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Abstract

Through rover missions and martian meteorites received on Earth, the surface of Mars has showed unexpectedly elevated

concentrations of transition metals usually measured in minor and trace concentrations in silicate rocks compared to the

average crust. Gale crater presents one of the most diverse geological records in terms of its complex fluid and magmatic

history described through the sedimentary and igneous records, respectively. Transition metals, such as Mn, Co, Ni, Cu, and

Zn, are highly concentrated within various sedimentary rocks and diagenetic features, suggesting their mobilization through

fluid circulation. This paper presents the first compilation of elevated concentrations of transition metals measured by the

Curiosity rover and reviews the origin of such metals in Gale crater, highlighting the existence of a hydrothermal or magmatic-

hydrothermal deposit in its vicinity. The discovery of felsic magmatism on Mars opens up to novel perspectives in terms of

the type of metal deposits that current and future exploration could evidence at the surface of Mars and raise questions about

the global abundance of such metals. Constraining the abundance of transition metals is also a central question for exobiology

purposes. Because on Earth living organisms use transition metals for their survival and functioning, should live have arisen

on Mars, the availability of such chemical elements at the surface could have been essential for its development. An accurate

assessment of in situ metal resources and potential risks for health will be key for the preparation of human exploration of Mars

as recently announced by NASA.
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Key Points (140 characters) 

• Results from Gale crater suggest a hydrothermal or magmatic-hydrothermal transition 

metal deposit located somewhere in its watersheds 

• The diversity of magmatic processes from mafic to felsic widens the type of metal 

deposits expected, possibly as diverse as on Earth  

• The abundance of transition metals is crucial to evaluate the development of potential 

living organisms and the toxicity for human 

 

 



Abstract (250 words) 1 
 2 

Through rover missions and martian meteorites received on Earth, the surface of Mars has 3 
showed unexpectedly elevated concentrations of transition metals usually measured in minor 4 
and trace concentrations in silicate rocks compared to the average crust. Gale crater presents 5 
one of the most diverse geological records in terms of its complex fluid and magmatic history 6 
described through the sedimentary and igneous records, respectively. Transition metals, such 7 
as Mn, Co, Ni, Cu, and Zn, are highly concentrated within various sedimentary rocks and 8 
diagenetic features, suggesting their mobilization through fluid circulation. This paper presents 9 
the first compilation of elevated concentrations of transition metals measured by the Curiosity 10 
rover and reviews the origin of such metals in Gale crater, highlighting the existence of a 11 
hydrothermal or magmatic-hydrothermal deposit in its vicinity. The discovery of felsic 12 
magmatism on Mars opens up to novel perspectives in terms of the type of metal deposits that 13 
current and future exploration could evidence at the surface of Mars and raise questions about 14 
the global abundance of such metals. Constraining the abundance of transition metals is also a 15 
central question for exobiology purposes. Because on Earth living organisms use transition 16 
metals for their survival and functioning, should live have arisen on Mars, the availability of 17 
such chemical elements at the surface could have been essential for its development. An 18 
accurate assessment of in situ metal resources and potential risks for health will be key for the 19 
preparation of human exploration of Mars as recently announced by NASA. 20 

 21 

Plain Language Summary (200 words) 22 
Carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur are the foundations of any 23 

living organisms. Additional elements including transition metals like Mn, Co, Ni, Cu, and Zn, 24 
are required for organisms survival and sustainability, if not playing a key role in the prebiotic 25 
synthesis of essential molecules like the ribonucleic acid. At the surface of Mars, rover missions 26 
including the Curiosity rover demonstrated the existence of a variety of such metals with 27 
elevated abundances measured in a variety of rocks. In Gale crater, the circulation of 28 
hydrothermal fluids, and surface and ground waters accumulated transition metals within 29 
sediments, demonstrating the existence of metal deposits at the surface of Mars that would be 30 
beneficial for the development of potential life. The wide diversity of Mars’ magmatic 31 
processes highlighted these past few years expands the type of metal deposits that could be 32 
encountered on Mars in future explorations. From the development of life to future human 33 
exploration, the assessment of metal abundance at the surface of Mars is fundamental as metals 34 
are vital as well as toxic for living organisms including astronauts, and the Mars 2020 and 35 
follow-up sample return missions will be essential regarding the metal distribution at Mars’ 36 
surface and interior. 37 

