCP/LCP
map from Mustard et al. [2007] or Combe et al. [2008].
Conversely, as expected, Nili Patera and Nili Fossae areas
exhibit strong olivine absorptions even when dealing with
olivine-pyroxene mixtures.
[41] A Normalized Band Strength Ratio (NBSR) [Kanner

et al., 2007] based on MGM results can be used to estimate
the relative proportion of each pyroxene in the different
lithological units. Independent mapping at both 1 and 2 μm
is represented in Figure 8. It is worth noticing that results
are generally quite consistent using independently the two
absorption domains. The map can be divided into three units,
with the surrounding crust appearing as LCP-rich rocks while
Syrtis peripheral lavas are enriched in HCP. In the central
lavas, where our mapping approach detects an olivine-
pyroxenes mixture, the NBSR estimate appears intermediate.
While the 2 μm absorption-based NBSR estimate still indi-
cates HCP as the dominant pyroxene, though to a lesser extent
than that for the peripheral lavas, the 1 μm absorption-based
NBSR estimate taken at face value seems to favor LCP.
Actually as demonstrated in the following section, this is an in-
direct consequence of the presence of olivine contributing to
the 1 μm absorption feature, resulting in a decrease of the 1

Figure 10. The dominant pyroxene phase present in each
pixel of the mosaic is highlighted, on the basis of the spec-
troscopic variability seen in the 1 and 2 μm regions. Band
centers are overplotted in the graph from Adams [1974].
The data (1 pixel in Figure 11 = 1 colored dot) are repre-
sented with a color coding spanning the whole range of
spectral variations as evidenced in Adams [1974]. Color
zone boundaries are defined arbitrarily, nonetheless, follow-
ing the enstatite-ferrosilite-pigeonite-augite trend, to en-
hance the spectral variability (i.e., pyroxene compositional
variation) spatially displayed in Figure 11.
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μm absorption band strength for HCP. In order to establish
this as clearly as possible, we define a more general NBSR
ratio, taking into account the olivine contribution, and extract
the relative proportion of each mineral phase. Figure 9 shows
the spatial distribution of the OL/(OL+HCP+LCP) ratio and
indicates conspicuously that olivine is more abundant in the
central part of the unit (i.e., a ratio of 0.4 or more); conversely,
olivine becomes less and less abundant when approaching the
peripheral lavas and is not found outside the unit boundary
(white line in Figure 9). Nili Patera and Nili Fossae are the
only areas where the olivine is dominating the signal (i.e.,
0.6 or more). Due to the lack of laboratory series of spectra

with systematic variations in relative abundances, olivine-
orthopyroxene-clinopyroxene mixtures have not been studied
as much as olivine-orthopyroxene mixtures and, as it stands,
for the time being, one cannot go beyond relative proportions
for the three mafic abundances.

5.4. Chemical Compositions

[42] The approach implemented in the present work is a
significant step forward to characterize not only the modal
but also the chemical compositional variations of pyroxenes
and olivines. As explained in Sunshine et al. [1990], the band
center positions associated with the different mafic minerals
are not predetermined in the inverse problem and the MGM
outputs are thus truly informative of the chemical composi-
tion of pyroxenes and olivines.
[43] Chemical composition of olivines is determined on

the basis of the position of the three absorption centers as
explained in Sunshine and Pieters [1998] and Clenet et al.
[2011]. When considering the pixels for which only the
mineral olivine is found (i.e., Nili Patera and Nili Fossae
regions), retrieved compositions range mainly from Fo50 to
Fo80. These results are consistent with TES observations
[Hoefen et al., 2003; Koeppen and Hamilton, 2008].
Locally, band centers are shifted to longer wavelength which
could indicate Fo25-40 compositions or larger grain size
[Poulet et al., 2007; Clenet et al., 2011; Ody et al., 2013].
From laboratory work, uncertainties on the composition
due to the method in this range of iron content are on the
order of ±10% [Clenet, 2009]. When looking at the olivine
iron content in the case of the olivine-pyroxenes mixtures
(i.e., in the Syrtis Major lavas), the whole range of composi-
tion is covered. Such diversity could be explained by grain
size and/or mixture effects. Nevertheless, most of the pixels
are still associated with a composition between Fo50 and
Fo80, consistent with what we have found in olivine-rich areas.
[44] The detection of pyroxene in a given pixel of the

