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Abstract

Copper quantification with laser induced breakdown spectroscopy (LIBS) using a univariate
calibration model enables the ChemCam instrument onboard the Curiosity rover to measure
unusually elevated Cu concentrations in potassic sandstones and Mn-oxide-bearing fracture
fills in the Kimberley region of Gale crater, Mars. Mostly, the copper phases occurring in
sedimentary bedrock are associated with detrital silicates, including feldspars, pyroxenes and
K-phyllosilicates, likely coming from a potassic igneous source near the northern crater rim,
while those present in the fractures are likely adsorbed on the surface/of manganese oxides.
These two different mineralogical associations imply at least two distinct processes: Cu
enrichment in bedrock at the source, likely during crystallization of the igneous silicates, and
adsorption of Cu on Mn-oxides precipitated from groundwater that encountered oxidizing
conditions within fractures in the bedrock. The potassic sediments enriched in copper may be
evidence of a porphyry copper deposit ordn impact-induced hydrothermal deposit in the

source region.
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1 Introduction

The surface of Mars is particularly sulfur rich in comparison with the terrestrial crust, for
which the average sulfur content is estimated around 620 ppm (Rudnick and Gao, 2003): the
global Martian map of S distribution determined by the Mars Odyssey gamma-ray
spectrometer (Karunatillake et al., 2014), which has a relatively large footprint revealed S
values up to 3.0 wt. % (SO3 = 7.5 wt. %), with an average of S = 1.8 wt. % (SO3'= 4.4 wt. %)
in the tens of centimeters below the surface (McLennan et al., 2010). Thermal and infrared
observations from orbit indicate large secondary deposits of sulfate-minerals such as gypsum
dunes (Langevin et al., 2005). In situ analyses have shown several classes of rocks at
Columbia Hills (e.g., Ming et al., 2006; Squyres et al., 2006) thatare rich in sulfates. Rover-
based analyses also reveal that calcium sulfate is ubiquitous in fracture-fills, observed at
Opportunity and Curiosity landing locations including Endeavour crater and Gale crater
respectively (Arvidson et al., 2014; Nachon et al., 2014), and indicating S-rich groundwater.
Soil contains relatively elevated S concentrations, with an average amount of SOz around 6
wt. % (Hahn and McLennan, 2007),\with some soils containing up to 32 wt. % as SO3 (Paso
Robles; Ming et al., 2006). A conservative estimate of total surficial SOz in Martian soil
sedimentary deposits‘and polar sulfates comprises about 7.5 x 10'° kg (Righter et al., 2009).
As a result, by»analogy with terrestrial geochemical processes, the Martian surface would be
expected.to- show.elevated concentrations of chalcophile elements such as zinc and copper,
twao_transition elements typically associated with sulfur to form sulfides.

The average content of zinc in Martian soil calculated from the in situ Spirit and Opportunity
rovers’ measurements is 286 ppm (Hahn and McLennan, 2007), and its abundance varies in
sediments: the Alpha Particle X-ray Spectrometer (APXS) instrument from the Mars
Exploration Rovers missions have measured values ranging from 40 to 2300 ppm (http://pds-

geosciences.wustl.edu). As a whole, Zn content in the Martian crust is estimated to be four



times higher than in the terrestrial crust (80 ppm), with Mars abundances of 320 ppm
(McLennan, 2001; Taylor and McLennan, 2009). In addition, APXS and the Chemistry and
Camera instrument (ChemCam) onboard the Mars Science Laboratory (MSL) mission
Curiosity rover measured ZnO concentrations up to ~8 wt. % in Gale crater (Lasue et al.,
2016; Thompson et al., 2016).

Concerning copper, among all Mars missions, the MSL mission is the first able to report and
quantify Cu abundances. The APXS instrument has detected values up to 580,ppm within a
sedimentary bedrock named Liga in Gale crater (Berger et al., 2017).<In martian meteorites,
the bulk Cu value obtained does not exceed 23 ppm, i.e., largely lower than the mean
terrestrial mid-ocean ridge basalt composition of 81 ppm (White and Klein, 2014). This is
thought to reflect a lower budget of Cu in the Martian mantle: Mars being a smaller planet
compared to the Earth, its core formed at lower pressure and Cu became more siderophile,
likely concentrating more in the core (Wang and ‘Becker, 2017). Therefore, the copper
concentration in Mars’ mantle is suggested-to be 15 times lower than the terrestrial mantle
with an estimated value of 2 ppm (Wang and Becker, 2017). However, the elevated copper
contents analyzed by APXS -in,Gale)crater suggest that Cu-bearing minerals should be present
at the surface of Mars,.Moreaver, in the martian meteorites, the main form of Cu minerals is
chalcopyrite (CuFeSg), commonly found in association with pyrrhotites in shergottites, within
glasses in Chassigny,“and within the mesostasis of Nakhla along with plagioclases and alkali
feldspars (Boctor et al., 1976; Bunch and Reid, 1975; Lorand et al., 2005; McSween, 1994;
Rochette.et al., 2001). On Earth, Cu-bearing massive sulfide deposits, which are important
sources of copper, usually contain abundant chalcopyrite along with other sulfides like pyrite
and sphalerite (Shanks and Thurston, 2012; Slack et al., 2003). The most considerable
chalcopyrite-bearing deposits have a hydrothermal origin, such as the largest Canadian

chalcopyrite deposit in the Temagami Greenstone Belt (Baknes, 1990). Regarding the



detection of these elements in martian materials and the occurrence of hydrothermal
circulation on Mars (e.g., (Berger et al., 2017)), discovering such Cu-Zn deposits should be
plausible even if martian crustal copper is much less abundant than on Earth.

Although ChemCam is able to detect copper, no quantification has been done yet (Maurice et
al., 2012; Wiens et al., 2012, 2013). In this study, we report the first detections and
quantifications of martian copper abundances using ChemCam data. Since/Curiosity’s
payload measured elevated copper abundances at Kimberley (4.64°N, 137.4°E)in comparison
with other regions of Gale crater, this study focuses on this area (Stack et al., 2016). We
describe plausible Cu mineralogical associations within Cu-rich materials and then discuss

their potential origin according to the Kimberley geological context.

2 Geological context and composition of the Kimberley

formation

The MSL rover landed on the 6™ of August 2012 in Gale Crater at the Bradbury landing site
that is close to an alluvial fan Jobe (Grotzinger et al., 2015). An apparent fluvial channel
associated with the fan‘crosses the northwestern Gale crater rim (Grotzinger et al., 2015;
Palucis et al., 2014). Curiosity encountered clastic sedimentary rocks in the Yellowknife Bay
formation (Sols 53 =)340), and after a traverse of several kilometers, arrived at the potassic-
and iron-rich sandstone region named Kimberley (Sols 576 — 632). After that, the rover
traveled,up to the base of Aeolis Mons, reaching the Murray (circa Sol 750) and the Stimson
formations at the base of Aeolis Mons, which respectively have been interpreted as a former
lacustrine and a former aeolian environment (Banham et al., 2018; Grotzinger et al., 2015).