 38 



1. Introduction 39 

By definition, a metal is an element with high thermal and electrical conductivity and 40 

corresponds to all elements in the Mendeleiev table except for noble gases and halogens. In this 41 

paper, we will focus on transition metals that are typically in minor and trace concentrations 42 

(0.1-1 wt. % and < 1000 ppm, respectively) in silicate rocks. The search for abundant metal 43 

resources among all attainable planetary bodies is now of interest, especially for technological 44 

applications. In addition to being lucrative as natural resources, transition metals are also of 45 

significance for scientists when exploring the history of a planet. How did a planetary body 46 

form? Was a planetary body once a habitable world? The delicate affinities between transition 47 

metal elements provide essential clues into geological processes that are otherwise puzzling to 48 

understand using other elements, such as planetary differentiation processes, impacts, and 49 

hydrothermal and diagenetic processes. Geological processes that concentrate or deplete certain 50 

metals can be deduced from elemental ratios and metal concentrations. Transition metals by 51 

themselves are vital for the development of life and its sustainability and estimating the 52 

distribution of metals on planetary bodies is imperative in understanding whether extra-53 

terrestrial life could have ever existed in our solar system. The increasing numbers of rover and 54 

orbital missions to Mars, and the martian meteorites discovered on Earth, allow us to draw a 55 

more precise knowledge of the abundance of metals on Mars.  56 

Studies of martian meteorites mainly use transition metal abundances to explore the 57 

differentiation of Mars, including core formation and the contribution of impactors (e.g., 58 

Humayun et al., 2013; Yang et al., 2015). Magmatic metal-bearing sulfides commonly exist at 59 

low abundances within martian meteorites (e.g., Baumgartner et al., 2017; Lorand et al., 2005). 60 

Elevated concentrations of transition metals have been observed in some meteorites including 61 

the martian brecciated meteorite Northwest Africa NWA 7533 that displays high Ni (up to 2.8 62 

wt.%) compared to the average martian crust (Table 1) and nuggets of Highly Siderophile 63 

Elements (HSE) within hydrothermal pyrite grains, likely supplied by chondritic impactor 64 

debris (J. -P. Lorand et al., 2018; Jean-Pierre Lorand et al., 2015). Orbital observations cannot 65 

resolve the concentrations of transition metals in trace amounts at the surface of Mars. 66 

Chalcophile and siderophile metals that prefer sulfur and iron metal phases, respectively, might 67 

exist in association with sulfate and iron-oxide minerals detected by orbital spectroscopic 68 

analyses such as the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) aboard 69 

the Mars Reconnaissance Orbiter (MRO). However, no study that we are aware of discusses 70 

the occurrence from orbital observations of minerals containing transition metals that are 71 



usually in minor and trace amounts in silicate rocks (e.g., Cr, Mn, Co, Ni, Cu, Zn), like 72 

sphalerite or chalcopyrite. In Gusev crater and at Meridiani Planum (Fig.1), the Mars 73 

Exploration Rovers (MERs) measured elevated concentrations of Zn (up to 6,200 ppm) 74 

associated with Ge, suggesting high-temperature fluid circulation (> 150°C) that occurred as 75 

either hydrothermalism or volcanic vapor condensation (Ming et al., 2008; Squyres et al., 2007, 76 

2012), while high Ni contents (up to 2,100 ppm) were interpreted as contributions from an 77 

impactor (Ming et al., 2008). Such metal concentrations differ dramatically from the average 78 

compositions of the martian crust and that of the primitive mantle (Table 1). In Gale crater 79 

(Fig.1), the Mars Science Laboratory (MSL) Curiosity rover measured the strongest variability 80 

of transition metal abundances ever observed on the ground for Zn, Cu, and Ni, highlighting a 81 

complex fluid history. All these observations raise a central question regarding metals on Mars: 82 

How abundant are transition metals at the surface of Mars and how are they distributed? Such 83 

information is fundamental regarding (1) the habitability of the planet, i.e., the capacity of a 84 

planet to support the emergence of life (Cockell et al., 2016) as transition metal availability at 85 

the surface and subsurface is essential for the development of life, and (2) human exploration, 86 

since transition metals are essential for sustainable agriculture and food production. On the 87 

other hand, elevated metal concentrations are toxic for humans. Having an estimation of these 88 

metal abundances is essential when looking ahead to human martian exploration and possible 89 

in situ resource utilization. 90 

This manuscript presents the first compilation of all rocks and soils in Gale crater presenting 91 

elevated concentrations of transition metals as measured by instruments onboard the Curiosity 92 

