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Highlight 
 ChemCam onboard Curiosity at Gale crater, Mars, has analyzed 59 igneous rocks 

during the first 800 sols. 
 Igneous rocks encountered at Gale crater show different textures: aphanitic, coarse 

and fine-grained, and even porphyritic. 
 Feldspar-rich rocks are observed mainly close to the Peace Vallis alluvial fan. 
 Mafic minerals correspond to Fe-rich pigeonites and Fe-rich augites, as observed in 

some mars meteorites such as NWA 7034. 
 Some of the basalts encountered at Gale show a low Mg# and are therefore different 

from the basalts observed by the MER.  
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Abstract 

Several recent studies have revealed that Mars is not a simple basalt-covered planet, but has a 

more complex geological history. In Gale crater on Mars, the Curiosity rover discovered 59 

igneous rocks. This paper focuses on their textures (acquired from the cameras such as MAHLI 

and MastCam) and their geochemical compositions that have been obtained using the ChemCam 

instrument. Light-toned crystals have been observed in most of the rocks. They correspond to 

feldspars ranging from andesines/oligoclases to anorthoclases and sanidines in the leucocratic 

vesiculated rocks. Darker crystals observed in all igneous rocks (except the leucocratic 

vesiculated ones) were analyzed by LIBS and mainly identified as Fe-rich pigeonites and Fe-

augites. Iron oxides have been observed in all groups whereas F-bearing minerals have been 

detected only in few of them. From their textural analysis and their whole-rock compositions, all 

these 59 igneous rocks have been classified in five different groups; from primitive rocks i.e. dark 

aphanitic basalts/basanites, trachybasalts, tephrites and fine/coarse-grained gabbros/norites to 

more evolved materials i.e. porphyritic trachyandesites, leucocratic trachytes and quartz-diorites. 

The basalts and gabbros are found all along the traverse of the rover, whereas the felsic rocks are 

located before the Kimberley formation, i.e. close to the Peace Vallis alluvial fan deposits. This 

suggests that these alkali rocks have been transported by fluvial activity and could come from the 

Northern rim of the crater, and may correspond to deeper strata buried under basaltic regolith 

(Sautter et al., 2015). Some of the basaltic igneous rocks are surprisingly enriched in iron, 

presenting low Mg# similar to the nakhlite parental melt that cannot be produced by direct 

melting of the Dreibus and Wanke (1986) martian primitive mantle. The basaltic rocks at Gale 
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are thus different from Gusev basalts. They could originate from different mantle reservoirs, or 

they could have undergone a more extensive fractional crystallization. Gale basaltic rocks could 

have been the parental magma of residual liquid extending into alkali field towards trachyte 

composition as magma fractionated under anhydrous condition on its way to the surface before 

sub adiabatic ascent.  

 

 

I. Introduction 
 

The chemistry and mineralogy of the Martian surface are increasingly well constrained thanks 

to a combination of orbital spectroscopy (e.g. Mars Odyssey, Mars Reconnaissance Orbiter, Mars 

Express), study of the Martian meteorites and in situ analyses (landers and rovers such as 

Pathfinder, Spirit, Opportunity, Phoenix and Curiosity). All of these lines of evidence point to a 

primary magmatic crust that is globally basaltic (McSween et al., 2003 and 2009). However, this 

vision is evolving based on recent observations. In particular, rocks of the ancient Noachian 

period appear to include a variety of felsic igneous rocks. From orbit, the combination of TES 

and THEMIS data indicated the rare occurrence of quartzo-feldspathic material excavated from 

depth (Bandfield et al., 2004; Bandfield, 2006). More recently, the improved spatial resolution of 

the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) visible/near-infrared 

(VNIR) spectrometer (< 20 m per pixel) has led to the identification of several localities that are 

particularly rich in anorthosite in the southern highlands (Carter and Poulet, 2013; Wray et al., 

2013). The recently discovered Martian regolith breccia 7034 and paired samples document for 

the first time magmatic diversity during the Noachian period, as they contain highly 

differentiated felsic clasts, orthopyroxene-dominated mafic lithologies, strong evidence for 

impacts (melt spherule, vitrophyres), lithic and mineral clasts of all sizes including 4.43 Ga old 

zircons (Agee et al., 2013; Humayun et al., 2014; Nyquist et al., 2016). This meteorite may be the 

first representative sampling of the Noachian Martian crust. 

  

The Mars Science Laboratory (MSL) rover Curiosity, which landed in Gale crater in 2012 at 

the northern edge of the heavily cratered Noachian highlands, discovered evidence supporting 

such a magmatic diversity (Stolper et al., 2013; Sautter et al., 2014, 2015, 2016; Schmidt et al., 

2014). These observations of igneous targets are of great interest as they provide a unique 

window into the planetary interior (mantle partial melt, magma fractionation or crystal 

accumulation). Curiosity’s drive began at Bradbury Landing, on a plain at a distal portion of the 

alluvial fan derived from Peace Vallis, a fluvial channel cutting through the northern rim of Gale 

crater. The rover crossed these hummocky plains during the first 60 sols (Martian days). Then, 

the rover entered into a region named Yellowknife Bay where exposed sedimentary rocks, 

namely mudstones and sandstones, were interpreted as fluvial and lacustrine deposits (Grotzinger 

et al., 2014; McLennan et al., 2014). After leaving Yellowknife Bay, the rover started the traverse 

to the main mission objective, the basal layers of Aeolis Mons, colloquially referred to as Mt. 

Sharp (as will be used throughout this manuscript) that were reached at Pahrump Hills, on sol 750 

(Grotzinger et al., 2015). Overall, in 4 years, the rover has driven > 13 km; during the first 800 

sols it characterized 150 rocks with distinct igneous and sedimentary textures (Sautter et al., 

2014, 2015; Schmidt et al., 2014; Mangold et al., 2016b).  
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The Curiosity rover has the ability to characterize rock textures and compositions at a variety 

of distances with its sophisticated payload. Two remote instruments are located on the top of the 

rover mast. The MastCam instrument (Malin et al., 2010; Bell et al., 2012) is a set of 2 cameras 

mounted on the rover mast that provides critical contextual images. ChemCam is a Laser Induced 

Breakdown Spectrometer (LIBS) combined with a high-resolution imager (Remote Micro Imager 

“RMI” - Wiens et al., 2012; Maurice et al., 2012). Two complementary instruments that constrain 

mineralogy and chemistry are also onboard: CheMin, an X-ray diffractometer (Blake et al., 

2012); the arm-mounted Alpha Particle X-Ray Spectrometer (APXS) providing contact analyzes 

of rocks and soils over a ~1.7 cm in diameter surface (Campbell et al., 2012).  

Among these instruments, only Mastcam and ChemCam were used for extensive 

characterization of igneous rocks. Most of these targets were analyzed by opportunistic science, 

i.e., analyses were made during the traverse without stopping the rover for contact science or 

drilling, both of which require deployment of the ~200 kg rover arm. The drill (and hence also 

CheMin) has not been used on igneous rocks because organics – a major goal of Curiosity - are 

not expected to be stored easily in such rocks, and also these igneous rocks present other 

challenges: they are generally float rather than bedrocks  (may tend to move when being drilled) 

and relatively hard (leading to more rapid drill bit wear). 

The objective of this study is to classify and review the wide range of igneous rocks 

observed during the traverse to Mt Sharp from sol 20 to sol 800 (Figure 1) using the ChemCam 

instrument. This instrument gives access to the chemistry of rocks and soils at the sub-millimeter 

scale and is widely used on Mars due to its tactical ease, as targets can be analyzed up to 7 m 

away from the rover. On average more than two targets are sampled every operational day. 

Therefore, ChemCam has, by far, analyzed a much larger number of samples than any instrument 

onboard the rover, with more than 1000 sampled Martian targets, corresponding to >300000 

individual spectra, >6000 images, and many passive spectra providing a unique statistical 

sampling along the rover traverse (Maurice et al., 2016).  

In the present paper, we first describe the textures of the igneous targets using the large 

number of images acquired by the rover, as a means of differentiating intrusive from extrusive 

rocks. Next, when possible, sub-millimeter scale chemical analyses are superposed with RMI 

images to characterize the chemistry and then infer the mineralogy of these samples. In tandem, 

these textural and chemical analyses are used for a petrological assessment of the selected rocks. 

Finally, the geographical and statistical distributions of the different rock types are discussed on 

the scale of the crater as a whole.  

 

 

II. Methodology 
 

The primary classification of igneous rocks should be based on mineral size and modal 

distribution. Volcanic rocks range from aphanitic to phaneritic textures. For aphanitic rocks 

including glass or when crystals are smaller than the lower limit of grain detection of the 

Curiosity remote cameras (~0.3 mm - Mangold et al. 2016b), textural characterization requires 

additional qualitative observations. Glassy textures are identified by their shiny surface, vesicular 

and conchoidal appearance. On phaneritic rocks (grain size > 0.3mm) preliminary mineral 

estimates are done based on shape and color, allowing at least the discrimination of felsic phases 

from mafic ones. This allows an evaluation of their respective modal proportions. Then, point-by-

point measurements of elemental chemistry at sub-millimeter spatial scales are analyzed using 
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multivariate techniques (Wiens at al., 2013; Clegg et al., 2016) that allow classification of spectra 

from a mineral perspective. Finally, whole rock composition is estimated for targets with 

sufficient sampling (i-e large 2-D rasters, at least 9 observation points). For fine-grained rocks 

that show equigranular textures (typically where grain size is smaller than the beam size), whole 

rock composition is obtained by averaging all of the individual analyses on that sample. When 

rocks are heterogeneous, such as when they exhibit phenocrysts in a cryptocrystalline matrix, we 

combine modal proportion with average compositions obtained on both felsic and mafic points 

(Sautter et al., 2015).  

 

Images 

The three cameras onboard Curiosity used in this study are MastCam, MAHLI, and 

ChemCam RMI. Each has its own unique yet complementary imaging capabilities (Table 1).  

MastCam (Malin et al., 2010; Bell et al., 2012) is a combination of two cameras, located on 

top of the mast just below the ChemCam instrument. Their main objective is to acquire 

multispectral images and panoramas to provide geologic context. Given their imaging 

capabilities, they can distinguish grains with sizes larger than 500 μm at 3 m distance. Mastcam 

is widely used and is of particular interest to study the morphology and texture of rocks. 