The Kimberley region is stratigraphically above the outcrops encountered earlier at

Yellowknife Bay (Grotzinger et al., 2015; Stack et al., 2016). It includes six geological



members, as shown in the High Resolution Imaging Science Experiment (HIRISE) orbital
image and the stratigraphic column in Figure la-b. In the ascending stratigraphic order, there
are: the conglomerate Point Coulomb member; the Liga member presenting poorly sorted
conglomerate and centimeter-thick beds (Figure 2a); the Square Top member showing thick
coarse-grained sandstone bedsets (Figure 2b); the Dillinger member consisting of medium to
fine-grained sandstones crosscut by fracture-fills with low angles (Figure 3a)y"the Mount
Remarkable member corresponding to massive coarse sandstones (Figure 3a); and the Beagle
member consisting of dark sandstones that cap Mount Remarkable and other hills of
Kimberley (Figure 3b) (Le Deit et al., 2016). The Liga member has been analyzed at four
distinct sites by ChemCam: the northern site (Figure 2b), the*€astern site, the southern site,
and the site south of Kimberley (Figure 2a).

According to APXS and ChemCam measurements;. the major and minor/trace elemental
compositions observed at Kimberley clearly.differ from all other areas in Gale crater. They
contain strikingly elevated concentrations-of\potassium with an average of K,O ~ 2.5 wt. % in
comparison with the Martian crust having an average of K,O ~ 0.45 wt. % (Le Deit et al.,
2016; Taylor and McLennan;,2009). This is in agreement with K-feldspars and K-bearing
clays detected by X-ray.diffraction from the CheMin instrument within the sandstone named
Windjana located-in,the'Dillinger member shown in Figure 3b (Treiman et al., 2016). Based
on the chemical composition, minerals analyzed within the Windjana sample appear similar to
those present in materials from other Kimberley members (Treiman et al., 2016). These
minerals«are thought to be detrital, and potassic minerals are thought to come from K-rich
igneous rocks such as trachyte or the alkaline igneous rocks described by Sautter et al. (2015)
and Cousin et al. (2017). In addition, anomalously high minor and trace element contents
(Mn, Cu, Zn, Li, Sr, Rb, Ni, F, Ge and Br) have been measured at Kimberley by both APXS

and ChemCam (Berger et al., 2017; Olivier Forni et al., 2015; Gellert et al., 2014; Lanza et



al., 2016; Lasue et al., 2016; Payré et al., 2017). Indeed, the most elevated copper value
measured by APXS in Gale crater was found in the target Liga, after which the Liga member
is named; it contains 580 £ 10 ppm Cu, i.e. ~ 300 times higher than in the martian mantle
(Berger et al., 2017; Thompson et al., 2016; Wang and Becker, 2017). In the Kimberley
region, ChemCam acquired more than 600 points of chemical analyses, and some of them
displayed anomalous intense emission peaks which were identified as copper linesy(Goetz et
al., 2017). To address this ChemCam data, we developed a copper calibration curve based on

a univariate model of the Cu LIBS emission lines (see details supplementary material).

3 Methodology: Copper quantification with"ChemCam

The ChemCam suite consists on a laser induced breakdown spectrometer (LIBS) that is able
to detect and analyze major, minor, and trace element compositions (Maurice et al., 2012,
2016, Wiens et al., 2012, 2015), and a remate micro-imager (RMI) with a high resolution of
40 microradians and a field of view of 20, milliradians, which contextualizes the LIBS
chemical analyses (Le Mouélic et al., 2015). To generate the LIBS signal a pulsed laser
ablates a small amount of geelogical samples at a microbeam scale (350-550um diameter;
(Maurice et al., 2012)).at a distance ranging between 1.56 and 7 m mostly being < 3 m. The
plasma light is received by a telescope located in the mast of the rover, is separated by a de-
multiplexer and transmitted to three spectrometers covering a range of 240 to 850 nm within
the body of the rover (Maurice et al., 2012, 2016, Wiens et al., 2012, 2015). The emitted
photonyenergies are analyzed by spectroscopy to determine the elemental composition of the
target. Thirty laser pulses (or “shots”) are usually focused on a single point, and each shot
ablates some material with a depth of few um, varying according to the target mineralogical
and physical properties (Cousin et al., 2011). Compositional depth profiles can be performed

for given LIBS points. For each target analyzed by ChemCam, several laser points are usually



acquired, in a raster pattern (typically rasters of 1x5, 1x10 and 3x3 points) with a spacing on
the order of a few millimeters between each points. ChemCam targets were given informal
names to help activity planning and data referencing. In this study, when the name is followed
by a number, it corresponds to the LIBS point in the ChemCam raster observation. For
example, “Lennard #1” refers to the data obtained on the first LIBS point of the target
“Lennard”.

Copper is detected in LIBS spectra by the elemental lines Cu I at 324.789 nm/and Cu | at
327.429 nm (Goetz et al., 2017). We quantify copper only in points where the Cu | emission
line at 327.428 nm is observed, using a univariate model based onthe peak area of the Cu I at
324.789 nm line. Twenty natural and synthetic standards with*various amounts of Cu (from
50 ppm to 1230 ppm) have been analyzed by a ChemCam,replicate at Los Alamos National
Laboratory (LANL, NM, USA) and were used for ‘calibration. The resulting model has an
accuracy of 41 ppm. The detection limit is 50 ppm, and the quantification limit is 165 ppm.

Details of this calibration are given in the supporting material.

4 Enrichment of cepperjat Kimberley

We have applied the copper quantification model to ChemCam data up to Sol 1800. A few
discrete targets.containing anomalous elevated Cu contents have been identified along the
traverse (Goetz et'al., 2017) but the highest Cu abundances have been measured both by
ChemCam.and APXS in the potassic-rich sedimentary unit of Kimberley (Le Deit et al.,
2016), We thus focus this study on this area.

In this study, Cu concentrations measured with ChemCam are qualified as “elevated” or
“high” when compared to the average abundance of the terrestrial continental crust (27 ppm
(Rudnick and Gao, 2003)). Cu-rich rocks and soils identified by ChemCam are localized

within the stratigraphic column of Figure 1. Their compositions are shown in Table 1. The



following subsections describe the Cu-bearing targets moving up-wards in the Kimberley

stratigraphy.

4.1 Liga member

Over the 15 targets analyzed by ChemCam within the Liga member (111 ChemCam LIBS
points), 9 of them contain elevated Cu concentration (24 LIBS points; Figure 2a). Allitargets
except CC_BT_0604a, which consists of soil and pebbles, are poorly sorted coarse-grained
sandstones and granular conglomerate bedrock. This member was analyzed by ChemCam in
different sites.

At the northern Kimberley site (Figure 1b), Lennard, a dark perous float sandstone with
millimeter-sized grains, presents one LIBS point with*~320 ppm Cu. The millimeter-sized
granular conglomerates, Elvire #3 and Yulleroo'#9, (Figure 2b) contain 325 and 465 ppm of
Cu respectively (Table 1).