rover and aims to review and discuss environmental conditions that concentrated these elements 93 

in some locations. We will focus on minor and trace transition metals Mn, Cu, Zn, and Ni 94 

detected and measured by various instruments onboard the Curiosity rover. A projection of the 95 

extent of some transition metals at the surface of Mars will be discussed, followed by a review 96 

of the importance of metals for living organisms and for human exploration.  97 

 98 

2. The Curiosity Rover in Gale Crater 99 

Gale crater located on the dichotomy boundary between the southern highlands and the 100 

northern lowlands (Fig.1), exposes a uniquely preserved geological diversity reflected by the 101 

variety of rocks analyzed by the Curiosity rover and the large compositional range of both 102 

igneous and sedimentary rocks. With a record number of modern analytical instruments 103 

onboard Curiosity, an unprecedented array of minor and trace transition metals can be now 104 



detected and quantified, including Cr, Mn, Co, Ni, Cu, and Zn. This section reviews the 105 

geological context of the formations presenting abnormally elevated transition metal 106 

concentrations, and present the suggested processes that concentrated them in those materials.  107 

Throughout the paper, we define “high” or “elevated” abundances when their value is three 108 

times higher than those estimated in the average martian crust (Table 1; Taylor and McLennan, 109 

2009). Table S1 and S2 present the first compilation of all targets available that contain elevated 110 

concentrations of transition metals compared to the average crust, as measured by the Curiosity 111 

rover, and is the support of our geological review. Table 2 and 3 are a simplified version with 112 

the highest concentration of transition metals measured in each Gale crater formation. 113 

2-1. Elemental and Mineralogical Analyses 114 

Onboard the Curiosity rover, the instruments providing elemental and mineralogical 115 

analyses are the Chemistry Camera (ChemCam) and the Alpha Particle X-Ray Spectrometer 116 

(APXS) to study chemistry, and CheMin, which is an X-ray diffractometer (XRD) designed to 117 

provide quantitative mineralogy of drilled and sieved rocks. ChemCam uses laser-induced 118 

breakdown spectroscopy (LIBS) to analyze, at distance (up to 7 m away from the rover), the 119 

elemental composition of rocks at a sub-millimeter scale (spot size: 350-550 µm; Maurice et 120 

al., 2012; Wiens et al., 2012). For each target analyzed by LIBS, several points of analyses are 121 

acquired across the target, typically in raster of 5 to 10 individual points per target. For each 122 

individual point of analysis, a  total of 30 laser shots are usually acquired on the same point of 123 

analysis, removing the dust cover at the surface and ablating a few µm into the rock or soil (A. 124 

Cousin et al., 2011). For the calculation of chemical composition, the first five LIBS emission 125 

spectra of each point of analysis are excluded as they are typically dominated by dust 126 

contributions, and the remaining spectra are averaged. ChemCam also consists of a high 127 

resolution Remote Micro Imager (RMI) to contextualize LIBS measurements. The APXS 128 

determines elemental abundances from a derived X-ray spectrum excited by an alpha-particle 129 

source, with a footprint of 1.6 cm (Gellert et al., 2015). CheMin obtains its diffraction pattern 130 

from samples that are drilled and (usually) sieved by the rover (Blake et al., 2012). At the time 131 

of this writing, ChemCam has made more than 30,000 rock and soil observations as individual 132 

points in raster of usually 5 to 10 per target; APXS has made about a thousand observations, 133 

usually as single measurements with varying integration times; and CheMin has analyzed 134 

material from ~30 drill holes and several scoops of soil.  135 

Table S1 is a compilation of transition metal abundances measured by ChemCam collected 136 

from various studies to martian day (sol) 2608 (Mn: Gasda et al., 2019; Lanza et al., 2016, 137 



2014; Zn: Lasue et al., 2016; Cu: Payré et al., 2019; Ni: Johnson et al., 2021, 2020; Lasue et 138 

al., 2020; Meslin et al., 2017, 2019; Nachon et al., 2017; Wiens et al., 2017). Table S2 presents 139 

APXS elevated concentrations of Mn, Zn, Cu, and Co up to sol 2301 as taken from Berger et 140 

al. (2020) APXS compilation, Berger et al. (2017), VanBommel et al. (2019), and from the 141 

Planetary Data Scientist (PDS, https://pds-geosciences.wustl.edu/msl/msl-m-apxs-4_5-rdr-142 

v1/mslapx_1xxx/extras/). Table 2 and 3 are simplified versions of Table S1 and S2, 143 

respectively, presenting the highest concentrations of transition metals in each formation of 144 