MAHLI (“Mars Hand Lens Imager”) is a high-resolution camera located on the arm of the 

rover. It has the capability to focus from 2.1 cm up to infinity, which gives the opportunity to 

access the textures of rocks in detail (it can distinguish grains as small as 45 μm in size at 2 cm 

distance; Edgett et al., 2013). Unfortunately, this camera cannot be used at its greatest spatial 

resolution for each target that is sampled by ChemCam, as its mobility is constrained by its 

position on the arm. Therefore, MAHLI images of rocks investigated in this paper are quite rare, 

or have already been discussed in previous papers. 

RMI (“Remote Micro Imager”) is part of the ChemCam instrument. It is a black and white 

camera able to distinguish grains as small as 80 μm (at 2 m distance) or 120 μm (at 3 m distance) 

(Langevin et al., 2013; Le Mouélic et al., 2015). RMI field of view is 20 mrad. It is used both 

before and after ChemCam LIBS analyses on each target in order to give a detailed context of 

each point analysis. The resulting data allow for careful description of the rocks, including dust 

cover, compaction etc.  

 

Elemental composition  

Chemical analyses used in the present study have been obtained exclusively from the 

ChemCam instrument, which is the most used thanks to its remote sensing technique. This 

instrument is located on top of the mast of the rover and uses the LIBS technique (Laser Induced 

Breakdown Spectroscopy), which focuses a laser on a target to create plasma containing the 

elemental species present in this target. The analysis of the plasma light by spectroscopy yields 

the chemical composition of the rock. Targets can be sampled without preparation and at 

distances up to 7 m from the instrument. 

The small, 350-550 μm footprint of the analysis (Maurice et al., 2012) cannot be increased in 

size to generate bulk rock compositions, as a high laser power density is needed to create a 

plasma. Instead, multiple observation points can be used on each target and aggregated to 

estimate bulk compositions. Standard observations include 5 observation points up to 25 

observation points on each target either collected in lines or in grid patterns. Each observation 

point typically corresponds to 30 laser shots (i.e., 30 spectra) with each shot coring slightly 

deeper into the sample, allowing for the possibility to investigate compositional variability with 

depth. ChemCam’s sub-millimeter footprint provides a great opportunity to access the 
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composition of individual crystals in a rock, as point-to-point variations in chemistry often reflect 

variations in individual grains.  

 

The chemical heterogeneity of a given rock target can be assessed by using a statistical tool 

called the “Gini index” (Gini, 1921; Eliazar et al., 2010). This index is calculated using the 

dispersion around the average value. At least 9 observation points in the same target have to be 

available in order to perform this calculation. The Gini index ranges from 0 to 1: the smaller it is, 

the more homogeneous the target is, and vice-versa. Mangold et al (2016b) have validated this 

index by comparing it to the actual grain size deduced from MAHLI image analyses. They are 

quite well correlated: homogeneous chemistry and small grain size (less than 300 μm) give G < 

0.25; chemical heterogeneity observed for G between 0.25 and 0.5 corresponds to grain sizes 

close to and slightly larger than the laser beam size (between 250 μm and 1 mm); heterogeneous 

chemistry is observed for G > 0.5 and correspond to grain sizes larger than 1 mm. Such a 

parameter should be used cautiously, as rocks with coarse grains of similar composition (e.g., a 

coarse-grained monomineralic rock in the extreme case) would not show high variability.  

 

Major element compositions 

In order to quantify the major element abundances (SiO2, TiO2, Al2O3, FeOT, MgO, CaO, 

Na2O, and K2O) the ChemCam team is using a combination of two multivariate techniques: the 

“Partial Least Squares” (PLS) and the “Independent Component Analysis” (ICA). Recalibration 

was completed in 2015, expanding the standard database from 65 to 450 standards enabling a 

better determination of major elements (Wiens et al., 2015; Clegg et al., 2016). The PLS method 

uses different emission lines of a given element and compares them to known standards analyzed 

in a test bed on Earth (Clegg et al. 2009, Wiens et al. 2013). This technique has been updated by 

using sub-models depending on the range of compositions for each element (Anderson et al., 

2016). The ICA technique used to classify ChemCam data (Forni et al., 2009, 2013; Lasue et al., 

2011) is derived from blind source separation research (Hyvärinen et al., 2001) and identifies 

different statistically independent components and allowing spectra to be sorted from these 

components. Regression laws have been performed for each element, between the ICA score and 

the known-compositions of the reference spectra. 

 

The accuracy of ChemCam predictions is estimated by calculating the root mean squared 

error of prediction (RMSEP) for a representative test set of geostandards for each major element. 

This RMSEP varies as a function of elemental abundance, and is calculated by creating a look-up 

table using a test-set. The precision of ChemCam is determined from the standard deviations of 

multiple observations of homogeneous targets. The Yellowknife Bay mudstone (Mangold et al., 

2015) provides an upper limit for the precision, allowing for some slight variation in the 

mudstone compositions. These are generally consistent with precision determined from 

observations of the onboard calibration targets, which yielded precisions for SiO2 (1.5 wt.%), 

TiO2 (0.14 wt.%), Al2O3 (0.57 wt.%), FeOT (1.8 wt.%), MgO (0.49 wt.%), CaO (0.42 wt.%), 

Na2O (0.49 wt.%), and K2O (0.14 wt.%) (Blaney et al., 2014). It should be noted that published 

errors for APXS typically only represent precision and not accuracy. The precisions obtained by 

ChemCam are just slightly higher than those of the APXS. For more details on accuracy and 

precision of ChemCam data, see Clegg et al. (2016). 

 

Minor and trace-element compositions 
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Minor and trace elements such as Mn, Sr, Li, Ba, Rb and F have been quantified using a 

univariate. This quantification has been developed on the new database using more than 400 

samples for specific elements such as Ba, Sr and Rb (Payré et al., 2016). Mn has been quantified 

using the regression law defined from a dedicated suite of samples by Lanza et al (2016). A 

dedicated suite of twelve mixtures of F-bearing materials was used to quantify F abundance 

through the development of a univariate regression law (Forni et al., 2015).  

 

 

III. Textural Analysis 
 

Images from MastCam, RMI and MAHLI have been used to determine the context of the 

targets, their morphology and texture. Throughout Gale crater, hard rocks occur either as float or 

as discontinuous outcrops. Distinguishing igneous rocks from sedimentary rocks is particularly 

difficult for rocks with grain sizes less than 100 μm where textures and chemical variations 

related to individual grains become impossible to untangle. In order to differentiate lavas from 

fine-grained sandstones or pyroclastic flows, other morphological criteria are used such as 

scoriaceous or vesicular surface features and conchoidal fracturing. Stratified outcrops that show 

layering with local cross-bedding features are potentially observed in volcanoclastic sediments 

such as distal tephra deposits (Manville et al., 2009). The present study focuses solely on effusive 

and intrusive igneous rocks, excluding any putative volcanoclastic rocks. Therefore, samples with 

layered structure cross-stratification or any kind of sedimentary features such as pebbles were 

discarded, in agreement with their predominant interpretation as fluvial and lacustrine origin 

(Grotzinger et al., 2014, 2015), with exception of individual pebble analyses. Also, rocks with 

undefined textures (Mangold et al., 2016b) such as Jake_M (Stolper at al., 2013) have been 

eliminated for this study. More details on rock classification can be found in Mangold et al., 

2016b. 

Igneous rocks encountered along the traverse to sol 800 have been observed as clasts in 

conglomerates or float rocks lying on soils or partly buried in them. They are heterogeneous in 

texture, grade in color from dark grey to light-toned and often present facets due to wind erosion 

(ventifacts). The morphology and texture of igneous rocks, which vary significantly due to 

variations in grain size, allow for the distinction between effusive and intrusive rocks.  

Targets considered as igneous rocks are listed in Table 2, with the sol number when they were 

analyzed and the number of ChemCam observation points for each target. We were able to 

characterize 59 hard targets totalizing 419 observation points consisting of more than 12,500 

individual LIBS spectra. 

 

III. 1. Effusive rocks 

Effusive rocks can be classified in three different groups depending on their color, morphology 

and texture: 

Group 1 (20 rocks - Figure 2a,b) corresponds to dark-toned rocks, with an aphanitic texture, 

i.e. relatively fine-grained (< 0.3 mm) rocks in which most of the individual crystals cannot be 

distinguished on RMI images. Most of these rocks contain some light-toned microliths that are 

predominantly smaller than the laser beam (~ 350 μm) although locally up to 2.5 mm in length 

for microliths in Aztec and Warm_Spring. Dark-toned crystals such as olivine phenocrysts 

described in Adirondack-class basalts from Gusev crater and analyzed by the Spirit rover 

(McSween et al. 2003, 2006a, 2006b) have not been observed in these dark rocks at Gale. Some 
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of these rocks are shiny with no visible grains and exhibiting local conchoidal fractures, which is 

typical of glassy or extremely fine-grained material. One rock (Laurens) shows a 

scoriaceous/vesicular texture. These rocks have been encountered as float rocks and increase in 

number after sol 400. 

Group 2 (10 rocks – Figure 2c,d) consists of porphyritic rocks with large light-toned euhedral 

phenocrysts set in a dark grey fine-grained mesostasis with no resolved individual grains. Where 

possible given image quality, a detailed modal analysis was performed to obtain the proportion of 

the phenocrysts in the whole rock. Modal abundances based on the RMI images were analyzed 

with ImageJ software. The RMI image was first converted to a binary image in which feldspar 

crystals appear in white and dark crystals in black. Areas of the image were then analyzed to 

determine the percentage of leucocratic material. Such estimates have been performed on four 

rocks: Horlick, Robin_Hood, Harrison and Bindi. In Horlick, Robin_Hood and Harrison, the 

phenocrysts represent between 45 and 57% of the rock, whereas Bindi appears to be a cumulate 

with the phenocrysts representing around 80% of the rock. Harrison contains the biggest 

phenocrysts, up to 20 mm in length and between 1 and 3 mm width. The other porphyritic rocks 

contain phenocrysts around 2 mm in size. Some of the float rocks of this group have been 

identified as trachyandesites by Sautter et al. (2015). These rocks have been seen as float rocks or 

clasts in conglomerates (such as Harrison). The sub-rounded morphology of some of them 

suggests that they could be ancient clasts in conglomerates that are now disaggregated (Sautter et 

al. 2016).  