At the southern Kimberley site (Figure 1b), the sub-millimeter grained-size sandstone Nullara
#1-2 and 4-6 and the millimeter-grained-size sandstone Harms #1-3 contain an average Cu of
335 ppm and 500 ppm, respectively. These LIBS points are located in a dark matrix. In the
Liga target, which isfa soft sandstone (see the LIBS spot fingerprint in Figure 2a) displaying
whitish and dark millimeter to sub-millimeter-sized crystals, all points except one contain
elevated Cu ‘content, ranging from 180 ppm to 1110 ppm. This target contains the highest
averaged.Cu concentration analyzed in Gale crater with 670 ppm (with a standard deviation of
245 ppm). Its point # 5 has the highest Cu amount measured by ChemCam, with 1110 ppm.
The whitish pebble CC_BT_0604a #6 (Figure 2a) contains 815 ppm of Cu.

Finally, in the south of Kimberley (Figure 1b), the conglomerate Kalumburo with millimeter-

sized grains displays two LIBS points, #3 and #5, located on dark granules that contain 130



ppm and 180 ppm of Cu respectively (Table 1, Figure 2a). A millimeter-sized dark grain on a

granular conglomerate, Moogana #9, contains 555 ppm of Cu (Figure 2a).

4.2 Square Top member

Over 6 targets analyzed by ChemCam within the Square Top member (68 LIBS paints), two
laminated coarse-grained sandstones in the Square Top member (Figure 1b).present two
points with high Cu contents. Square_top_2 #10, which partially sampled. a whitish vein
(according to the RMI image) at the edge of a millimeter grain- size:sandstone layer, has 700
ppm of Cu (Figure 2b). Next to this rock, Eastman #16, which*sampled a dark matrix in the

laminated millimeter-grained size sandstone, contains 625 ppm of-Cu.

4.3 Dillinger member

Over the 17 targets analyzed by ChemCam.in the Dillinger member (109 LIBS points) 7 of
them display Cu-rich concentrations (32 points; Table 1). Multiple targets include or consist
entirely of fracture-fills: Stephen and Stephen_DP display an average of 275 ppm, Neil
presents an average of 220 ppm and Mondooma #1 has 505 ppm (Figures 3b-e). In addition to
copper, these three fracture-fills are enriched in manganese and zinc, sampled by several
points (Lanza et al.,"2016; Lasue et al., 2016). As described in (Lanza et al., 2016), Stephen
and Neil are next to each other and are the flat section “of a low-angle fracture-fill that
weathers_in raised relief above the main sandstone outcrop surface” (Lanza et al., 2016).
Mondooma #1, which is located further on the same bedrock unit, displays similar features
with mm- to cm-size polygonal traces at the surface (Figure 3e). For these three fracture
targets, LIBS shots removed the dust and revealed shiny dark homogeneous-looking surfaces

(Figures 3d-e).



In addition to these diagenetic features, ChemCam analyzed one point located in a sub-
millimeter grained-size sandstone of the Dillinger member, Wallal #3, containing high
amounts of Cu (405 ppm). Lastly, 50 cm from the fracture-fills, a millimeter-sized pebble,
sampled as Blina #9, contains 905 ppm of Cu (Figures 3a-b). It is found below a flat fracture-
fill, oriented at a low angle that is texturally similar to Stephen, Neil and Mondooma,

suggesting that the pebble comes from local erosion (several cm above Blina in Figure 3b).

4.4 Mount Remarkable

Finally, above the Dillinger member, the Mount Remarkable-memberpresents one Cu-rich
point Mahoney #4, over a total of 20 LIBS points (3 targets). It 1s-focated in the matrix at the

edge of a millimeter grain-sized sandstone with 360 ppm'Cu (Figure 3a).

5 Chemical composition and mineralogy of Cu-rich ChemCam

LIBS points

Major, minor and trace elément,compositions for all the points from sedimentary materials
described in the previous subsection are reported in Table 1. In agreement with elevated K,O
contents at Kimberley, the majority of Cu-rich points (57 out of 64) are also K,O-rich, with an
average of 2.0 wt. % in comparison to the Martian crust average that is estimated at 0.45
wt. % (Le Deit et al., 2016; Taylor and McLennan, 2009). This K-enrichment has also been
noticed by the APXS instrument, which also observed in the Kimberley area the highest Cu
content (Berger et al., 2017). These observations from APXS and ChemCam evidence that Cu
is associated with potassic materials.

On Earth, copper is found in a variety of minerals such as oxides, carbonates, sulfates,

sulfides (e.g., chalcopyrite CuFeS,), and eventually hydrated silicates. Note that on Earth, Cu-



sulfides are widespread in Cu ore deposits, and the largest source of Cu is found in Cu
porphyry settings, which are mostly alkaline (Sillitoe, 2010). The Cu-bearing phases are
generally accessory minerals and may coexist with minerals like feldspars (e.g., Revett
formation in Montana, (Tourtelot and Vine, 1976)). In this last case, they are usually nm to
hundreds of um in size, making it difficult to identify them as a pure phase with a typical
LIBS laser beam. Therefore, this section will instead constrain larger minerals that.are likely
associated with Cu-bearing phases, helping us to assess the potential .origin of copper
enrichment in Kimberley bedrock. Although LIBS is a technique desSigned for chemistry,
mineralogical assessment is nevertheless possible when looking (at the depth profiles (e.g.,
(Lanza et al., 2014; Ollila et al., 2014; Payré et al., 2017)).“Each LIBS shot ablates some
material, enabling the 30 to 150 LIBS shots to profile up te,a few microns in depth (Cousin et
al., 2011). As discussed in other ChemCam studies of\trace element associations (Lanza et al.,
2014; Ollila et al., 2014; Payré et al., 2017),because LIBS can drill down through the mineral
and potentially through the Cu-bearing phase .and the host mineral, LIBS depth profiles can
constrain the potential Cu-bearing phases in the bedrock and fracture-fills by revealing
correlations between major~element’and Cu LIBS signals. In this study, correlations are
considered here when squared.correlation coefficients R are higher than 0.4, i.e. for R > 0.63,
which is a commonly aceepted value.

To look for trends of Cu and other chemical elements, shot-to-shot trends displaying depth
profiles/of Cusrich points are studied and detailed in the following subsections. Shot-to-shot
results presented in the following plots exclusively show normalized intensities instead of

quantitative abundances since single shot spectra are too noisy at ppm levels.



5.1 Copper association within rocks

In the drill-sampled Windjana sandstone located in the Dillinger member, CheMin detected
major amounts of K-spars identified as sanidine (25.9%), plagioclase (5.4%), augite (29.3%),
pigeonite (12.3%), magnetite (16.1%), olivine (7.1%), and minor amounts of ilmenite, F-
apatite, hematite, pyrrhotite, akageneite and Ca-sulfate (Morrison et al., 2018; Treiman et al.,
2016). In addition to the identification of these mafic and potassic phases, the-occurtence of
micas such as biotites have been suggested by correlations between F, Li, K, Al;Si and Mg
concentrations analyzed by the ChemCam instrument in Kimberleyssandstones (Forni et al.,
2015; Le Detit et al., 2016). All these minerals are potentially associated with the Cu-bearing
phases detected by ChemCam.