mosaic may result from a monopyroxene configuration or
from a binary/ternary configuration. To address the matter
of pyroxene compositional variations across Syrtis Major
shield and surroundings, the choice is made to document
the dominant pyroxene phase in each pixel of the mosaic.
The spectroscopic variability seen in the 1 and 2 μm domain
is then documented in Figure 10, displaying the band center
position in both spectral domains as an overplot in Adams’
[1974] graph. The data are represented with a color coding
spanning the whole range of spectral variations as
evidenced in Adams [1974].
[45] The first type of pyroxene found is the one associated

to the northern Noachian crust (red dots and pixels in
Figures 10 and 11, respectively). The positions of the
absorption centers at 1 and 2 μm range from about 890 to
950 nm and 1800 to 1910 nm, respectively. Based on
Cloutis and Gaffey [1991a], this indicates enstatite-like
orthopyroxenes, with relatively low iron and very low cal-
cium content. This kind of composition is also found for
the nondominant low-calcium pyroxene phase in the case
of the ternary mixture characterizing the central lavas of
the shield (see Table 1).
[46] A strength of the MGM approach is to be able to

distinguish pyroxenes with intermediate composition from
mixtures of two distinct pyroxenes [Sunshine and Pieters,
1993], even when considering mixtures also involving

Figure 11. Map of pyroxenes compositions as determined
by Adams’ graph [Adams, 1974]. Color coding identical to
Figure 10. As expected, the pyroxenes in the crust surround-
ing Syrtis Major show a lower calcium and iron content than
the Syrtis lavas. We also observe two distinct compositions
within the crust with the red area showing more enstatite-like
pyroxenes while the crust south of the edifice is more pigeon-
ite rich (orange area). We also observe two units in the volca-
nic edifice as low-Ca augite (yellow pixels) and high-Ca
augite (green area). As such, there is a continuous composi-
tional evolution between the crust and the subsequent lavas.
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olivine [Clenet et al., 2011]. In the southern crust and at the
boundary between the volcanic edifice and the northern crust,
band center positions are slightly at longer wavelength than
those for previous orthopyroxene. Hence, our MGM
approach reveals a second type of LCP (orange dots and
pixels in Figures 10 and 11, respectively). Transition
between the two crust compositions appears to be well
defined. Data from Cloutis and Gaffey [1991a] suggest an
intermediate pyroxene, either an orthopyroxene with more
iron in the structure than for the previous unit or a low-iron,
low-calcium clinopyroxene (i.e., pigeonite).
[47] Then a whole range of calcium-rich pyroxenes is

found, with absorption centers showing a large variability.
Position in the 1 μm domain evolves between 920 and
1050 nm while centers in the 2 μm wavelength domain are
between 2025 and 2300 nm. We nevertheless distinguish
between two groups (dots and pixels colored in yellow and
green in Figures 10 and 11, respectively). The ones with
the lowest absorption centers are located mainly at the
boundary between lavas and Noachian crust while the pixels
with the highest absorption centers are globally located in the
central part of the volcanic structure. Absorption center
values found span the whole composition range, at least in
terms of calcium content, between low-Ca and high-Ca
augite. Interestingly, this approach shows that no evidence
of diopside is found. The geological implications of these
results are addressed in the following section.

5.5. Discussion

5.5.1. Lithology Versus Morphology
[48] Our study agrees with the previous ones in terms of

global mineralogical trends, with the detection of HCP
enrichment of the volcanic edifice compared to the surround-
ing Noachian crust, and the presence of olivine in Nili Patera
and Nili Fossae. The aim here is not to discuss the geological
interpretation of such particular units as it has already been
intensively debated [e.g., Christensen et al., 2005; Mustard
et al., 2007; Poulet et al., 2009; Skok et al., 2010a] but to
focus on the central lavas unit which shows a composition
that is richer in olivine than previously thought.
[49] It has been proposed that the olivine enrichment in the