Group 3 (6 rocks - Figure 2e,f) contains light-toned rocks (called “leucocratic rocks” 

throughout the manuscript) with almost no visible grains (some of them such as Stark contain a 

few light-toned microliths), sometimes showing conchoidal fractures and having a vesiculated or 

pumiceous appearance. Some of the rocks of this group have been identified as trachytes by 

Sautter et al. (2015). All of these rocks have been encountered as float, but also in some cases 

forming slabs covered by dust (Sledgers). Vesicles are rounded in shape (Blanchet, Stark and 

Becraft) or stretched forming flutes showing evidence for magmatic flow (Meeting_House). 

 

III.2. Intrusive rocks 

 

Two groups of intrusive rocks have been identified based largely on color and grain size.  

Group 4 (10 rocks – Figure 3a,b) comprises dark rocks that are either fine-grained (< 1mm 

but still larger than the laser beam: Beacon, Coronation) or coarse-grained (up to 3 mm: La 

Reine, Black_Trout, Mara) with the same proportion of dark and light euhedral crystals. This 

equigranular texture and the ratio close to 1 between mafic and felsic crystals are typical of 

intrusive rocks. These rocks in Group 4 are always observed as floats and have largely rounded 

edges with flat or curved facets. 

 Group 5 (13 rocks - Figure 3c,d) includes leucocratic coarse intrusive (> 5mm) rocks. 

Light-toned anhedral crystals represent up to 80% of the rock. Some of these rocks show 

rectangular translucent grey grains (~ 1mm) intergrown within coarse, pearly pink crystals (e.g. 

Clinton target). Secondary minerals gathered within dark material correspond to ~20% of the 

rock. These rocks are either pristine and sometimes in contact with darker fine-grained rocks 

(Nita) or fragmented and weathered (Angmaat, Bird_River, Little_Wind _River, Wikinson, 

Kodak and Dougalls).  Some of these rocks were characterized as quartz-diorites/granodiorites by 

Sautter et al. (2015). They occur mainly as float but some have unknown settings because they 

are partially buried (Ross). These rocks were exclusively encountered near the landing site 

(before sol 550). 
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IV. Chemistry 
 

ChemCam is the first “microprobe” sent to Mars with the potential to analyze individual 

minerals at rock-forming scales (Wiens et al., 2015). However, the laser beam size (300-500 μm 

– Maurice et al., 2012) is such that mineral mixtures are still often analyzed rather than individual 

crystals, especially for fine-grained rocks where grain size is less than or comparable to the beam 

size.  

We have combined visual observations detailed in part III with the Gini index for all the 

possible targets (those with at least 9 observation points) for each group. The average index 

obtained for aphanitic dark rocks (Group 1) is relatively low, around 0.52, whereas for fine-

grained rocks (Group 4) it is slightly higher (0.56). It is even more elevated, between 0.8 and 

0.76, for coarse-grained and porphyritic rocks (Group 5 and Group 2, respectively). The average 

Gini index for rocks of Group 3 is similar to the one of Group 1 (0.53), but this has been 

calculated from only 2 rocks (as only 2 rocks have been sampled with at least 9 observation 

points). The results from the Gini index are consistent with our visual observations, aphanitic 

rocks being relatively homogeneous whereas crystallized rocks are heterogeneous at the scale of 

LIBS analyses.  

Due to the small scale of the ChemCam analyses, we must combine the chemical data 

with the interpretation of the RMI images where feldspar minerals are easily observed (euhedral 

late-shaped whitish crystals) compared to mafic phases, before inferring any mineral composition 

from such analyses. Therefore this chemistry section is focusing on chemical diagrams that are 

useful to decipher between several mineralogical phases. Such diagrams showing shot to shot 

variations in composition with depth (25 spectra per observation point, the first 5 points being 

removed to avoid dust contamination) are used in a complementary way to display both mafic 

and felsic phases (e.g., plots of FeOT versus SiO2, lacking Mossbauer instrument on Curiosity, all 

iron is taken as Fe
2+

) and to differentiate between feldspars (Al2O3 versus Na2O + K2O). Figure 4 

displays the results obtained for one representative rock of each group.  

 

As suggested in the textural description above, aphanitic dark rocks (Group 1) do not 

show any crystals with the exception of a few occasional light-toned microliths that are generally 

smaller than the beam size. From RMI images and chemical diagrams such as Figure 4a-b, a 

limited number of LIBS points have sampled a combination of these microliths and the 

surrounding matrix (Points #6, #8 and #10). The corresponding chemical compositions are the 

most alkali, aluminum-rich of these rocks, providing evidence of some felsic phase (Figure 4a-b, 

# 6). Nevertheless, all the points plot close to each other as a cluster, which shows that these 

types of targets are homogeneous, as observed with the images and quantified by the Gini index 

in the previous paragraph. 

Group 2 targets, with their porphyritic texture, include a large amount of elongated light-

toned minerals (see part III.1 and figure 2c, d) with a grain size larger than the beam size. 

Therefore, ChemCam was able to sample relatively clean light-toned crystals (without or with 

very low contributions from the mafic matrix, i.e. FeOT < 10%). For example, in the sample 

Harrison, leucocratic phenocrysts clearly stand out chemically from the mafic component (Figure 

4c) and the zoning typically seen in elongated light-toned minerals (Sautter et al., 2016) is easily 
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observed; the laser sampled light grey cores (Figure 4d points # 12, 14, 15, and 16, with SiO2 50-

55% and Al2O3 > 20%) and whitish rims (points # 3 and # 8, SiO2 ~60% and Al2O3 ~19%). Point 

#5 is especially enriched in FeOT  (> 40 wt.%) and low in SiO2 (<30 wt.%). 

In Figure 4e-f, all but one point of the Group 3 rocks correspond to a light-toned phase 

that is K-feldspar-rich (SiO2> 65% and Na2O + K2O around 12%). The unique point, #3, contains 

~ 13% FeOT  and a smaller amount of SiO2 (< 60%). It seems to be a mixture between an oxide 

and a felsic-rich matrix, which is consistent with visual analyses. 

In intrusive fine-grained rocks (Group 4), small light-toned crystals and dark crystals are 

distinguished from each other both texturally and chemically (negative FeOT vs SiO2 trends and 

positive Al2O3 vs Na2O + K2O trends, respectively, in Figure 4g-h). Point #6 from Ashuanipi 

exemplifies a rather clean plagioclase composition whereas points #4, #8 and #9 present a more 

mafic trend, with point #2 particularly low in SiO2, Al2O3 and alkali.  

For intrusive targets of Group 5 (Figure 4i-j), 80% of the points display higher silica than 

the mean martian crust derived from soil composition (SiO2 50-65%) (Taylor and McLennan et 

al., 2009), combined with low Fe abundance (FeOT < 10%), and relatively high aluminum (Al2O3 

> 20%) and calcium (CaO~10%) abundances, thus suggesting rocks dominated by plagioclase 

phases.  

 
 These chemical trends are useful for such small-scale analyses as performed by 

ChemCam in order to chemically decipher between mafic and felsic phases. This is 

complementary to the visual observations, and a necessary first step before inferring the 

mineralogy of the sampled targets. From this part we can conclude that Group 1 corresponds to 

mafic-dominated rocks whereas Group 2, Group 3 & Group 5 are felsic-dominated rocks, while 

Group 4 is intermediate. 

 

V. Mineralogy 
 

Assessing the mineralogy of the sampled targets is then possible using the ChemCam data by 

combining the visual and chemical observations. If a white rectangular-shaped crystal is Fe-Mg-

poor, then a feldspar crystal is likely to have been probed and projection in an Ab-An-Or triangle 

becomes possible. Mafic compositions are trickier, as it is difficult to distinguish pyroxenes, 

oxide phases, olivine and amphiboles in the RMI images within the dark portions of rocks. 

However, Figure 4 showed that we can still easily texturally distinguish the mafic phases based 

on the chemical data. 

 

1-Feldspar phases 

As suggested in the textural description, aphanitic dark rocks (Group 1) do not show any 

crystals, with the exception of a few occasional light-toned microliths that are generally smaller 

than the beam size. However, as shown in Figure 4a-b, these rocks are really homogeneous, with 

a mafic composition even for points that may have sampled a microlith (see part IV). Therefore 

no points from Group 1 can be plotted on a feldspar ternary diagram (Or-Ab-An).  

All of the selected LIBS points that sampled a light-toned phase for all the other groups of 

rocks have been plotted in a ternary diagram (Figure 5). For clarity, points from dark-toned 

(Groups 2 and 4) and light-toned rocks (Groups 3 and 5) are shown in two distinct diagrams. 

 Plagioclases observed in dark-toned rocks correspond to andesine (Figure 5a) with only a 

few exceptions, mainly in the Harrison target where phenocryst rim compositions plot closer to 
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the alkali end-member due to the zoning mentioned above (Figure 5b). Several points from the 

intrusive rocks of Group 4 plot at the interface with the immiscibility gap (Figure 5a). This is due 

either to mixing between different feldspar compositions, suggesting exsolution lamellae (Gasda 

et al., 2016), or sampling between different phases (therefore not a pure feldspar), due to the 

small grain size (Figure 5b, ~ 1mm) compared to the laser beam size.  

Rocks of Group 3 contain alkali-feldspars, mainly anorthoclase but some sanidine as well 

(Figure 5c). Some light-toned needles are observed in Figure 5d (right). These rocks are the only 

ones with K-feldspars (Figure 5c), consistent with their significantly higher Rb and Ba content 

(Figure 6) compared to other measured igneous rocks. Indeed, this merely reflects the frequent 

substitutions between K, Rb and Ba during crystallization.  

In the felsic intrusive rocks of Group 5, anorthite content ranges from 25 to 50%, 

corresponding to oligoclase-andesine (Figure 5c), with the majority of points within the andesine 

field (Table 3). All LIBS analyses from the target Ross have sampled a felsic component, ranging 

from andesine (point 1) to oligoclase (points 2 to 5). Compared to the other groups, rocks from 

Group 5 present the highest average content in Sr, due to substitutions between Ca and Sr in 

plagioclase (Figure 6). Figure 5d shows an example of the plagioclase-rich Clinton target, as 

imaged by the MAHLI instrument. This image shows plagioclase crystals as big as 5 mm that are 

cut by a dark vein. Grey translucent grains are also observed and may correspond to quartz 

crystals (Sautter et al., 2015) intergrown with coarse plagioclase grains.  