Four Cu-rich targets located in the Liga member display. points for which the potential host
minerals of Cu-phases can be convincingly inferred: Liga, Kalumburo #5, CC_BT_0604a #6,
and Moogana #9. The oxide sum of these Cu-rich points is lower than 100 wt. %, suggesting
the occurrence of several percents of one“or several missing component(s). According to
Figure 4, their Cu content ispositively correlated to this/these element(s) supporting the
association of Cu with this/these .Component(s), which most likely include sulfur since its
detection limit with-ChemCam is wt. %, i.e., too high to be detected if associated with Cu
when Cu content is/up to thousand of ppm (Anderson et al., 2017; Nachon et al., 2017). This
suggests the occurrence of Cu-S, potentially as chalcopyrite as observed in martian meteorites
(e.g., (MeSween, 1994)). As previously discussed, these Cu sulfides can be associated with
minetals as dissemination grains or inclusions (such as in Sudbury polymetallic deposits and
in porphyry copper deposits (Ames et al., 2006; Sillitoe, 2010)). In the following paragraphs
we discuss putative mineral associations within Cu-rich ChemCam points throughout the

Kimberley formation (Figure 1a).



For the Liga millimeter grain sized sandstone target located in the southern Kimberley, both
ChemCam and APXS analyses agree that it has the highest measured Cu content in Gale
crater (an average of 680 £ 260 ppm for ChemCam and 580 ppm for APXS). This bedrock
contains elevated MgO and K,O contents (an average of MgO = 12 wt. % and K,O = 1.6
wt. %; Table 1) in comparison with the average crust composition (MgO = 9.1 wt. % and K,O
= 0.45 wt. % respectively; (Taylor and McLennan, 2009)). In addition, this target contains
one of the highest Ge contents observed in Gale crater, with Ge ~ 250 ppm.according to
APXS analyzes (Berger et al., 2017). Point 1 is the location displaying the most convincing
shot-to-shot variations. Considering Cu I emission lines at either 324.789 or 327.428 nm,
shot-to-shot analysis reveals that the Cu signal is positively.correlated with K, Al, Si and Mg
intensities with reasonable confidence (Figure 5a). This suggests that Cu-sulfide is associated
with Mg- K- Al- silicates, potentially as clay minerals or micas like biotite. In Liga #5, the
CaF molecular signal, detected by ChemCam forF concentrations > 0.2 wt. % (Forni et al.,
2015), could suggest a mica like biotite™(Figure 5b). A simple stoichiometric analysis
exclusively based on the chemical c¢omposition measured on this point supports the

occurrence of biotites along with‘alkali feldspars, pyroxenes, Fe- Ti - and Fe- oxides.

Located in the South of Kimberley, the cemented millimetric pebbles Kalumburo #3 and
Kalumburo #5 contain the most elevated SiO, and Al,O; contents in comparison with other
Cu-rich/targets in the Liga member, and #3 has the highest K,O concentration analyzed by
ChemCam in Gale crater (11.4 wt. %). Le Deit et al. (2016) suggested that this point sampled
a nearly pure K-feldspar, possibly sanidine. Although shot-to-shot analysis of points #3 and
#5 (also high in K,0, at 5.9 wt. %) do not reveal any clear correlation with Cu signal (e.g., #3
in Fig. S4), it is reasonable to suggest that Cu-S could be associated with the K-feldspar

identified in Le Deit et al. (2016). These sulfides could occur as disseminated grains or



inclusions as observed in some Cu deposits on Earth, such as the ore bodies located at Mount
Miligan in British Columbia (disseminated chalcopyrites within alkali feldspar; (Laznicka,

2010)).

With 820 ppm of Cu, the millimetric whitish pebble CC_BT 0604a #6 contains higher MgO
and lower Na,O than other Cu-bearing points located in the northern Kimberley(MgO = 8.6
wt. % and Na,O = 2.0 wt. %; Table 1). Shot-to-shot analysis shows a strong increase of Cu
with depth and positive correlations between Cu and Ti signals with-a R* = 0.8 (Figure 6).
Weaker positive correlations between Cu and Al and K signals are also observed (Figure 6).
Therefore, despite a high MgO content, the Cu-sulfide is likely associated within a Ti- Al-

bearing potassic phase, the nature of which is difficult to assess.

Finally, also in the South of Kimberley, the/millimeter grain size conglomerate Moogana #9
has higher MgO and FeO contents than Kalumburo #3 and 5 and lower K,O content, which
yet remains elevated in comparison with the averaged martian bulk crust (Table 1). In
addition, shot-to-shot analysisiteveals that Ca, Si, Mg, and Fe signals are positively correlated
with Cu, while Ti intensitiesiare inversely correlated with Cu (Figure 7). This indicates that
Moogana would preferentially bear Cu-S mixed with a Ca- Mg- Fe- bearing silicate such as
pigeonite pyroxene, which is consistent with stoichiometric analysis indicating Fe-Mg-

pyroxenes coexisting with alkali feldspars and Fe-oxides.

To summarize, in the Kimberley bedrock, copper is likely found as chalcopyrite preferentially
occurring in potassic-rich materials (K,O ranging between 0.9 and 11.4 wt. % in comparison
with the averaged martian crustal content of 0.45 wt. %, Taylor and McLennan, 2009). Most

Cu-rich points contain low SiO; (an average of 45.1 wt. %), and high MgO or FeO contents



(up to 16.2 wt. % and 42.9 wt. % respectively). No pure Cu-sulfide the size of the laser beam
was analyzed by ChemCam, as the Cu content would have been far higher along with visible
S signals in LIBS spectra. The Cu-sulfide grains are thus smaller than the laser beam diameter
(~350 pm). They are likely associated with potassic silicates like K-feldspars, K-micas or K-
clay minerals, as well as with mafic minerals like pyroxenes, which have all been detected by
CheMin within the Windjana sample except for K-micas which are consistent,with the
Windjana composition analyzed by ChemCam, specifically indicated by the/presence of
fluorine. These sparse Cu-sulfides were not detected by CheMin within'the Windjana sample,
which is not surprising since no Cu was observed by ChemCam (in all the Windjana targets

(sols 612, 619, 622, and 625).

5.2 Copper within fracture-fills

In the Dillinger member, all fracture-fills displaying high amounts of manganese contain
elevated copper contents, between 150 and 530 ppm (Lanza et al., 2016). They contain
elevated magnesium contents in“~comparison with the Martian crust (MgO = 9.6 - 16.2 wt. %),
and their potassium abundance 1s,the lowest analyzed at Kimberley, with an average K,O of
1.7 wt. %. Some ChemCam points in Neil and Mondooma also display high zinc contents (Zn
> 5000 ppm) in"comparison with the average crust (320 ppm; (Lasue et al., 2016; Taylor and
McLennan,. 2009)):

According toFigure 8, in fracture-fills, manganese abundances increase with copper content.
Cu is'thus likely associated with Mn phases. As demonstrated in Lanza et al. (2016), these Mn
phases are likely Mn oxides. Moreover, in Stephen, APXS measured high Cl, Ni, Co, Zn and
Mn contents, and Cu, Mn and Ni are correlated (Lanza et al., 2016). Several metals like Cu,
Ni and Zn are well known to be adsorbed on the surface of these oxides in terrestrial settings

(e.g., (Murray, 1975)).