Gale crater. Anomalously high metal concentrations in some formations discussed in the 145 

following sections might not always be reported in Tables 2-3 and S1-S2 since not available in 146 

details in the literature yet. Note that Cr is detected via ChemCam LIBS analyses but no 147 

quantification has been established yet, precluding the detection of elevated Cr values 148 

throughout the traverse. APXS Cr values are all lower than three times the average crust 149 

abundance. 150 

2-2. Geologic Context of Gale Crater 151 

Gale crater, with an estimated age of 3.8-3.5 Ga (Laetitia Le Deit et al., 2013; Thomson et 152 

al., 2011), hosts record of an ancient lake that was fed by streams and groundwater. Its center 153 

comprises a ∼5 km thick sedimentary mound named Aeolis Mons, informally called Mount 154 

Sharp (John P. Grotzinger et al., 2012). The transition from a wet to dry climate suggested by 155 

(Bibring et al., 2006) is strengthened by Gale crater geological record as observed from orbit. 156 

Hyperspectral observations acquired by CRISM indicate a transition from Fe-Mg smectites at 157 

the lowest portion of the central mound corresponding to the Noachian-Hesperian boundary 158 

time to subsequent hydrated sulfate layers and anhydrous minerals at the uppermost strata 159 

(Milliken et al., 2010). Rover observations has highlighted a piece of Gale crater geological 160 

history that is not visible from orbit. Diagenetic fluids have circulated through Gale crater 161 

bedrock, leaving behind phyllosilicates (Vaniman et al., 2014) and a variety of precipitated and 162 

diagenetic features like nodules (e.g., Siebach et al., 2014; Stack et al., 2014; McLennan et al., 163 

2014). Subsequent diagenetic fluid circulation and evaporation led to the formation of various 164 

salt-filled veins and fractures (e.g., (J. P. Grotzinger et al., 2015; Lanza et al., 2016; Nachon et 165 

al., 2014; Rapin et al., 2019). A regolith consisting in modern soil covering the surface of rocks 166 

is unevenly deposited throughout Gale crater. Within each of the formation and member 167 

presented below, some transition metals are particularly concentrated, either within the bedrock 168 

or within diagenetic features. 169 



After landing within the Bradbury formation (Fig. 2), the Curiosity rover first drove through 170 

sedimentary bedrock composed of sandstones and conglomerates, recording an ancient fluvio-171 

deltaic environment (J. P. Grotzinger et al., 2015). The sedimentary rocks are mostly basaltic 172 

in composition (e.g., Rampe et al., 2020) and contain Mg-Fe-clay minerals. Detrital pyroxene 173 

and plagioclase grains are present in most of the Bradbury sedimentary rocks, suggesting 174 

relatively minimal weathering prior to or during fluvial transport (e.g., Vaniman et al., 2014). 175 

Streams transported and deposited sediments including igneous minerals that cemented at the 176 

current location. The main provenance of these sedimentary rocks is attributed to a basaltic unit, 177 

likely located within Gale crater watershed along the northwestern crater rim (L. Le Deit et al., 178 

2016; McLennan et al., 2014; Siebach et al., 2017). Elevated potassium contents in a few 179 

sedimentary rocks (e.g., Anderson et al., 2015) pointed out a potential diversity in the 180 

provenance, which was confirmed at the Kimberley formation (Fig. 2) where the CheMin XRD 181 

measurements detected sanidine within a drilled K-rich sandstone named Windjana (Fig. 2; 182 

Treiman et al., 2016). This discovery, along with the analyses of additional K-rich sedimentary 183 

rocks at Kimberley as measured by APXS and ChemCam, suggest a trachytic provenance likely 184 

located within the Gale crater watershed too (L. Le Deit et al., 2016; Treiman et al., 2016). 185 

Although the disordered nature of sanidine within the Windjana sandstone might support a 186 

hydrothermal origin (Morris et al., 2020), the occurrence of float  felsic rocks including 187 

trachytes (Sautter et al., 2015; Cousin et al., 2017), supports the evolved igneous (SiO2 > 55 wt. 188 

%) origin (V. Payré et al., 2020). With porphyric feldspar up to 2 cm long, trachy-andesitic and 189 

trachytic rocks could be the origin of the detrital feldspar observed within sedimentary rocks 190 