 Overall, the main feldspars observed in igneous rocks correspond to andesine, 

anorthoclase and some sanidine. It is noteworthy that sanidine was also identified in coarse-

grained sedimentary rocks analyzed by ChemCam (Le Deit et al. 2016; Mangold et al., 2016a) as 

well as by CheMin XRD analyses performed at the Kimberley field site in the Windjana fine-

grained sandstone (Treiman et al. 2015), which suggests integration of these mineral phases into 

the sediments.  

 

2-Mafic phases and other phases 

 

Mafic phases are difficult to identify from RMI and MAHLI images, as they have similar 

color, do not show clear mineral shapes and are usually smaller than light-toned minerals. 

Therefore, all of the points that did not sample a light-toned crystal (from visual and chemical 

data) may have probed mafic mixtures of minerals such as pyroxene, olivine, amphibole and 

oxides with/without trace amounts of feldspar. Corresponding major-element compositions were 

first broadly filtered to identify mafic mineral candidates, using diagrams such as Figure 4, for all 

the targets. We first discarded observation points with high Al2O3 (> 10%) and K2O (>1.5%) 

contents (empirical cutoffs) to screen out any possible contamination from a felsic component. 

We then selected analyses with SiO2 values ranging from 40 to 56 wt.%, consistent with 

pyroxene composition. We finally kept the remaining analyses with decent major-element totals 

(our guideline is 90 to 105 wt.%).  

For this survey of mafic minerals, we excluded Group 3 corresponding to glassy to 

cryptocrystalline material without any visible dark grains (Figure 4e-f). We then selected all 

points from Group 2, Group 4 and Group 5 that hit dark phases and/or mesostasis. In the specific 

case of aphanitic dark-toned rocks of Group 1, it is assumed that pyroxene is the most abundant 

ferromagnesian phase (Figure 4a), as their crystal structure accommodates all the major elements 

that occur in basalt with the exception of potassium. 

If we assume that the remaining points correspond to relatively “pure” pyroxenes, these 

points plot strikingly towards the Fe-rich end of the pyroxene quadrilateral (Figure 7 Fs: 0.5-0.9). 
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Ferro-augites are found in trachyandesites of Group 2 (such as Stock #7 and Horlick #5), quartz-

diorites of group 5 (Sparkle #3) and rocks of Group 4 (Elizabeth #4) (Table 4), but a majority of 

the points plot in the pigeonite field and span a wide range of Mg content between 65 and 25%. 

This wide range of variation characterizes essentially mafic aphanitic rocks of Group 1 and mafic 

rocks of Group 4 (Table 4) while Group 2 rocks seem to contain ferro-pigeonites exclusively. 

Apart from the two ferro-augites observed in Group 5 (Figure 7), mafic analyses in these quartz-

diorite rocks (Group 5) generally include some Na and K (< 2% and < 0.3%, resp.), present a low 

major-element total (90-94%) and show a hydrogen signal. Such compositions have been 

tentatively recalculated into amphibole for Ruker #6. Nevertheless, hydrogen quantification with 

ChemCam is still in progress (Rapin et al., 2016; Thomas et al., 2016; Schröder et al., 2015), and 

the confidence in sampling an amphibole is not yet firmly established. Note that the CheMin 

instrument used on sedimentary rocks did not observe such Fe-enrichment in pyroxenes (Figure 

7), but rather detected Mg-rich augite minerals, as well as Mg-rich pigeonites (Mg# 0.66 and 

0.68, respectively, with Mg# corresponding to Mg/Mg+Fe
2+

) and iron oxides (Treiman et al. 

2015). Therefore, igneous pyroxenes at Gale seem to be iron-rich (Table 4) when compared to 

sediments analyzed by CheMin during the rover traverse.  

Johnson et al (2015) focused on the passive spectra from ChemCam. Some of their data 

points correspond to igneous targets that are included in our study, such as Ashuanipi and 

La_Reine, from Group 4. From their study, it is interesting to note that they attributed the 

downturn observed in the spectra after 750 nm to the possible presence of orthopyroxenes or 

other low-Ca pyroxenes. Our pyroxene analysis of Ashuanipi (Figure 7, Table 4) points toward 

low-calcium pyroxene, consistent with the overall interpretation of Johnson et al (2015). 

 

 Analyses that are left over after this screening have low totals (lower than 90%) and low 

SiO2 contents (usually < 40%), and correspond to potential mixtures of oxides and olivine that 

are hard to untangle. As mentioned above, if olivine precipitated in these rocks, it should have 

formed tiny crystals that would be invisible at the RMI scale (in contrast to the macroscopic 

olivine grains found in Bagnold Dunes; e.g., Ehlmann et al., 2016; Cousin et al., 2016). Such 

oxide-dominated mixtures (Table 5) have been detected within the five rock types described in 

the present paper. In Group 1, they correspond to analyses depleted in SiO2 (SiO2 < 40 wt.%) 

compared to the other analyses within this group, but enriched in TiO2 (1.2 < TiO2 <1.5 wt.%) 

with high FeOT contents (24 < FeOT < 36 wt.%) and low MgO (<3 wt.%), such as in Watterson 

#9. They could represent ilmenite-dominated mixtures. These points also show enrichment in Cr 

(Figure 6). Similar mixtures have been observed in Group 2 rocks such as Horlick #4, and in 

intrusive fine-grained rocks of Group 4 such as Beacon #6.  Their SiO2 content is lower than 41 

wt.%, TiO2 ranges from 1.2 to 4 wt.% and FeOT varies from 20 to 28 wt.%. Harrison #5 is 

somewhat special with very high FeOT (40 wt.%) correlated with a high Mn signal 

(corresponding to ~ 40 wt.% MnO), both decreasing with depth. This point likely corresponds to 

a mixture with a Fe/Mn oxide coating that could be more or less hydrated (the hydrogen line also 

decreases with depth) (Lanza et al 2014). A few Fe-Ti oxides have also been detected in 

leucocratic aphanitic Group 3 rocks (Chakonipau #3, where TiO2 goes up to 13 wt.%). Only one 

point from the leucocratic intrusive rocks of Group 5 seems to be an oxide mixture (Noriss_2 #6), 

with almost 3 wt.% TiO2 and 20 wt.% FeOT.  

 

Some other accessory phases corresponding to F-bearing minerals (Forni et al. 2015) have 

been detected in rocks of Groups 1, 2 and 4. Among the porphyritic rocks, the dark point 

Harrison #4 contains approximately 1 wt.% F and is enriched in CaO (up to 16 wt.%); shot-to-
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shot analysis shows a correlation between the F and the CaO contents (Forni et al., 2015). This 

point also reveals Cl and P spectral signatures suggesting that a Cl-F apatite crystal has been 

sampled. Some other points contain up to 1 wt.% F, such as Blackhead #7 from Group 1 

aphanitic dark rocks that also contains > 15 wt.% CaO and displays a P spectral signature, thus 

suggesting the presence of a F-apatite crystal. Finally, a few points in fine-grained rocks (Group 

4) could contain some micas or amphibole, as the F signal is correlated with the Li, Mg & Si 

signatures (Black_Trout #1 and Ashuanipi #2).  

 

 To summarize the discussion on the mineralogy of the igneous rocks observed at Gale, 

concerning the felsic phases, rocks of Groups 1 and 4 as well as Group 2 porphyritic rocks 

contain mainly andesine, and rocks of Group 5 include andesine-oligoclase, whereas rocks of 

Group 3 are dominated by orthoclase and sanidine. Moreover, mafic minerals contained in all 

these groups are more Fe-rich and Mg-poor than most of the martian shergottites. Except for 

some points that hit nearly ‘pure‘ pyroxene phases (Table 4), we analyzed mineral mixtures that 

included pyroxene, oxides, apatite, and potentially amphibole. Pyroxenes are displayed toward 

the Ca-Fe
2+

– Fe
2+

Fe
3+

 (ferrosillite) side of the quadrilateral, giving rise to ferro-augite and ferro-

pigeonite consistent with evolved low-temperature (900 – 1000 °C) host rocks (Lindsley et al. 

1983), and therefore corresponding to a late stage in the crystallization sequence.  

 

VI. Petrology 
 

All the characteristics of each group of rocks (number of observations, texture, 

mineralogy and rock type) are summarized in Table 7. 

 

Groups 2, 3 and 5 being already well described in term of petrology in previous papers 

(Sautter et al. 2014, 2015, 2016), this study focuses on the two other groups that are newly 

observed on Mars: effusive aphanitic dark rocks (Group 1) and intrusive fine-grained rocks 

(Group 4). For the 20 rocks with aphanitic texture (Group 1), representative whole-rock estimates 

(Table 6) can be obtained by averaging all locations for each rock, since the grain size is smaller 

than the laser beam size. On the other hand, the whole rock composition of fine-grained intrusive 

rocks (Group 4) is more difficult to assess. These rocks have grains up to the laser beam size, but 

no obvious pure phases have been sampled (see part V), making the modal reconstruction 

difficult and not accurate. Therefore, for these rocks of Group 4, only targets with at least 9 

observation points are taken into account (La Reine, Eagle Mountain, Ashuanipi and Black 

Trout).  

 On a total alkali-silica (TAS) diagram (Figure 8a), the dark aphanitic rocks of Group 1 

show two sub-groups depending on their alkali content. Alkali-poor rocks of Group 1 plot in the 

picro-basalt (Pyramid_Hills) and basalt (for example, Watterson and Gunflint) fields while alkali-

rich targets of Group 1 are in the tephrite (Johnnie) and trachy-basalt (Timble) domains. 