In most ChemCam observation points of these fracture-fills, Mn and Cu signals decrease with
depth. The clearest evidence of this is found in Stephen target. Indeed, three points were
analyzed by 150 LIBS shots in an observation sequence called Stephen DP (DP = depth
profile) in order to provide accurate depth-profile LIBS analyses. The decrease of Cu and Mn
emission lines with depth is clearly observed (Figure 9a). Figure 9b shows that Cu and Mn
signals strongly decrease until shot 70, and then remain quite constant. In contrast; Si, Al, Ca,
K, Fe and Mg mostly increase until around shot 30 and are well correlatedito each other,
suggesting the occurrence of Al-Ca-K-Fe-Mg-bearing silicates like a mixing of pyroxene and
feldspar. Overall, these observations support the existence of a compositionally stratified
fracture-fill, in agreement with the MAHLI images presentedin Figure 2d of Lanza et al.
(2016), showing light material within LIBS ablation pits in,comparison with the dark surface
which has low reflectance, characteristic of Mn-oxides (Fox et al., 2015; Hardgrove et al.,
2015; Lanza et al., 2016). As a result, Cu adsorption on Mn oxides is likely occurring at the
surface, with a transition to Al-Ca-K-Fe=Mg-bearing silicates at depth, potentially as
pyroxenes and/or feldspars.

In addition, in Neil #8 displaying ZnO = 0.7 wt. %, shot-to-shot analysis reveal positive
correlations between Cu signals and Mn, and weak positive correlations between Cu and Na
and Zn intensities’(Figure. 9c). These observations can be explained by adsorptions of Cu and
Zn on sodic/manganese oxides, potentially indicating sodic birnessite, as typically observed

on Earth (Della Puppa et al., 2013).

In summary, these fracture-fill compositions all change with depth, the surface being enriched
in manganese oxides that have adsorbed copper (and zinc), and the deeper phases likely being
minerals phases such as alkali feldspars and pyroxenes, as observed by CheMin in the

Windjana drill sample (Treiman et al., 2016).



6 Provenance of copper in Gale crater

6.1 Scenario of Cu enrichments at Kimberley

Copper mineralogical associations are distinct between bedrock and fractures: Cu-sulfides are
likely associated with silicates in potassic bedrock settings while Cu is likely adserbed on
manganese oxides in fracture-fill materials. Elevated copper concentrations would thus be
related to two distinct processes. Although more complex scenarios are possible, we propose
the following phases of copper enrichments at Kimberley:

(1) In sedimentary bedrock, the occurrence of Cu-sulfides in localized points in potassic
sandstones and conglomerates at Kimberley suggests that they, are detrital, similarly to most
mafic and K-silicates of the Kimberley formation (Forni et al., 2015; Le Deit et al., 2016;
Treiman et al., 2016). Cu-sulfides may have ‘thus ‘been associated with feldspars and
pyroxenes when these latter formed. Since these silicates are thought to come from K-rich
igneous rocks and/or low-alkali basaltic rocks located in the crater’s northwestern rim or the
catchment basin upstream of the rimy(Le Deit et al., 2016; Treiman et al., 2016), Cu-sulfides
could have originated from the same sources, and would have been transported along with
potassic minerals down the fluvial channel to Kimberley where they were deposited, forming
the observed sedimentary bedrock.

(2) The fracturing/of this sedimentary bedrock and the circulation of a Mn-rich groundwater
would have-led to the precipitation of manganese oxides in oxidizing conditions at
circurhneutral pH (Lanza et al., 2016). Subsequently, cation metals Cu®" and Zn*" would have
been adsorbed on their surface.

Having determined a plausible scenario explaining how copper arrived in Kimberley bedrock
and fracture-fills, it is of interest to constrain its initial provenance, as discussed in the

following subsections.



6.2 Provenance of copper concentrated within the Kimberley sedimentary rocks

Focusing on the Kimberley sedimentary rocks, the Cu-rich points mainly contain relatively
elevated magnesium and potassium concentrations with an average MgO abundance of 10.5
wt. %, and K,O = 2.0 wt. % (Table 1). These grains are mostly detrital, coming from _potassic
and/or mafic igneous source(s) (Treiman et al., 2016).

In addition to the sedimentary bedrock, ChemCam measured elevated copper concentrations
in several points of igneous rocks dated from Noachian (> 3.8 Gyr; (Cousin et al., 2017,
Sautter et al., 2015)). These include a weathered leucocratic quartzediorite/ granodiorite float
called Angmaat (Sol 337) analyzed before reaching the Kimberley area, and a porphyric
trachyandesite float named Angelo (Sol 553) encountered at the base of the Kimberley
formation at Point Coulomb. Both of these ignéeus_rocks contain high Cu within the matrix
and individual feldspars up to 1000 ppm in point #8 of the Angelo target (Figures 10a-b;
composition is shown in Table 1) (Cousin etial., 2017). This high copper location corresponds
to an andesine composition and*displays a high H signal (Figure 10c). This composition falls
into the immiscibility zone mostilikely due to mixing between distinct feldspar compositions.
This could be due todhe development of exsolution lamellae as the primary igneous material
cooled or could be.the result of compositional mixing within the LIBS plasma, which occurs
if the target grain sizes are significantly smaller than the laser spot size (< 1.0 mm). Copper
was likely associated with this feldspar during crystallization, which is suggestive of either
mid to late stage differentiation in a magmatic system or a low degree of partial melting based
on the trachytic nature of Angelo and the occurrence of andesine minerals (Sautter et al.,
2016).

Such elevated Cu concentrations in sedimentary and igneous rocks (up to 1100 ppm) suggest

an ore deposit at the source. The Cu-sulfides are spread and unequally distributed in rocks



within the Kimberley formation, suggesting that they were disseminated at the source as
commonly observed in terrestrial ore deposits (Ridley, 2013). In the following subsections,

although other scenarios are possible, we discuss three potential provenances of copper.

6.2.1 Is copper coming from a Martian porphyry copper deposit?

On Earth, porphyry copper deposits are magmatic bodies that cooled rapidly, ereating
porphyritic igneous rocks ((Richards, 2016); and citations therein). The igneous rocks usually
associated with this kind of deposit are mainly alkaline rocks ((Berger et al., 2008); and
references therein). The currently accepted formation model-isuthat’ hydrothermal fluids
coming from the magma partition metals like copper and geld;<and are mixed with S-rich
magmatic gases, precipitating sulfides including those bearing Cu. Thus, in these deposits, Cu
is mainly associated with sulfide mineral veinswand/or disseminated grains ((Lowell and
Guilbert, 1970; Richards, 2016); and references 'therein). All around the magma body, a
zoning pattern occurs, including a potassic alteration zone forming K- and Mg- rich minerals
such as K-spars, biotites, and~commonly including apatites. These deposits are typically
related to magmas generated during or after subduction mainly due to two fundamental
melting parameters: relatively high oxidation state above the fayalite-magnetite-quartz buffer
(QFM, typically QFM +2) enhancing melts with chalcophile metals, and high water contents
saturating.the.magma in an aqueous phase where metals effectively partition (e.g., H,O > 4.0
%; (Richards,/2009; Sillitoe, 2010)). On Mars, these two critical characteristics are thought to
have ‘been produced in ancient melts without the necessity of subduction settings. For
example, there is significant evidence for high oxidation states up to 3 log units above QFM
in the uppermost mantle (Herd, 2003; Tuff et al., 2013), and evidence for S-rich hydrated
magmas potentially containing more than 1% of H,O and S in Noachian time (Gaillard and

Scaillet, 2009; Herd, 2003; McCubbin et al., 2012; McSween et al., 2001)).