Syrtis Major region is only related to the presence of sand
dunes fields or to the dust coverage [e.g., Christensen et al.,
2005; Poulet et al., 2009]. Sand sources would then be the
nearby olivine-rich rocky outcrops observed in Nili Patera and
Nili Fossae. In such a hypothesis, wind drives the erosion and
deposition processes. Studies of Earth analogs show that sorting
of minerals according to their density and grain size can occur in
similar environments [Mangold et al., 2011]. This process may
change the apparent modal composition of igneous outcrops
through the formation of “placers” enriched in a specific min-
eral species or by settling of thick dust coverage.
[50] However, the relationship between olivine amounts

detected with our adapted MGM approach and morphological
features is not so simple and is not consistent with eolian

Figure 12. (a) NBSR between olivine and clinopyroxene strengths, as described in Figure 9, over a day-
time thermal infrared mosaic. Represented area is localized on the volcanic edifice by the red box in
Figure 9. White dashed lines outline olivine-rich zones. (b) MOLA elevation over the same area as inset
a. The slope is globally oriented SW-NE as represented on the profile. Arrows indicate locations of partic-
ular interest to test the relationship between morphologies and olivine detections. Red and white arrows are
related to impact craters, while yellow arrows indicate morphologies related to wind. See section 5.5.1 for
interpretation.
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control of the mineralogy, at least at OMEGA scale. Lavas
compositions are not homogeneous and several locations
show a local enrichment in olivine, as highlighted in
Figure 12 with the white dashed lines. Using Mars Orbiter
Laser Altimeter (MOLA) elevation data set, one can show that
the variations are unrelated to the regional topography. Indeed,
the slope is globally oriented SW-NE in the zoomed area and
no obvious correlation exists with olivine detections. Similar
abundances are found at both higher and lower altitudes and
on both the northern and eastern flanks of the volcano.
Thereby, this observation points rather toward local composi-
tional variations of igneous origin.
[51] At a local scale, wind plays an important role in mov-

ing fine dust particles. Figure 12 shows that two situations
can occur regarding this effect. The pink arrow points
toward a large crater where the floor has been covered by
sand or dust. This is evidenced by the particularly smooth
aspect observed on high-resolution visible imagery and it
is pretty clear from our mapping that such deposits cover

only a limited part of the crater floor and that the rims
exhibit different compositions.
[52] Yellow arrows point at some locations where bright

wind streaks can be observed on high-resolution visible
images. Those wind streaks are all located next to impact
craters with their respective orientations directly correlated
to regional wind direction (i.e., globally E-W). In our
mapping, they appear to be depleted in olivine compared
to surrounding terrains (bluish in Figure 12). Assuming that
the Martian dust is enriched in pyroxene, a dust-component
increase would result in a partial masking of olivine signa-
tures. Consequently, wind effect would tend to decrease
the apparent content of olivine instead of increasing it as
expected from grain segregation. This implies that detec-
tions of higher olivine content are here unrelated to eolian
morphologies and rather indicative of compositional varia-
tions in the bedrock.
[53] The second effect which could modify the contribu-

tion of each mafic mineral is related to impact processes.

Figure 13. Lithological map of the Syrtis Major area based on a synthesis of the dominant mineralogy
and the chemical composition. Five main units can be distinguished: the northern crust and the southern
crust, which have a different composition, the peripheral and central lavas which show an enrichment in
olivine, and finally Nili Patera and Nili Fossae which are dominated by olivine-rich rocks.

CLENET ET AL.: SYSTEMATIC MGM MAPPING ON SYRTIS MAJOR

1647



0.05

0.07

0.09

0.11

0.13

0.15

0.17

0.19

0.21

0.23

0.25

R
efl

ec
ta

n
ce

0.05

0.07

0.09

0.11

0.13

0.15

0.17

0.19

0.21

0.23

R
efl

ec
ta

n
ce

Wavlength (µm)