Considering all the Group 1 rocks together they show variable Mg#s (Table 6) ranging from 

strikingly low values (Mg# 0.15 in Watterson) to high values (Mg# 0.46 in Gunflint, Mg# 0.44 in 

Johnnie). Such variations are highlighted by pyroxene compositions in § V.2. Even if the 

presence of Fe-oxides could contribute to these low Mg#s, in most cases oxides have not been 

obviously sampled, and the normative ilmenite/hematite components are the same for the rocks 

with low Mg# and for the rocks with a higher Mg# (Table 6). They all contain normative olivine, 

although olivine as a phenocryst phase has not yet been observed at Gale in igneous rocks. 
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However, ferroan bulk compositions typically produce abundant fine-grained intergrowths of 

fayalite, hedenbergite and tridymite by breakdown of pyroxferroite, as first discovered in lunar 

mare basalts (Lindsley et al. 1972), and later in the most differentiated basaltic shergottites such 

as Los Angeles and Queen Alexandra Range (QUE 94201) (Rubin et al. 2000, Mikouchi 2001, 

Warren et al. 2004). Normative olivine could merely indicate that fayalite needles are not 

detectable by ChemCam. Moreover, all targets of Group 1 have high contents of normative 

feldspars (an average of ~ 45% plagioclases, ~ 8% K-feldspars), which indicate an abundance of 

feldspar microliths that are unfortunately too small to provide clean ChemCam analyses (see §V-

1). The subgroup of rocks with a higher alkali content contain up to 8% normative nepheline, 

which could suggest the presence of feldspathoids instead of feldspars. This would be consistent 

with the low Si content observed in these rocks (see part IV and Table 6). 

Concerning rocks of Group 4, as in Group 1, the most variable elements are FeOT and 

MgO, with Mg# (Table 6) ranging from 0.26 in Eagle-Mountain to 0.56 in La Reine. The 

normative composition contains ~ 48% plagioclase, ~ 2-10% orthoclase, ~ 30-35% pyroxene 

(mainly low-calcium pyroxene), ~ 5-19% olivine and ~ 1-3% ilmenite. Such normative 

compositions, together with observed textures, are consistent with gabbro-norite classification. 

 The rocks of Group 2, also called “trachyandesites” by Sautter et al. (2015), included 

seven distinct samples with markedly heterogeneous compositions (Gini index). Since the grain 

sizes are larger than the laser beam, its composition had been estimated from the only rock 

sampled with a large raster (4x4): Harrison (Sautter et al. 2015). Yet, this present study extends 

this group with two new porphyritic rocks: Airfield and Albee. Nevertheless, only five points 

were observed on Airfield, and all nine points from Albee sampled the plagioclase phenocrysts, 

precluding whole-rock compositional assessment. These porphyritic rocks are well represented in 

Gale (17% of the igneous rocks observed by ChemCam), but unfortunately their heterogeneous 

textures make their analyses difficult by rasters with limited numbers of points.  

This present study expands Group 3 described as “trachytes” in Sautter et al. (2015), with 

one rock called Meeting House. The normative composition gives 10% quartz, 55% plagioclase 

(An <10), 23% orthoclase, 4% diopside and 8% hypersthene, with 1% ilmenite, consistent with 

previously described trachytic rocks (Group 3: Sledgers, Chakonipau and Becraft). Whole-rock 

calculations for Blanchet and Stark are not possible, as no analyses have been acquired for 

Blanchet and only one for Stark.  

  Note that in the present survey we did not find any new rocks after sol 500 belonging to 

Group 5 described as quartz-diorite rocks in Sautter et al (2015), indicating that these rocks are 

concentrated in the vicinity of the alluvial fan deposit below the Peace Vallis channel.  

  

 

  

 

 

VI. Discussion 

 
Gale crater rocks expand the diversity of igneous rocks that make up the Martian crust beyond 

the composition at any other landing site as well as the composition of the vast majority of 

Martian meteorites excepted the polymict breccia NWA 7034 (Santos et al. 2015, McCubin et al. 

2016) and its paired samples (NWA 7533 - Humanyun et al. 2015, Hewins et al. 2016).  
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Igneous composition through the MSL traverse 

 

Basaltic rocks are very well represented (34% of the igneous rocks - Figure 9a) and 

include iron-rich and magnesium-poor specimens. The second most common group of rocks 

corresponds to the dioritic rocks of Group 5 (up to 20%). Gabbro together with trachyandesites, 

are the third most abundant types of igneous rocks observed along the traverse, representing each 

17% of the total. Finally trachyte contribution is 10%. If we gather all the rocks with more than 

50 wt.% feldspar crystals (diorites, trachytes and trachyandesites), they correspond to 49% of all 

the igneous rocks, which means that feldspar-rich lithologies are widespread at Gale crater. 

Interestingly potassium-rich and silica-rich sediments have been found at Gale crater, 

respectively at Kimberley (LeDeit et al., 2016) and Maria Pass (Morris et al., 2016).  

 Felsic and mafic rocks do not seem however to be distributed randomly on the crater floor 

along the Curiosity traverse (Figure 9b). Felsic rocks (diorites, trachytes and trachyandesites) 

have been observed mostly close to the Bradbury landing site during the first 20 months of the 

mission (sols 13 to 552). The landing site is located to the south of the alluvial fan at the mouth of 

Peace Vallis (Palucis et al., 2014), a river channel that cuts through the northern rim of Gale 

crater. This felsic component has also been observed among the conglomerates near the landing 

site (Mangold et al., 2016a). The occurrence of felsic rocks as rounded float rocks associated with 

conglomerates, or forming distinctive clasts within them along with felsic pebbles and coarse 

grains of similar composition (Meslin et al., 2013; Cousin et al., 2014; Cousin et al., 2015), 

indicate that they are the product of mechanical weathering of conglomerates. Felsic rocks would 

have been sampled initially by the Peace Vallis river within an evolved magmatic sequence 

through a vertical section on the order of 3 km thick exposed in Gale crater’s walls. Then they 

would accumulate as alluvial deposit on Gale crater floor (Sautter et al. 2015, 2016). Note that 

such a deep crustal sequence remain hidden from remote orbital optical and infrared spectroscopy 

which analyze exclusively the upper most part of the basaltic regolith (Bibring et al. 2005, 

Christensen et al. 2001). 

Mafic and intermediate rocks (basalts and gabbros) have been observed all along the 

traverse up to sol 800, but they increase in number after the Kimberley outcrop (after sol ~ 630) 

as the rover drove away from the alluvial fan and approached Mount Sharp. Consequently these 

mafic lithologies do not seem directly related to the Peace Vallis alluvial fan deposit, but appear 

to be the most common igneous rock type analyzed so far at Gale. As the mafic rocks are float 

without clear stratigraphic context, their exact location within the complex sedimentary 

stratification on Gale crater’s floor or in the regional geologic landscape is difficult to assess. 

However, these mafic rocks have been interpreted as having been formed before the sedimentary 

sequence described in the literature (Grotzinger, 2015; Anderson, 2013; Le Deit 2016; Vaniman 

2015; Treiman 2016). Interestingly, the main sedimentary groups have Mg ‘s number varying 

between 15 and 60 (Bridges et al. 2016) similar to mafic igneous rock compositions (14 to 50 for 

Group 1 and 26 to 56 for Group 4) and thus could represent their erosional and relithified product 

(Bridges et al., 2016). However, K-rich sediments at Kimberley (Treiman et al. 2016; Le Deit et 

al. 2016) and detrital (high-temperature) tridymite at Marias Pass in the Murray formation (sol 

991-993, Morris et al. 2016) have been observed, which indicate potentially complex sedimentary 

histories that are not directly related to this simplistic hypothesis of erosion, deposition, and 

lithification of mafic materials in a lacustrine environment. This indicates different volcanic 

sources, potassic and silica-rich, at or near Gale crater. 

What is the relationship if any, between these basaltic rocks (Group 1-4) and the alkaline 

suite (Group 2-3)? The alkali trend described in Sautter et al. (2015), indicated by the black 
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dashed line in Figure 8a, was interpreted as fractionated liquids at 1 bar of a primary melt with 

Black-Trout (Group 4) composition (Mg# 0.28) produced at 1 GPa from a low degree of partial 

melting (6%) of primitive Martian mantle using Dreibus and Wanke (1986) composition. The 

present survey of mafic rocks (Groups 1 & 4) in Gale shows however a wide range of textures 

and compositions varying from alkali-poor to alkali-rich end-members, with iron-rich 

compositions and variable Mg#. Given the lack of olivine phenocrysts and variable Mg number 

between 15 and 50 (Table 6), they cannot be all primary basalts derived from the primitive 

mantle. 

 

 

Comparison with MER igneous rocks compositions 

 

The new rock types of the basanite/basalt group (Group 1) and micro gabbro and norite 

(Group 4), when plotted in a TAS diagram (Figure 8a), are within the fields of Columbia Hills 

alkali basalts and basaltic rocks from Gusev crater. However Group 1 basalts do not contain 

olivine phenocrysts and are more iron-rich (Mg# < 0.5 between 0.15 and 0.5, Table 6) compared 

to the vast majority of basaltic rocks analyzed by Spirit and Opportunity. Adirondack class 

olivine-rich basalts have a Mg# between 0.51 and 0.55, while the relatively unaltered alkaline 

rocks from Columbia Hills (Backstay, Irvine and Wishstone) have Mg#s of 0.53, 0.46 and 0.40, 

respectively (McSween et al., 2006a, 2006b; Squyres et al., 2006). This difference is highlighted 

in a MgO/FeOT vs. Al2O3/SiO2 diagram in Figure 8b where 70% of the mafic rocks analyzed at 

Gale have MgO/FeOT less than 0.4 while Gusev rocks plot above this value. Another observation 

is that for a given value of MgO/FeOT around 0.2, Al2O3/SiO2 ratios in Gale are scattered 

between 0.17 and 0.4.  Such variations are more likely due to ChemCam’s random sampling of 

fine-grained rocks having a heterogeneous distribution of microliths within glassy mesostasis at a 

scale lower than the spatial resolution of the laser beam and the RMI.  High Al2O3/SiO2 values (> 

0.25) would consequently reflect a bias due to preferential sampling of feldspar microliths in 

some of the rock targets rather than a genuine variation in whole-rock chemistry. If so, the 

nepheline-normative rocks of Group 1 may not correspond to a distinctive rock sub-class in Gale 

but may merely reflect this sampling bias by ChemCam.  