The occurrence of elevated Cu concentrations in potassic sandstones and in felsic and alkaline
igneous rocks at Kimberley can thus suggest the occurrence of a porphyry copper deposit at
the source region of the Kimberley bedrock. The elevated Zn and Ge concentrations measured
by APXS in potassic sandstones (Zn up to 4000 ppm) and in the Liga target (Ge = 250 ppm)
respectively, suggests high temperature hydrothermal activity localized in the source region of
these materials (Berger et al., 2017; Thompson et al., 2016). This would favor the:formation
of an ore body around the magma intrusion, from which the potassic minerals‘encountered at
Kimberley may have originated.

If the Cu found at Kimberley came from a porphyry deposit, we can envision that an alkaline
magma would have cooled rapidly, forming a potassic alteration zone around this magmatic
body. Hydrothermal circulation would have concentrated copper within sulfide minerals
and/or the remaining melt. Erosion, alteration and“transportation of the resulting igneous
rocks, Cu-sulfides, and K-Mg-rich minerals{from¢the potassic alteration zones to Kimberley
would explain both the elevated metal concentrations within sedimentary rocks, and the origin

of the K-Mg-rich minerals.

6.2.2 s impact-induced hydrothermal alteration the origin of copper enrichments?

An alternative scenario)would be the association of Cu sulfides with silicates by alteration at
high temperature. Impact-induced hydrothermal alteration could be a reasonable possibility:
the highitemperature induced by an impact can melt and heat a large volume of rocks,
providing an efficient source for hydrothermal activity. Indeed, interactions between these
heated rocks with near-surface H,O leads to hot water circulations that enhance water-rock
interactions (e.g., (Osinski et al., 2005)). This phenomenon, which has been widely suggested
on Mars (e.g., (Allen et al., 1982; Newsom et al., 1996; Schwenzer et al., 2012; Schwenzer

and Kring, 2009)), can thus result in the formation of ore deposits by remobilization of metals



and re-deposition within fractures and breccias, as observed on Earth in Sudbury and
Haughton craters (Ames et al., 1998; Osinski et al., 2001).

The occurrence of elevated amounts of copper within the trachyandesite Angelo suggests that
Cu may have been incorporated in igneous matrix and plagioclase during magma melting.
Since Cu behaves as a compatible element during magmatic crystallization, this porphyric
igneous rock could be the evidence of a supply of copper within the melt, certainly from a
mafic magma. Hydrothermal fluids generated by the impact would have_ re-mobilized this
element and potentially other metals not detected by ChemCam, weathered these felsic
igneous rocks located on the crater floor, and re-deposited copper in association with resulting
igneous feldspar, pyroxene and other silicates. Finally, these“minerals would have been
transported by the fluvial system to Kimberley where they were deposited. Other metals
including noble metals commonly found in association with these Cu-deposits on Earth may
also occur in Gale crater (e.g., (Ames et al., 1998;'\Osinski et al., 2001)).

In Sudbury and Haughton craters, the ‘deposition of sulfide minerals including chalcopyrite
likely occurred at temperatures between 100 °C and 200 °C (Ames et al., 2006; Osinski et al.,
2005), which means that on-Mars, a hydrothermal system at an impact crater with a diameter
varying from 30 to 200 kmwcan provide fluids heated sufficiently to form these minerals
(although the lifetime of.the hydrothermal system would be shorter in small impact crater)

(Abramov and Kring,2005).

6.2.3 “Are copper enrichments related to fumarolic activities?

On Earth, fumaroles emit steam and gases like CO,, H,O and H,S that escape and often
sublimate metals located in volcanic ash layers at the surface (e.g., (Henley and Berger,

2012)). Depending on the physical and chemical gas conditions, the vapor phase of fumaroles



can concentrate enough metals to permit the formation of ore deposits including Cu-deposits
(Henley and Berger, 2012; Williams-Jones and Heinrich, 2005).

The Kimberley sedimentary rocks may share the same sources as several consolidated, thinly
laminated, fine-grained float rocks located in and near the Bathurst Inlet outcrop at
Yellowknife Bay since they display similar K,O and MgO compositions (Le Deit et al., 2016;
Thompson et al., 2016). The nature of these latter rocks remains uncertain,, whether
volcaniclastic or sedimentary sandstones (Mangold et al., 2015; Sautter et al, 2013), but
according to several studies, the occurrence of small volumes of K-rich rocks restricted to
certain beds in Yellowknife Bay strengthens the idea of volcanic ash introduction in Gale
crater basin, forming later volcaniclastic layers (McLennancet-al., 2014; Sautter et al., 2013;
Schmidt et al., 2013). Interestingly, float rocks of similar, morphology and nearly identical
composition were found in the Bimbe heterolithic unit some 9 km away from the Bathurst-
type layered rocks (Wiens et al., 2017), suggesting the widespread deposition of Mg- and K-
rich float rocks. If these kind of potassic.velcaniclastic rocks indeed occur in Gale crater, a
potassic explosive volcanism would have been necessary to create these immature K-rich ash
beds potentially formed by feldspars and other K-silicates, as observed on Earth in the tuffs of
the Yucca Mountain (Sheridan, 1970). Fumarolic activities among earlier K-rich sedimentary
beds could have concentrated metals including Cu as sulfides upstream of Gale crater within
the potassic/ash beds in association with feldspars and other silicates as observed in the

phreatic ash layers of Mount St Helens, deposited in 1980 (Thomas et al., 1982).

6.3 Origin of Cu enrichments in fractures, and environmental implications

As discussed in Section 6.1, nickel, copper and zinc in fracture-fills were likely adsorbed on
manganese oxides (Lanza et al., 2016). A potential origin of these cation metals is from

weathering of the local bedrock. However, the low alteration and the occurrence of elevated



contents of Zn and Ni, especially in fracture-fills, suggest an external origin rather than in situ
rock weathering (Berger et al., 2017; Lasue et al., 2016). On Earth, these elements are
typically initially hosted in mafic rocks, and have a great affinity for Fe-bearing minerals in
igneous and sedimentary rocks (De Vos et al., 2005; Sluzhenikin et al., 2014). Therefore, they
could come from a mafic source similar to basalts and gabbros encountered along the traverse,
or from a Fe-mineral-bearing sedimentary source like magnetite or hematite, as/detected by
CheMin in the Rocknest sand and the Murray sedimentary materials (Blake et al., 2013;
Hurowitz et al., 2017).