0.05
0.07
0.09
0.11
0.13
0.15
0.17
0.19
0.21
0.23
0.25

R
efl

ec
ta

n
ce

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

R
efl

ec
ta

n
ce

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

R
efl

ec
ta

n
ce

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

R
efl

ec
ta

n
ce

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

R
efl

ec
ta

n
ce

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45
0.5

0.55

R
efl

ec
ta

n
ce

Augite + Olivine + Enstatite Olivine

Olivine + Augite

High Ca Augite

Low Ca Augite High Ca Pigeonite / High Fe Enstatite

Low Ca Pigeonite / Interm. Fe Enstatite

Enstatite / Ferric oxydes / Dust

ba

dc

fe

hg

0.5 1.0 1.5 2.0 2.5

Wavlength (µm)
0.5 1.0 1.5 2.0 2.5

Wavlength (µm)
0.5 1.0 1.5 2.0 2.5

Wavlength (µm)
0.5 1.0 1.5 2.0 2.5

Wavlength (µm)
0.5 1.0 1.5 2.0 2.5

Wavlength (µm)
0.5 1.0 1.5 2.0 2.5

Wavlength (µm)
0.5 1.0 1.5 2.0 2.5

Wavlength (µm)
0.5 1.0 1.5 2.0 2.5

Figure 14. Statistics on spectra extracted from the most representative lithological units displayed in
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ine + enstatite unit (i.e., central lavas), (b) the olivine-rich units (includes both Nili Patera and Nili Fossae
regions), (c) the olivine + augite unit, (d) the high-Ca augite unit (i.e., peripheral lavas), (e) the low-Ca au-
gite unit (i.e., peripheral lavas), (f) the high-Ca pigeonite or high-Fe enstatite unit (i.e., southern crust), (g)
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Baratoux et al. [2005, 2007] have demonstrated that impact
ejecta at Syrtis Major are controlled more by rock-size distri-
butions inherited immediately after impact than by air-fall
dust and mantling processes. In our mapping, two situations
occur when considering impact processes. On the one hand,
similar olivine amounts can be found within and outside the
ejecta blanket of a unique crater (e.g., red arrow in
Figure 12). This suggests that the observed olivine variations
are not influenced by the fresh rocky blocks excavated during
the impact but are rather driven by lava composition.
[54] On the other hand, two close craters with similar diam-

eters (i.e., similar depth of excavation) can show different
olivine abundances (e.g., white arrows in Figure 12). There
are even examples of pairs of close craters with similar
diameters having a similar continuous ejecta blanket but
displaying different mineralogical signatures. Baratoux et al.
[2007] have shown that craters with enrichment in HCP
are spatially randomly distributed. As it stands, our obser-
vations suggest that the olivine abundance is not
controlled by the impact process itself but rather depends
on the subsurface structure of the volcanic edifice and pos-
sibly of its mode and time of emplacement. Baratoux et al.
[2007], and later on Skok et al. [2010a], have suggested a

temporal relationship for those craters. They have pro-
posed that the enrichment in HCP represents the true com-
position of the Syrtis Major volcanics and that surfaces
older than 2 Ga have been altered under different
Hesperian conditions. We observe olivine enrichment
only in the central part of the volcanic edifice
(Figure 9) and the ejecta with the highest olivine concen-
tration are localized around the same craters as the one
referenced as spectrally distinct by Baratoux et al.
[2007] and Skok et al. [2010a]. Thus, this does not
change the interpretation of two distinct units within the
Syrtis Major volcano, while in agreement with the
proposed scenario of late alteration.
5.5.2. Mineralogic Mapping
[55] As detailed previously, several distinct lithological

units are found in the studied area. All the information
obtained from our systematic MGM approach results and
described in previous sections can be synthesized to generate
a more accurate mapping driven by mineralogy. The results
are presented in Figure 13, using both modal abundance and
chemical variations.
[56] Compared to previous work which produced similar