Adirondack olivine basalts (with ~Mg# 0.53) are primary basalt thought to represent 

unfractionated primitive magma compositions formed by high degrees of partial melting (15-

20%) of a primitive mantle source (with Mg# 0.75-0.8 from Dreibus and Wänke 1986) at ~ 85 

km depth and 1 GPa (McSween et al. 2006b). The different set of lithologies observed later at 

Columbia Hills (Wishstone, Irvine and Backstay), are mildly alkaline in composition (alkaline 

basalts and tephrites) and thought to be related through fractional crystallization of Adirondack 

magma at various depths (McSween et al. 2006a). Basaltic rocks of Group 1 are more 

geochemically evolved compared to Gusev basalts. They could represent parental–melt of Mg-

rich pyroxene cumulates, but such rocks have never been observed at Gale. Alternatively all 

those basalts with variable Mg number could have sampled heterogeneous mantle i.e. 

compositionally distinct sources at depth, which seems unlikely, as they have been found within a 

very small perimeter. Also, assimilation of Iron-rich sediments cannot be excluded. 

 

 

Comparison with Martian meteorites 
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Concerning the mineralogy of the Gale igneous rocks, the main feldspars observed 

correspond to andesine, anorthoclase and some sanidine, which is similar to most of the feldspars 

observed in the basaltic and trachyandesite clasts of NWA 7034 (Santos et al., 2015). The 

difference observed comes from the sanidine, which is more enriched in K in NWA 7034 

compared to sanidine observed in Group 3 rocks at Gale. The pyroxene compositions observed in 

our study are not uncommon on Mars. They have been previously found in mars meteorites, both 

in a few basaltic shergottites (Los Angeles with pyroxenes Fs45-95, NWA 480, QUE 94201 - 

Mikouchi et al., 2001; Warren et al., 2003) and in nakhlites (Mikouchi et al., 2003, Treiman et 

al., 2004). In the latter, augite phenocrysts are enriched in iron in contact with iron–rich 

mesostasis (including ferro-pigeonite, fayalite) (Treiman 2004 and references therein). 

 

Gale crater evolved basalts of Group 1 differ from the vast majority of Martian meteorites. 

Most of them are mafic and ultramafic cumulates and the rare shergottites that could represent 

primary basaltic melt are generally olivine-phyric shergottites (Y980497, NWA 5789, LAR 

06319, NWA 2990) with high Mg# and olivine phenocrysts (Shirai et al., 2004; Irving et al., 

2010; Shafer et al., 2009; Bunch et al., 2009). Interestingly iron-rich basaltic composition of 

Watterson is similar to the Nakhlite parental magma (NPM) (Stockstill et al. 2005, Sautter et al. 

2012), for which the most accepted values, referred as NA03 and NPM05, have a low Mg# 

(~0.23). Calcium is higher in those experimentally rehomogenized melt inclusions as, during 

heating experiments, dissolution of some augite hosting the inclusion may have occurred (Sautter 

et al. 2012). The normative compositions of nakhlite parental magma and Gale iron-rich basalts 

(Table 6) indicate that they cannot be the product of melting of a typical, not metasomatized 

mantle (i.e. a mixture of dominant olivine, pyroxene and minor plagioclase). These particular 

melt compositions result from a strong iron enrichment in the source, which makes olivine far 

more fusible than in more MgO rich sources, or possibly this melt already fractionated to a 

significant extent. Udry et al. (2014a) performed pMELTs and MELTs fractional crystallization 

calculations that followed a polybaric path (fractionation at medium pressure followed by sub-

adiabatic ascent) on Nakhlite parental magma compositions (NA03). Starting from 1.25 GPa and 

1300-1380°C under dry conditions, they obtained a residual liquid extending into the alkaline 

field toward trachyte compositions. Initially, SiO2 and FeOT increase followed by a decrease in 

FeOT due to olivine fractionation at high and low pressures. Feldspar crystallization is 

responsible for a decrease in Al2O3 abundance starting after 30% fractionation. The only 

pyroxene to crystallize is augite, so the residual liquid shows a continuous decrease in CaO. The 

iron-rich Watterson type of basalt could therefore be the mafic end-member of the calculated 

liquid line of descent (Sautter et al. 2015) passing through Black-Trout (dashed line in Figure 8a) 

which parallels the liquid line of descent calculated by Udry et al. (Figure 11 in Udry et al., 

2014a). Consequently, fractionation at a depth of 70 km of a magma originating at 90 km depth, 

followed by sub-adiabatic ascent under anhydrous conditions, could have caused the magmatic 

evolution towards alkaline compositions observed at Gale. It is interesting to note that ferroan 

lunar basalt Asuka-881757 also crystallized from dry magma (Mikouchi 2001), which could 

suggest similar formation conditions of these two samples, even if they come from two different 

planetary bodies. 

 

Group 4 micro-gabbros with Mg# between 0.25 and 0.55 look like gabbroic shergottites 

such as Los Angeles, QUE 94201 (Rubin et al. 2000, McSween et al. 1999) and NWA 7320 

(Udry et al. 2016) which have lower Mg# than olivine-bearing shergottites. Los Angeles is the 

most geochemically evolved martian sample with the lowest Mg# (0.14) than any other martian 
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meteorites. Rather than being a primary melt from a plausibly heterogeneous mantle that 

elsewhere generate more Mg-rich magma, Los Angeles has been interpreted as a part of shallow 

intrusion proceeded by an episode of fractional crystallization and /or assimilation of older crustal 

matter (Rubin et al. 2000). Black-Trout (Mg# 0.28) and Eagle-Montain (Mg# 0.26) intrusive 

micro gabbro of Group 4 could result from the same processes.  

 

  The new polymict breccia NWA 7034 and pairings so far identified NWA 7533, 7475, 

7906, 7907, 8114, 8171 (Agee et al. 2013, Humayun et al. 2013, Santos et al. 2015, Hewins et al. 

2016, McCubbin et al. 2016) contain basalt, trachyandesite, basaltic andesite and FTP clasts 

(Santos et al. 2015). However the majority of these effusive clasts have higher Mg# (Mg# > 0.50) 

compared to Gale crater basalts. Iron rich clasts are limited to one basalt clast (clast 77) due to the 

Ca-Fe –rich nature of its pyroxene and a FTP clast with Mg# as low as 0.10. The latter is peculiar 

being pyroxene-free and rich in Fe-Ti oxides. This more likely does not correspond to a real rock 

composition but rather reflect preferential sampling of oxide phases in a host rock that would 

have very heterogenous modal repartition. All FTP clasts are very small and show variable modal 

composition from one clast to the other.  

 

 

VII. Conclusion 
 

Overall, the in situ data from Gale crater provide unprecedented insights into the diversity 

of igneous rocks at the surface of Mars. ChemCam analyzed a total of 59 effusive and intrusive 

igneous rocks during the traverse up to sol 800 ranging from picritic to trachytic compositions. 

This variety was not expected from the results obtained during the previous in situ missions, but 

these observations are consistent with those from the new meteorite NWA 7533 (Humayun et al., 

2013) and paired samples NWA 7034 (Agee et al. 2013, Santos et al. 2015) and from recent 

orbital observations, summarized in Sautter et al. (2016). 

  

The Curiosity imagers allowed the distinction between intrusive and effusive igneous 

rocks, which is important information for petrological processes. Among the feldspars, we have 

sampled mainly andesine and anorthoclase, as well as some sanidine. Pyroxenes are iron-rich and 

rather low in calcium, consistent with passive observations as well. Secondary phases have been 

observed, such as Fe/Ti-oxides and apatites.  

 

Gale basaltic rocks show distinct compositions compared to the igneous rocks analyzed 

by the Spirit rover in Gusev crater. Most of them show a low Mg# (<0.5), which could be 

explained either by a different mantle reservoir between these landing sites, or by a more 

extensive fractional crystallization concerning the Gale basaltic rocks. From our study, we 

propose that rocks from Group 1 such as Watterson basalt could be the mafic end-member of the 

alkaline trend observed at Gale. Magma originating at low depth followed by fractional 

crystallization with sub-adiabatic ascent under anhydrous conditions could have caused the 

magmatic evolution towards alkaline compositions observed at Gale. 

 

 These igneous rocks are not randomly distributed along Curiosity’s traverse; rather, the 

felsic targets (trachyandesites, trachytes and quartz-diorites) have been observed near the landing 

site, close to the Peace Vallis alluvial fan. These targets seem to have been transported by fluvial 
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activity and therefore represent a sampling from the crater northern rim, while the mafic targets 

such as the basalts and the gabbros are mainly observed later on the traverse.  

Basalts represent the main type of igneous rocks sampled by ChemCam along the 

traverse. Nevertheless, the second most common igneous rocks correspond to the quartz-diorites. 

Moreover, the felsic igneous rocks all together represent up to 49% of the observed igneous 

rocks, meaning that feldspars are widespread at Gale crater. 

 

While the in situ data from Gale crater provide unprecedented insights into the diversity 

of igneous rocks at Gale crater and, by extension, on the surface of Mars, a lot remains to be 

learned concerning the diversity of igneous rocks before it is possible to arrive at a complete 

understanding of the ancient Martian magmatism and its variations over time.  
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Figure 1: Curiosity’s traverse up to sol 800. All igneous rocks observed by ChemCam are noted 

in black. Yellow circles correspond to CheMin analyses. 

 

Figure 2: MastCam and RMI images of the effusive rocks. Red circle on the MastCam image 

represents the location of the RMI mosaic. 

A. Pisolet, group 1; B. Gunflint group 1; C. Harrison, group 2; D. Robin_Hood, group 2; E. 

Becraft, group 3; F. Stark, group 3. White phenocrysts are easily observed on the Harrison and 

Robin_Hood targets (Group 2), whereas a shiny aphanitic texture is observed on Pisolet (Group 

1). 

 

Figure 3: MastCam and RMI images of the intrusive rocks. Red circle on the MastCam image 

represents the location of the RMI mosaic. 

A. Beacon, group 4; B. La Reine, group 4; C. Ross, group 5; D. Nita, group 5. White and dark 

equigranular grains are visible in Beacon (Group 4), as well as big white crystals in Nita (Group 

5).  

 

Figure 4: FeO vs SiO2 and Al2O3 vs (Na2O+K2O) for one representative target for each group. 