Manganese oxides are scavengers of trace metals like Cu**, Ni** and Zn?' in marine and fresh
water (Murray, 1975). Studies of natural and synthetic manganese oxides like birnessite,
vernadite and hydrous MnO, show an increase of divalent'metallic cation sorption, especially
with increasing pH; the circulation of a hot fluid is*not needed for this kind of mechanism
(e.g., sorption in fresh- or sea- water (Manceau etal., 2007; Murray, 1975)). As shown in the
stability diagram on Figure 11, Mn®" is-Soluble over a large range of redox conditions in
acidic environments, and precipitates as Mn-oxides in highly oxidizing environments (Eh >
+500 mV). Cu®*, Ni** and Zn?*/are,mobile in acidic and oxidizing conditions (Guilbert and
Park, 2007), and the fraction,of Cu, Ni and Zn sorbed on MnO, increases with pH, even in
alkali environments, (Murray, 1975). In the Dillinger member, if the precipitation of
manganese oxides and the enrichments of zinc, nickel and copper occurred during the same
episode; as is likely, the metal-bearing fluid would thus have been highly oxidizing (Eh >
+500 mV) at circum-neutral pH (~ 7) in order to enhance the adsorption of metals (Lanza et
al., 2016). If these precipitations and adsorptions are distinct events, the pH and redox ranges
of the fluids would be larger: a strongly oxidizing fluid would precipitate MnO, at a circum-
neutral pH as described by (Lanza et al., 2016), and later, Cu** and Zn®* would be adsorbed in

oxidizing circum-neutral conditions (Eh > +200 mV, pH ~ 7). In both cases, the precipitation



of manganese oxides and the adsorption of metals is characteristic of the circulation of an

oxidizing fluid, certainly at low temperature.

7 Conclusion

For the first time, copper abundances are quantified using LIBS in materials analyzed by
ChemCam, with an accuracy of 41 ppm. The most elevated copper concentrations along the
Curiosity traverse in Gale crater are observed at Kimberley in two kindsyof sedimentary
materials: within potassic bedrock containing high magnesium* contents, and within
manganese-rich fracture-fills.

In bedrock, Cu-minerals are likely sulfides such as chalcopyrite; and are mainly associated

with detrital silicates including K-feldspars, K-phyllosicates, and pyroxenes. In the diagenetic
features, copper and in a number of cases also zine.are found in association with manganese
oxides that appear to have precipitated_from ‘highly oxidizing circum-neutral groundwater

(Lanza et al., 2016). These two distinct mineralogical associations suggest at least two

petrogenetic processes and distinct sources:

(1) Cu-sulfides in bedrack. likely-share the same sources as their detrital potassic and mafic
mineral hosts: they would come from K-rich and/or mafic igneous rocks located in the
northern rim of the crater or in the catchment basin beyond the rim (Le Deit et al., 2016;
Treiman et al; 2016). Such elevated copper amounts suggest the occurrence of a copper
deposit.-related to hydrothermal circulation. This could be a porphyry copper deposit, a
region of impact-induced hydrothermal activity, or a region of fumarolic activity sourced
in volcanoclastic rocks. After the erosion and alteration of this deposit, Cu-sulfides and
potassic and mafic minerals would have been transported by the fluvial system and

deposited at Kimberley, forming sedimentary bedrock.



(2) After the fracturing of the sedimentary bedrock, a Mn-rich oxidizing fluid would have
precipitated Mn oxides within the fractures, and Cu and other metals including Zn and Ni
would have been adsorbed at their surface. These compatible metallic cations are
potentially coming from mafic igneous rocks like basalts, or Fe-bearing materials like
magnetite as commonly observed on Earth (De Vos et al., 2005; Sluzhenikin et al., 2014).
A fluid, likely at low temperature, would have leached the host rocks, and an.oxidizing
solution would have led to the adsorption of these metals on the manganese oxides
surface.

Relatively high copper concentrations studied in a single region of Gale crater highlight again

the complexity of the past Martian magmatism and weathering;"and suggest the presence of a

copper deposit in the northern Gale crater rim or the«catchment basin beyond the rim. The

discovery of evolved igneous rocks in Gale crater provides new insights about the potential

occurrence of metal deposits on Mars.
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Figure 1. (a) Interpretative stratigraphic co\yn‘n of the Kimberley formation. The intersection

of the units with the vertical line <% es the grain sizes found in that unit. * corresponds to
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Kimberley formatio

imated by Stack et al. (2016). (b) HiRIiSE image of the
the location of the six Kimberley members.
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Figure 5. (a) Cu peak-intensity variations variations versus elemental intensity trends without
dust contributiondin kiga#1. All shots contain >> 50 ppm of Cu. Only the slope of the linear
regressions is“indicated. (b) Spectral region of CaF molecular signal in Liga #5 (red line)
compared to'that of Epworth #5 (blue dashed line, sol 72) identified as fluorite by Forni et al.
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Figure 9. (a) Depth profile of Mn 1 403.19 nm and Mn | 403.42 nm, and Cu | 324.786 nm and
Cu | 327.429_nmin Stephen_DP #1. (b) Elemental peak intensity trends with depth of Cu
(black curve), Mn (light green curve), Si (green curve), Al (dark blue curve), Fe (pink curve),
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slope'of the linear regressions is indicated.
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Figure 11. Potential (E in volt) — pH diagram forsMn-H,O system at 1 bar and 25°C. The
stability of Cu2+, Zn2+ and Ni2+ are also shewniin red, gray and blue box respectively in a
H,O system at 1 bar and 25°C (Guilbert.and Park;2007).



Table 1. Oxide contents (wt. %) and Cu concentrations (ppm) within targets located at

Kimberley with elevated copper amounts (>150 ppm)

So  Target # Si Ti Al, FeO Mg Ca Na, K, Mn Zn Tot
Sequence Cu
| name Point o 0, 0 T O O O O O O al
57 CCAMO02 57. 0.8 106
Liga 4  Lennard 1 574 322 0 0.7 180 121 20 7.1 50 4071 7
57 CCAMO3 38. 0.4 100
8  Yulleroo 9 578 464 7 - 79 429 36 260,28 16 6 T
Northern
58 CCAMO04 46. 0.7 101
Kimberl -
1 Elvire 3 581 325 4 0.8 120 29.00.4.2=32 25 22 8 A
ey
60 CC BTO CCAM15 44, 91.
4 604a 6 026 817 4 09_81 196 86 56 20 20 - 3
60 CCAMO1 43. 13. 0.1 91.
Liga 1 Liga 1 601 660 ‘2. 07 73 186 3 41 29 11 5 3
60 CCAMO1 44, 16. 0.1 93.
1 Liga 2 601 755 3 08 73 175 6 35 22 09 5 1
60 CCAMO1 43, 16. 0.0 91.
1 Liga 3. 601 761 1 07 79 171 0 33 24 09 9 6
60 CCAMO1 44, 16. 0.1 94,
1 Liga 4 601 799 7 07 69 173 7 46 23 09 3 3
Southern
60 CCAMO01 111 42. 0.0 87.
Kimberl -
1 Liga 5 601 0 1 17 71 194 74 48 16 32 2 3
ey
60 CCAMO1 43. 14. 0.0 90.
1 Liga 6 601 618 5 0.7 6.0 176 1 56 15 13 8 5
60 CCAMO1 49, 13. 0.1 95.
1 Liga 7 601 583 4 06 6.4 160 7 64 20 13 2 8
60 CCAMO1 56. 0.0 96.
1 Liga 9 601 181 1 0.7 199 07 21 91 53 28 1 7