maps to the one shown in Figure 7 [e.g., Combe et al.,

Figure 15. Pyroxenes thermometry using data from Lindsley [1983] and MGM results. The range of
olivine compositions extracted fromMGM in the Nili Fossae area are also reported below the quadrilateral.
(top) The central lavas are a mixture with both augite and enstatite, which could be related to lavas erupted
at lower temperature (below 1000°C). (bottom) Conversely, all the other units previously discussed, includ-
ing Syrtis Major peripheral lavas, exhibit simple compositions covering a large part of the pyroxene chem-
ical composition range. To crystallize outside the immiscibility gap implies higher temperatures (or higher
pressure). Considering data at 1 atm, such composition implies temperature above 1250–1300°C.
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2008; Mustard et al., 2005], Figure 13 exhibits more com-
plexity. The crust surrounding the Syrtis Major volcano is
now subdivided in two areas. The northern part is enriched
in enstatite-like orthopyroxenes, with more or less ferric
oxides covering the outcrops. In the case of the southern
crust, an ambiguity exists for the composition. Indeed, values
for absorption band centers can be explained both with low-
to high-Ca pigeonite and with low- to high-Fe enstatite
[Cloutis and Gaffey, 1991a]. There is actually no way to
clearly make the distinction based solely on laboratory work.
Nevertheless, Clenet et al. [2012] and Skok et al. [2012] have
carried out analyses on crustal pyroxenes on the southern
highlands and their results are consistent with low-Ca, mod-
erately Fe-rich pyroxene. In our case, this could indicate an
evolution of the crustal composition in Syrtis Major region
from the enstatite end-member (Wo0En100Fe0) toward the
hypersthene end-member (Wo0En50Fe50).
[57] The volcanic edifice itself appears to include two

units. The peripheral lavas (yellow and green in Figure 13)
show a strong enrichment in high-Ca pyroxenes. Those
pyroxenes have compositions in the range of augite (with
various calcium contents) rather than diopside as initially
proposed by Poulet et al. [2007]. Moreover, as the MGM
approach from Clenet et al. [2011] is able to handle only
spectral type B clinopyroxenes, those augites are more likely
Mg rich rather than Fe rich. The central lavas of Syrtis charac-
terized by a ternary mafic mixture present also an augitic com-
position, combined with enstatite and olivine. This central unit
has not been defined previously but appears now to be differ-
ent from the surrounding lavas. Finally, the two areas enriched
in olivine (i.e., Nili Patera and Nili Fossae) are also mapped
with some variations in the associated pyroxene content.
[58] It is of interest to look carefully at the central lavas unit

distribution. In Figure 9, limits of our olivine detections have
been outlined (left side of the figure) and compared to the
detection of Type 1 “basalt” concentration as defined by
Bandfield [2002] using thermal infrared (right side of the
figure). It appears that the two detections agree well, even
if the MGM-based detection is more intermittent in the
southern part of the volcanic edifice and may be a conse-
quence of residual imperfections in the mosaicking process.
This correlation between visible near-infrared and thermal
infrared is an additional independent observation in favor
of actual lithological variations occurring in the central part
of Syrtis Major.
[59] Finally, representative spectra have been extracted

using all the pixels associated with the main units described
above (the augite [±olivine ± pigeonite] and the olivine + pi-
geonite units have not been reported as they do not represent
large spatial extent and their spectral behavior are similar re-
spectively to the augite + olivine + enstatite and the olivine +
augite units). The most extreme spectra, the standard devia-
tion, and the average spectra are reported in Figure 14. It
appears at first order that spectral variations between the dif-
ferent units are generally subtle, except for the particular units
that are the olivine-rich regions and the northern crust. The
maximum spectra for the Syrtis Major lavas and the southern
crust (Figures 14d–14g) exhibit particular spectral shapes
compared to the respective average spectra but they are not
truly representative of the units as they are always far away
from the standard deviation. MGM results for each average
spectrum are reported in Table 2. The results are coherent

with the expected literature trends [Adams, 1974; Sunshine
and Pieters, 1993, 1998] and what has been found on the
six test spectra (section 5.3). The distinction made within
the peripheral lavas (high-Ca and low-Ca augite units) and
within the Southern crust (high-Ca pigeonite/high-Fe
enstatite and low-Ca pigeonite/intermediate-Fe enstatite) is
confirmed to be subtle as each time very little changes are
observed between the different band centers. This points
toward a progressive evolution of the igneous processes
rather than abrupt changes.
5.5.3. Pyroxenes Thermometry and Local
Geological History
[60] Based on pyroxenes compositions estimated from