Each color-coded point corresponds to one observation point, and therefore to 25 shots (first 5 

shots being removed to avoid dust contamination). a/ Group 1 Watterson FeO vs SiO2, b/ 

Watterson Al2O3 vs (Na2O+K2O); c/ Group 2 Harrison FeO vs SiO2, d/ Harrison Al2O3 vs 

(Na2O+K2O); e/ Group 3 Chakonipau FeO vs SiO2, f/Chakonipau Al2O3 vs (Na2O+K2O); g/ 

Group 4 Ashuanipi FeO vs SiO2, h/Ashuanipi Al2O3 vs (Na2O+K2O); i/ Group 5 Sparkle FeO vs 

SiO2, j/Sparkle Al2O3 vs (Na2O+K2O).  

 

 

Figure 5: a/ Ternary diagram (Ab-An-Or) for rocks of Group 2 trachyandesites and of Group 4. 

Martian meteorite feldspars envelope is superimposed for comparison (from Santos et al., 2015, 

Meyer et al., 2015). Feldspars sampled in these rocks are mainly andesines. b/ Left: Close up of 

elongated light-toned minerals of Harrison (Group 2). Among the visible points of this close-up, 

only points #12 and #16 are included in the ternary diagram on the left, the other points are either 

sampling a darker phase, or show a chemistry not consistent with feldspars. Right: close up of 

La_Reine (group 4) - no points are clearly sampling a light-toned phase on this rock. c/ Ternary 

diagram (Ab-An-Or) for felsic rocks of Group 3 and quartz-Diorite (Group 5). Martian meteorite 

feldspars envelope is superimposed for comparison (from Santos et al., 2015, Mars Meteorite 

Compendium. Feldspars sampled in Group 3 are mainly anorthoclase with few sanidines whereas 

Group 5 feldspars correspond to andesines. d/Left: MAHLI image of Clinton (Group 5) – no 

LIBS observation point has been made on this light-toned mineral. Right: close-up of Becraft 

with visible light-toned microliths (Group 3). Point #5 has sampled one of them. 

 

Figure 6: Boxplot distributions of Rb, Sr, and Ba predictions and of Cr peak area for all igneous 

groups. Cr is not quantified yet with the ChemCam instrument and therefore we are showing here 

peak areas only. The boxplot distribution gives access to three different information: 1/the 

median is given by the line that divides the box itself; 2/ 50% of the data fall into the box. The 

lower line of the box represents the lower quartile, and the upper line of the box represents the 

upper quartile; 3/ Each box is composed of “whiskers” that represent the data points that are 

outside the middle 50%. This figure shows that Group 3 rocks are significantly enriched in Ba 

and Rb (median is above the upper quartile of the other groups of rocks) consistent with the 
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presence of K-feldspars, whereas Group 1 is significantly enriched in Cr, due to more mafic 

phases.  

 

Figure 7: Pyroxene quadrilateral where only points from dark-toned material are plotted, after 

chemical sorting.  Martian meteorite pyroxene envelope is shown for comparison (From Udry et 

al., 2014b, Santos et al., 2015; Mikouchi et al., 2001; Mikouchi et al., 2003). Pyroxenes sampled 

in igneous rocks at Gale contain more iron than sedimentary rocks analyzed by CheMin, but are 

comparable to pyroxenes in meteorites such as Los Angeles and QUE 94201. 

 

Figure 8: A/ TAS diagram modified from Sautter et al. (2015). The dashed black line is a 

calculated fractional crystallization trend of a primary liquid produced by 6% partial melting at a 

pressure of 1 GPa of an anhydrous primitive mantle composition (Sautter et al., 2015 in SOM 

§4); B/ MgO/FeO vs Al2O3/SiO2, with MER APXS superimposed to Groups 1, 3, & 4.  All the 

data presented in this figure are normalized to 100%.  In this figure are reported only Groups 1 

and 4 that are new compared to previous studies, as well as Meeting_House from Group 3. 

 

Figure 9: Statistics (A) on igneous rocks (in %) and their distribution (B) along the traverse.  

 

LIST OF TABLES 

 

Table 1: Characteristics of the Curiosity’s scientific cameras. 

 

Table 2: List of all igneous rocks observed with ChemCam, based on textural analysis. Sol of 

acquisition as well as raster type are provided. Raster type gives the number of observation points 

performed on the target, as well as the grid shape. For example, a raster type of « 3x3 » 

corresponds to a grid of 3 observation points/row with 3 rows, « 1x5 » corresponds to a vertical 

transect of 5 observation points and in contrary « 5x1 » corresponds to a horizontal transect of the 

same number of observation points. 

 

Table 3: Representative compositions of the cleanest feldspars for each group containing feldspar 

crystals. Calculations are made on the basis of 8 oxygen atoms. 

 

Table 4: Representative targets with the cleanest pyroxene analyses for each group where a 

pyroxene has been sampled. Calculations are made on the basis of 6 oxygens, except for Ruker 

#6 (24 oxygen atoms). 

 

Table 5: Representative target points of cleanest oxide crystals analyzed in each group of igneous 

rocks. 

 

Table 6: Whole-rock composition (normed to 100%) of representative targets for each group, as 

well as whole-rock composition estimation for Nakhlite Liquid parent from 
*1

Treiman and 

Goodrich (2001) and 
*2

Stockstill et al. (2005).  

 

Table 7: Textural and Chemical summary table for each group.  

Appendix – list of MCAM and RMI shown in figures 
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Figure 2: 

A. Pisolet target: MastCam 0332MR1346001000E1 and RMI CRM_426959815_CCAM01332; 

B. Gunflint group 1. MastCam 0329ML__426528429EDR_S0070136MCAM01329 and RMI 

CRM_426697580_CCAM03329;  

C. Harrison, group 2. MastCam 0512MR2012000000E1 and RMI 

CRM_443119527_CCAM02514;  

D. Robin_Hood, group 2. MastCam 0364ML1481094000E1 and RMI 

CRM_429891264_CCAM02365;  

E. Becraft, group 3. MastCam 0421MR1726000000E1 and RMI 

CRM_434870001_CCAM04421;  

F. Stark, group 3. MastCam 0003ML0000095000E1 and RMI CRM_398825626_CCAM03015. 

 

Figure 3:  

A. Beacon, group 4. MastCam 0374ML1539004000E1 and RMI 

CRM_430865915_CCAM01376;  

B. La Reine, group 4. MastCam 0346MR1405000000E1 and RMI;  

CRM_428202685_CCAM01346;  

C. Ross, group 5. MastCam 0379MR1564000000E1 and RMI CRM_431133527_CCAM02379; 

D. Nita, group 5. MastCam 0544MR0021910010303713E01 and RMI 

CRM_445794952_CCAM01544. 

 

 

Figure 5:  

Harrison target CRM_443119527_CCAM02514  

La_Reine target CRM_428202685_CCAM01346 

Clinton target - 0512MH0001630000200884R00  

Becraft target CRM_434870001_CCAM04421. 
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Table 1. 
 

Camera IFOV Resolution Focus range 

MAHLI 34° to 38.4° 

(diagonal) or 

402/346 microrad  

Min 

15µm/pix 

2.1 cm to 

infinity 

MastCam M-100: 7.4x10
-5 

rad 

M-34: 2.2x10
-4

 rad 

450µm/pix 

(left), 150 

µm/pix 

(right) 

2.1 m to infinity 

RMI 20 mrad 19µrad/pix  1.2m to infinity 
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Table 2. 

Group 1 Group 2 Group 3 Group 4 Group 5 
Aphanitic effusive dark-toned rocks Porphyritic effusive 

rocks 
Aphanitic effusive light-

toned rocks Intrusive fine-grained rocks Intrusive coarse-grained 

rocks 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini  
Inde

x 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini  
Inde

x 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini 
Inde

x 
Name 

Sol 

Numb

er 
Raste

r type 
Gini 
Inde

x 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini 
Inde

x 
Watterson 329 1x10 0.5 Peacock_H

ills 19 1x1 NA Blanchet 13 
1 

imag

e 
NA Coronation 13 1x1 NA Noriss_2 356 3x3 0.74 

Gunflint 329 1x10 0.42 Robin_Ho

od 365 1x5 NA Stark 19 1x1 NA Mara 19/20 1x1;1

x5 NA Dover 373 1x5 NA 
Pisolet 332 3x3 0.61 Stock 368 3x3 0.65 Chakonipa

u 338 5x1 NA Ashuanipi 337 3x3 0.64 Ross 379 5x1 NA 
Ikpiarjuk 336 1x5 NA Falla 390 3x3 0.81 Sledgers 379 3x3 0.67 La_Reine 346 3x3 0.6 Ruker_RP_cca

m 387 3x3 0.81 
Blackhead 367 3x3 0.76 Horlick 407 1x5 NA Becraft 421 1x5 NA Black_Trout 349 3x3 0.67 Clinton 511 5x1 NA 
Fleur_de_Lys 370 1x5 NA Harrison 512 4x4 0.79 Meetingho

use 653 1x5; 

3x3 0.4 Beacon 376 6x1 NA Sparkle 514 4x4 0.83 
Aztec 377 1x5 NA Airfield 523 1x5 NA       

 
King_Leopol
d 574 3x3 0.72 Nita 544 1x5 NA 

Tully 465 5x1 NA Bindi 544 1x5 NA       
 

Elizabeth 658 1x5 NA Altered rocks 
 

Pyramid_Hills 692 1x5 NA Albee 654 3x3 0.64       
 

Eagle_Moun

tain 731 3x3 0.2 Angmaat 337 3x3 0.81 
Johnnie 694 1x5 NA       

 
      

 
      

 
Bird_River 358 1x5 NA 

South_Park2 694 5x1 NA       
 

      
 

      
 

Little_Wind_R

iver 358 
1 

imag

e 
NA 

Skidoo 700 10x1 0.46       
 

      
 

      
 

Wilkinson 365 3x3 0.84 
Chocolate_Sundae_Mo

untain 700 10x1 0.59       
 

      
 

      
 

Kodak 512 5x1 NA 
Thimble 704 5x1 NA       

 
      

 
      

 
Dougalls 522 3x3 0.82 

Thorndike 713 1x5 NA       
 

      
 

      
 

      
 CC_BT_0730a 730 20x1 0       

 
      

 
      

 
      

 Keeler_Canyon 732 5x1 NA       
 

      
 

      
 

      
 Furnace_Creek 733 3x3 0.66       

 
      

 
      

 
      

 Warm_Spring 739 3x3 0.71       
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Table 3. 