60 CCAMO2 48. 14, 0.0 95.

1 Harms 1 601 524 8 0.7 62 166 3 52 28 07 7 3

60 CCAMO2 51. 13. 0.3 99.

1 Harms 2 601 339 8 06 99 165 3 21 22 24 2 2

60 CCAMO02 51. 11. 0.1 99.

1 Harms 3 601 638 3 06 105 161 6 36 38 15 2 2

60 CCAMO3 56. 10. 0.0 99.

1 Nullara 1 o601 283 0 0.8 104 119 7 3.0 25 40 |9 4

60 CCAMO3 47. 12. 0.0 94,

1 Nullara 2 601 383 6 06 73 166 1 6:8 25 10 8 8

60 CCAMO3 46. 14. 0.1 95.

1 Nullara 4 601 331 3 07 67 182 6 42 33 11 14 1

60 CCAMO3 50. 14. 0.0 98.

1 Nullara 5 601 285 1 0786161 0 38 26 21 9 1

60 CCAMO3 42. 14. 0.1 91.

1 Nullara 6 601 398 5 ,06" 41 196 9 69 23 04 38 5

63 CCAMO1 40. 0.3 89.

Liga 2 Moogana 9 632 566 0 0.7 59 239 94 55 18 15 3 0

63 Kalumbur CCAMO2 63. 11. 0.0 99.
South of

2 0 37,632 130 1 0.2 197 07 09 21 14 4 3 6
Kimberl

63 Kalumbur CCAMO2 58. 0.0 99.

i 2 0 5 632 180 1 0.7 181 55 14 47 51 63 6 9

48. 10. 0.2 95.

AVG 497 2 07 97 169 2 47 27 24 O 8

0.2

STD 247 64 02 47 85 54 18 11 24 2 4.7

57 Square_To CCAMO04 42. 1.0 99.
Square

8 p_2 10 578 699 8 08 7.6 350 37 35 26 28 O 8

Top 58 Eastman 16 CCAMO02 625 39. 0.7 51 300 51 30 21 11 05 86.



5 585 2 5 9
41. 0.7 93.
AVG 662 0 07 64 325 44 33 24 20 8 4
0.3
STD 53 26 01 18 35 10 03 04 12 2 8.8
60 CCAMO04 46. 0.3 95.
Dillinger 8 Wallal 3 608 406 7 08 86 213 79 31 47 24 )0 : 8
61 CCAMO04 45, 0.4 94.
1 Blina 9 611 904 9 0.8 116 187 7.0 60 L/ 19 6 - 1
61 CCAMO1 44, 69 06 94
1  Stephen 1 611 208 1 08 73 1747 96 85 25 18 4 9 8
61 CCAMO1 39. 13. 18. 102
1  Stephen 2 611 459 2 0758174 6 29 24 13 97 - 2
61 CCAMO1 39. 14. 20. 103
1  Stephen 3 611 532 13,07 55 179 2 31 17 12 26 - .8
61 CCAMO1 43. 10. 7.3 94,
1  Stephen 4 611 215 0 08 68 182 4 43 19 19 4 - 6
61 CCAMO1 38. 15. 14, 99.
1  Stephen 5 611 263 9 07 55 182 6 31 17 12 54 - 4
61 CCAMO1 40. 13. 11. 97.
1  Stephen 6 611 242 7 07 58 180 8 31 18 16 99 - 6
61 CCAMO1 46. 10. 03 06 91
1  Stephen 7 611 161 0 08 69 183 4 45 16 23 7 2 8
61 CCAMO1 40. 13. 0.7 87.
1  Stephen 8 611 181 3 07 61 195 2 37 16 17 5 _ 6
61 CCAMO1 38. 14. 4.4 90.
1  Stephen 9 611 174 9 08 58 188 4 41 18 14 2 - 3
61 CCAMO6 37. 11. 83.
1  Stephen 1 611 347 0 07 60 212 9 31 23 15 - _ 6
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178
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11.
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4.0
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4.0
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3.6
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15
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2.0
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1.8
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2.0

2.1
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1.5
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1.8

1.5
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2.9

14,
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61 CCAMO0O4 40. 13. 50 1.4 91.
9 Neil 7 619 222 2 07 59 188 3 34 19 11 O 7 9
61 CCAMO0O4 40. 15. 6.2 0.7 93.
9 Neil 8 619 19¢ 1 08 58 179 9 33 19 12 9 1 9
61 CCAMO0O4 40. 13. 53 1.0 92.
9 Neil 9 619 226 3 08 59 192 8 33 18 10 5 7 6
61 CCAMO0O4 39. 15. 6.0 91.
9 Neil 10 619 184 5 07 59 180 1 32 17 15 |6 - 7
62 Mondoom CCAMO1 40. 13. 14, 16 104
5 a 1 625 506 9 08 67 183 8 33 80 16 44 7 6
41. 12. 6.9 93.
AVG 291 5 07 66 182 6 37 20 16 3 8
5.9
STD 152 24 0012 21 22 06 06 04 2 54
Mount

61 CCAMO02 47, 0.3 99.

Remarka Mahoney 4 358 0.8 11.2 20.1 88 47 1.6 45 -
5 615 7 1 7

ble

55 CCAMO1 53. 10. 0.0 94,
3 Angelo 4 553 581 0 0.7 217 12 09 4 51 09 9 - 0
55 CCAMO1 58. 0.0 97.
3 [ Angelo 5 553 67 3 0.7 210 17 06 56 55 36 1 _ 1
Point /55 CCAMO1 38. 1.2 09 9L
Coulem 3™ Angelo 6 553 524 6 13 103 265 35 47 20 21 9 0 3
b 55 CCAMO1 51. 0.1 98.
3 Angelo 7 553 646 3 0.7 162 138 29 7.2 35 27 7 - 6
55 CCAMO1 100 54. 0.0 94,
3 Angelo 8 553 5 8 07 182 52 15 76 44 24 2 - 7
55  Angelo 9 CCAMO0O1 574 37. 1.2 108 240 44 69 21 12 06 0.7 89.



3 553 8

7 8 7

49. 0.3 94.

AVG 566 0 09 164 121 23 71 38 22 8 0
0.5

STD 300 87 03 49 112 15 20 15 10 1 3.3

For each point, Cu and major oxide concentrations are based on the averaged LIBS processed
spectra without considering the five first spectra corresponding to the dust (Supplementary

materials; Meslin et al., 2013; Wiens et al., 2013; Clegg et al., 2017).

-' are values not quantified. Italic target names show ChemCam targets located in fracture

fills.