MGM results, one can then address first-order implications
on the Martian thermal structure and evolution using experi-
mental data from Lindsley [1983]. Indeed, with a similar
parent melt composition, the nature and composition of the
crystallizing pyroxenes vary according to temperature and
pressure. Figure 15 shows the different compositions de-
scribed in section 5.4 reported in two diagrams: The top corre-
sponds to the central lavas unit while the bottom corresponds
to the rest of the studied region.
[61] In the central unit, two types of pyroxenes are associated

(augite and enstatite, respectively, green and red fields in
Figure 15, top). Due to the pyroxenes immiscibility gap, the
way to produce such a combination is to crystallize a magma
of intermediate composition, in terms of calcium and iron con-
tent (e.g., blue dot), at low pressure (0.1 MPa) and temperature
(below 1000°C). Based on our analysis, enstatite and augite
compositions would be delimited by the blue dashed line in
Figure 15 (top) with an iron content fitting pretty well the asso-
ciated olivine chemical compositions (Fo50-80). Conversely, to
produce only one pyroxene at a time with an intermediate com-
position, as it is observed in the case of the peripheral lavas
(yellow and green fields, Figure 15, bottom), higher crystalliza-
tion temperatures are required (above 1250–1300°C), which
implies more magnesian parent melts. As we observe both
situations in the Syrtis Major area, it implies that the lavas
temperature of crystallization is likely to have changed over
time. The central lavas being representative of lower
temperature conditions, the temperature path we observe
would be directly correlated to the construction of the
volcanic structure and the cooling of the magmatic chamber
along eruption time.
[62] Accordingly, the scenario for the regional history

could be as follows. The surrounding crust would have been
produced at the Noachian time, as proposed by Skok et al.
[2012]. Crystallization of a magma ocean starts with the
Mg-richest olivine and pyroxenes, forming a cumulate pile
at the bottom of the ocean. As crystallization progressed,
the cumulus minerals were progressively enriched in Fe,
and their density increased accordingly (the density of
pyroxenes increases by about 25% from the pure Mg pole
to the pure Fe pole). High-density minerals that settled at
the top of the pile may become sufficiently unstable to
trigger a global mantle overturn. The upwelling of Mg-rich
rocks would counterbalance the sink of dense material.
Decompression melting could be a consequence of such mass
redistribution. Large volume of lavas could be produced in this
way during a relatively short time span, a situation analog to
the one that prevailed on Earth during the formation of large
igneous provinces. The cooling would be slow enough to
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make possible the formation of magma chambers that eventu-
ally crystallized into layered cumulate layers. Finally, pyrox-
enes exposed on Mars surface show regional variations in
their Mg/(Mg+Fe) ratio (Mg#). The clear boundary we
observe between the two types of crust in our geological map-
ping (respectively, red and orange in Figure 13) could be
related to the limit between lava flows issued from two slightly
different mantle sources or emplaced at different stages of
differentiation. These two units would have been excavated
without distinction during later impact processes.
[63] Later in the regional history, around the Noachian/

Hesperian transition, the Syrtis Major volcanic edifice started
to form. The peripheral unit, the oldest lavas that are accessi-
ble nowadays, emplaced at high temperatures, as indicated
by the Mg-rich composition of the pyroxenes. In this case,
olivine is not detected with our spectroscopic analysis but
could be present in proportions of less than 20% [Clenet
et al., 2011]. Temperatures above 1200°C would lead to lava
flows with very low viscosities, which are typically expected
for such a shield volcano shape. During the latest stage of
Syrtis Major formation, around early to middle Hesperian
[Hiesinger and Head, 2004], the magmatic reservoir had
cooled enough to differentiate silica-rich compositions corre-
sponding to crystallization along the two pyroxenes cotectic.
Olivine crystallization in this latest phase could be explained
either by a local process directly related to the evolution of
the magma chamber or by a broader-scale change where
global early Hesperian volcanism would be olivine enriched,
as proposed by Ody et al. [2013].
5.5.4. Syrtis Major Rocks and Relations With
Other Observations
[64] Iron contents deduced from our spectroscopic ap-