Group 1 Group 2 Group 3 Group 4 Group 5 
Aphanitic effusive dark-toned rocks Porphyritic effusive 

rocks 
Aphanitic effusive light-

toned rocks Intrusive fine-grained rocks Intrusive coarse-grained 

rocks 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini  
Inde

x 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini  
Inde

x 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini 
Inde

x 
Name 

Sol 

Numb

er 
Raste

r type 
Gini 
Inde

x 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini 
Inde

x 
Watterson 329 1x10 0.5 Peacock_H

ills 19 1x1 NA Blanchet 13 
1 

imag
e 

NA Coronation 13 1x1 NA Noriss_2 356 3x3 0.74 

Gunflint 329 1x10 0.42 Robin_Ho

od 365 1x5 NA Stark 19 1x1 NA Mara 19/20 1x1;1

x5 NA Dover 373 1x5 NA 
Pisolet 332 3x3 0.61 Stock 368 3x3 0.65 Chakonipa

u 338 5x1 NA Ashuanipi 337 3x3 0.64 Ross 379 5x1 NA 
Ikpiarjuk 336 1x5 NA Falla 390 3x3 0.81 Sledgers 379 3x3 0.67 La_Reine 346 3x3 0.6 Ruker_RP_cca

m 387 3x3 0.81 
Blackhead 367 3x3 0.76 Horlick 407 1x5 NA Becraft 421 1x5 NA Black_Trout 349 3x3 0.67 Clinton 511 5x1 NA 
Fleur_de_Lys 370 1x5 NA Harrison 512 4x4 0.79 Meetingho

use 653 1x5; 

3x3 0.4 Beacon 376 6x1 NA Sparkle 514 4x4 0.83 
Aztec 377 1x5 NA Airfield 523 1x5 NA       

 
King_Leopol

d 574 3x3 0.72 Nita 544 1x5 NA 
Tully 465 5x1 NA Bindi 544 1x5 NA       

 
Elizabeth 658 1x5 NA Altered rocks 

 
Pyramid_Hills 692 1x5 NA Albee 654 3x3 0.64       

 
Eagle_Moun

tain 731 3x3 0.2 Angmaat 337 3x3 0.81 
Johnnie 694 1x5 NA       

 
      

 
      

 
Bird_River 358 1x5 NA 

South_Park2 694 5x1 NA       
 

      
 

      
 

Little_Wind_R

iver 358 
1 

imag

e 
NA 

Skidoo 700 10x1 0.46       
 

      
 

      
 

Wilkinson 365 3x3 0.84 
Chocolate_Sundae_Mo

untain 700 10x1 0.59       
 

      
 

      
 

Kodak 512 5x1 NA 
Thimble 704 5x1 NA       

 
      

 
      

 
Dougalls 522 3x3 0.82 

Thorndike 713 1x5 NA       
 

      
 

      
 

      
 CC_BT_0730a 730 20x1 0       

 
      

 
      

 
      

 Keeler_Canyon 732 5x1 NA       
 

      
 

      
 

      
 Furnace_Creek 733 3x3 0.66       

 
      

 
      

 
      

 Warm_Spring 739 3x3 0.71       
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Table 4. 

Group 1 Group 2 Group 3 Group 4 Group 5 
Aphanitic effusive dark-toned rocks Porphyritic effusive 

rocks 
Aphanitic effusive light-

toned rocks Intrusive fine-grained rocks Intrusive coarse-grained 

rocks 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini  
Inde

x 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini  
Inde

x 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini 
Inde

x 
Name 

Sol 

Numb

er 
Raste

r type 
Gini 
Inde

x 
Name 

Sol 

Numb

er 
Rast

er 

type 
Gini 
Inde

x 
Watterson 329 1x10 0.5 Peacock_H

ills 19 1x1 NA Blanchet 13 
1 

imag

e 
NA Coronation 13 1x1 NA Noriss_2 356 3x3 0.74 

Gunflint 329 1x10 0.42 Robin_Ho

od 365 1x5 NA Stark 19 1x1 NA Mara 19/20 1x1;1

x5 NA Dover 373 1x5 NA 
Pisolet 332 3x3 0.61 Stock 368 3x3 0.65 Chakonipa

u 338 5x1 NA Ashuanipi 337 3x3 0.64 Ross 379 5x1 NA 
Ikpiarjuk 336 1x5 NA Falla 390 3x3 0.81 Sledgers 379 3x3 0.67 La_Reine 346 3x3 0.6 Ruker_RP_cca

m 387 3x3 0.81 
Blackhead 367 3x3 0.76 Horlick 407 1x5 NA Becraft 421 1x5 NA Black_Trout 349 3x3 0.67 Clinton 511 5x1 NA 
Fleur_de_Lys 370 1x5 NA Harrison 512 4x4 0.79 Meetingho

use 653 1x5; 

3x3 0.4 Beacon 376 6x1 NA Sparkle 514 4x4 0.83 
Aztec 377 1x5 NA Airfield 523 1x5 NA       

 
King_Leopol
d 574 3x3 0.72 Nita 544 1x5 NA 

Tully 465 5x1 NA Bindi 544 1x5 NA       
 

Elizabeth 658 1x5 NA Altered rocks 
 

Pyramid_Hills 692 1x5 NA Albee 654 3x3 0.64       
 

Eagle_Moun

tain 731 3x3 0.2 Angmaat 337 3x3 0.81 
Johnnie 694 1x5 NA       

 
      

 
      

 
Bird_River 358 1x5 NA 

South_Park2 694 5x1 NA       
 

      
 

      
 

Little_Wind_R

iver 358 
1 

imag

e 
NA 

Skidoo 700 10x1 0.46       
 

      
 

      
 

Wilkinson 365 3x3 0.84 
Chocolate_Sundae_Mo

untain 700 10x1 0.59       
 

      
 

      
 

Kodak 512 5x1 NA 
Thimble 704 5x1 NA       

 
      

 
      

 
Dougalls 522 3x3 0.82 

Thorndike 713 1x5 NA       
 

      
 

      
 

      
 CC_BT_0730a 730 20x1 0       

 
      

 
      

 
      

 Keeler_Canyon 732 5x1 NA       
 

      
 

      
 

      
 Furnace_Creek 733 3x3 0.66       

 
      

 
      

 
      

 Warm_Spring 739 3x3 0.71       
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Table 5. 

  Group 1 Group 2 Group 3 Group 4 Group 5 
  Watterson #9 Horlick #4 Chakonipau #3 Beacon #6 Noriss_2 #6 
SiO2 38.49 37.35 55.46 41.52 38.97 
TiO2 1.42 3.80 13.05 2.47 2.81 
Al2O3 6.68 6.98 9.02 6.61 4.69 
FeO 31.73 28.77 14.11 19.21 20.44 
MgO 2.58 2.69 2.89 3.45 3.58 
CaO 6.07 4.25 4.12 7.34 9.22 
Na2O 2.23 3.14 4.43 2.85 1.69 
K2O 0.34 1.44 1.04 0.27 0.18 
Sum 89.52 88.42 104.11 83.72 81.59 
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Table 6. 

  Group 1 Group 2 Group 3 Group 4 Group 5 
  Watterson #9 Horlick #4 Chakonipau #3 Beacon #6 Noriss_2 #6 
SiO2 38.49 37.35 55.46 41.52 38.97 
TiO2 1.42 3.80 13.05 2.47 2.81 
Al2O3 6.68 6.98 9.02 6.61 4.69 
FeO 31.73 28.77 14.11 19.21 20.44 
MgO 2.58 2.69 2.89 3.45 3.58 
CaO 6.07 4.25 4.12 7.34 9.22 
Na2O 2.23 3.14 4.43 2.85 1.69 
K2O 0.34 1.44 1.04 0.27 0.18 
Sum 89.52 88.42 104.11 83.72 81.59 
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Table 7. 

  Group 
# # of rocks 

Texture Mineralogical phases 
Rock type Shape Color Grains size Crystals 

Mafic 

phases 
Feldspars Other 

E
ff

u
si

v
e
 r

o
c
k

s  

Group 
1 20 

- Conchoidal 
fractures 

Dark & 
shiny 

Aphanitic   
Most with 
light-toned 

microliths 

 
No clean 
analysis 

- Fe/Ti 

oxides       - 
F-bearing 

minerals 

Basalt, 
basanite  

- Glassy 

material (<0.3 mm) 
- 

Pigeonites  
    (Mg# = 

0.2-0.65) 

Group 

2 10   Dark 

Porphyritic  
- Light-toned 

euhedral 
phenocrysts  

- Ferro-

pigeonites  - Andesines  - Fe-Ti-Cr 

oxides  
Trachy-

andesite (up to 2 cm 

long) 
- Up to 80% 

of the rock 

- Few 

ferro-

augites
 

- Harrison 

with 

zonations: 

andesine core 

/ K-feldspar 

rim 

- F-bearing 

minerals and 

possible 

apatite  

(Harrison 

#4) 
Group 

3 6 
- Conchoidal 

fractures Leucocratic 
Very fine-

grained to 
aphanitic 
0.3 -1 mm 

None visible 
No dark 

minerals 

visible 

- 

Anorthoclases 
- Fe/Ti 

oxides with 

possible Cl 

enrichments 
Trachyte - Vesiculated 

or pumiceous - Sanidines 

In
tr

u
si

v
e
 r

o
c
k

s  

Group 
4 10 

- Rounded 

edge 
 Grey 

Fine to 
coarse 

grained  - 1/2 dark + 

1/2 light 
equigranular 

anhedral 
crystals  

- 
Pigeonites          

(Mg# = 20-

65%)
 Andesines 

- Fe/Ti/Cr 

oxides  
Gabbro, 
Norite 

- Flat or 
curved facets (<3 mm) 

- F-bearing 

minerals     
- Few 

ferro-

augites 

Group 

5 13   Leucocratic 
Coarse-

grained  
(>5 mm) 

- Light-toned 

anhedral: 

80% of the 

rock  - 
Pigeonites          

(Mg# = 20-

65%)         
- Few 

ferro-

augites 

- Andesines                 

-Oligoclases 

- 

Amphiboles?  

Quartzodiorite 

Granodiorite 

- Rectangular 

translucent 

grey grains  

- Quartz 

intergrown 
with 

plagioclases  
- Pinky 

coarse 
crystals  

- Fe/Ti 

oxides 
- Secondary 

minerals  
  

 
 

 