proach are consistent for all the different parts of the volca-
nic edifice and for all the three mafic minerals. The actual
range of Mg#, between 50 and 80, is also consistent with
previous observations like the ones done on basalts in
Gusev crater [McSween et al., 2006] and analyses on
SNCs [McSween and Treiman, 1998;Meyer, 2003, and ref-
erences therein]. However, due to our inability at detecting
spectral signature of plagioclase or glass when mixed with
mafic materials, we are not able to estimate an exact bulk
modal composition. A side effect is that a particular unit
such as the dacite unit proposed by Christensen et al.
[2005] using TES data is mapped here in the HCP unit.
This should, however, marginally affect our results as such
a specific unit has not been detected elsewhere.
[65] The variations in pyroxene and olivine contents we

deduce from the orbital data can nevertheless be compared
to the modal composition of Martian meteorites. Basaltic
shergottites have very little or no olivine and a high-pigeonite
content. This does not fit with our observations. Conversely,
both basalts in Gusev crater and olivine-phyric shergottites
have larger amount of olivine than what we observe in the
case of Syrtis Major lava flows. A possible explanation could
be related to weathering processes, which could have altered
olivine preferentially compared to pyroxenes. This would
also imply an environmental change between the two stages
of Syrtis Major emplacement as we detect more olivine in
the central lavas than in the peripheral areas. The central
lavas unit exhibits compositions which could also be com-
pared to nakhlites. Those meteorites are composed mostly
of augite with some olivine and, in the case of NWA998,

some low-Ca pyroxene [Treiman, 2005]. It has already been
proposed that these meteorites come from the Syrtis Major
area [Harvey and Hamilton, 2005]. However, pyroxenes in
nakhlites are more iron rich than what we deduce from
orbital data. There also is a discrepancy between the
nakhlites crystallization ages and Syrtis Major dating from
crater counting. Thus, it appears that to date, none of the
SNC compositions perfectly match with our results at
Syrtis Major.

6. Conclusion

[66] In this study, we used a systematic MGM approach
developed by Clenet et al. [2011] to process large
hyperspectral data sets. We first demonstrate the ability of
this new MGM approach to map lithological units in mafic
terranes in a controlled case study on Earth, i.e., the Sumail
massif in the Oman ophiolite, where we conducted an air-
borne hyperspectral survey with the HyMap instrument.
We were able to clearly distinguish between the mantle sec-
tion which is harzburgite dominated (olivine +LCP) and the
crustal section which is mainly made of HCP-rich (+variable
olivine content) cumulates (gabbros, troctolites, pyroxenites,
wehrlites). MGM results have also enhanced subtle spectro-
scopic variations which can be directly related to weak but
regionally significant variations in pyroxenes iron or calcium
content. These results have been validated by field and petro-
logic work and indicate that our approach is valid for map-
ping extraterrestrial surfaces.
[67] We then charted the various mafic assemblages across

the Syrtis Major volcanic shield on Mars using an integrated
VNIR-SWIR OMEGA/MEx mosaic. Our results are in
agreement with previous work; however, olivine appears to
be more abundant than previously considered in the central
part of the volcanic edifice, especially in ternary mafic assem-
blages involving orthopyroxene (enstatite), clinopyroxene
(augite), and olivine. This particular area also correlates with
earlier observations from thermal infrared data. No obvious
link between morphology and mineralogy has been found.
We propose that the variations found in the olivine and
pyroxenes chemical compositions are related to igneous pro-
cesses, putting new constraints on the Syrtis Major regional
history. Regional variations in mineral assemblages and
pyroxene compositions help infer ranges of crystallization
temperatures and/or magma source composition. Although
our petrologic model is far from being unique, our data are
consistent with a progressive evolution of the magmatic com-
position, possibly related to the thermal history of the area as
the ancient crust and subsequent lava flows are emplaced,
and call for further petrologic studies [e.g., Baratoux et al.,
2013]. Increase of olivine content in the central part of the
volcanic edifice is interpreted as a later episode of eruption
of Mg-rich, high-temperature magma.
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