(Treiman et al., 2016). Cu- and Zn-rich sandstones with concentrations up to Cu = 1,100 ppm 191 

and Zn = 8.4 wt.% (Table 2 and S1; Lasue et al., 2016; Payré et al., 2019) and Mn- Ni- Cu- Zn- 192 

rich diagenetic fracture fills (up to MnO = 14.5 wt.%, Ni = 1,000 ppm, Cu = 530 ppm, and Zn 193 

= 1.5 wt. %; Table 2-S1; Lasue et al., 2016; Lanza et al., 2016; Payré et al., 2019) cutting 194 

through the Kimberley sandstones were measured by both LIBS and APXS and highlight the 195 

lithologic diversity explored within this geologic unit.  196 

Driving further, the Curiosity rover reached the lacustrine mudstones of the Murray 197 

formation (Fig. 2) forming the first several hundred meters of the Mount Sharp group and 198 

evidencing an ancient lake. Some of the Murray sedimentary rocks are covered by the Stimson 199 

formation, which comprises eolian sandstones uncomformably lying above both the Murray 200 

and Bradbury formations (Banham et al., 2018). Pahrump Hills, the lowermost member of the 201 

Murray formation, exhibits laminated mudstones that sometimes present Ni- and S-enriched 202 

diagenetic aggregates (Ni > 625 ppm; Table 2-S1; Nachon et al., 2017). At the Garden City 203 



outcrop located at the bottom of the Pahrump Hills member (Fig. 2), the Curiosity rover 204 

discovered a mudstone outcrop widely crosscut by a prominent assembage of diagenetic light-205 

toned and dark-toned veins sometimes associated with Ge, Mn, and Zn enrichments (up to Ge 206 

= 650 ppm, MnO = 1 wt. %, and Zn = 2,400 ppm; Fig. 4; Table 2-3 and S1-S2; Berger et al., 207 

2017). 208 

Traveling up-section within the Murray formation, the rover reached the Sutton Island 209 

member. It consists of heterolithic mudstones and sandstones, which are thought to have been 210 

deposited within a marginal lake setting (Fig. 2; Grotzinger et al., 2015; Stein et al., 2018). 211 

Located stratigraphically just above Sutton Island, the Blunts Point member exhibits thinly 212 

laminated mudstone, likely deposited in a lacustrine environment (e.g., Sun et al., 2019). Near 213 

the contact between the two members, Mn-rich signatures have been measured in both 214 

diagenetic nodules and sandstones with MnO concentrations up to 16 wt. % (Gasda et al., 2019). 215 

Stratigraphically above Blunts Point, the Pettegrove point and the lower portion of the Jura 216 

member are part of the Vera Rubin Ridge (VRR) topographic feature (Fig. 2), which is known 217 

to exhibit significant hematite signatures according to orbital spectral observations. Bleached 218 

halos in portions of the VRR are associated with low MnO concentrations (< 0.25 wt.%; 219 

L’Haridon et al., 2020). Deposited in a lacustrine environment, a series of diagenetic events 220 

through groundwater circulation hardened the VRR mudstones compared to the surrounding 221 

Murray rocks (Fraeman et al., 2020; Frydenvang et al., 2020). Curiosity then arrived at a major 222 

mission destination in early 2019 at the clay-bearing unit, also known as Glen Torridon (Fig. 223 

2), which is part of the Jura member of the Murray formation. There the rover encountered 224 

lacustrine finely laminated Mg-rich mudstones with elevated Cu, Zn, and Mn concentrations 225 

(e.g., (W. Goetz et al., 2020). The Greenheugh pediment, located just above Glen Torridon as 226 

a capping unit, are eolian sandstones that are part of the Siccar Point group (Fig. 2), 227 

uncomformably resting on some members of the Mount Sharp sedimentary rocks (Bryk et al., 228 

2019). As of this writing, the rover left Glen Torridon. 229 

 230 

High abundances of transition metals measured within Gale crater bedrock and diagenetic 231 

features can be explained by the occurrence of metal-bearing minerals like chalcopyrite for Cu 232 

or their adsorption at the surface of oxides. Based on terrestrial settings, possible processes that 233 

could explain high metal abundances include magmatic processes potentially associated with 234 

hydrothermal circulation, erosion of parental rocks and transportation of the eroded products 235 

through streams, subsequent sorting processes, and/or diagenetic fluids (e.g., Farrow and 236 



Watkinson, 1992; Cox et al., 2003). The following sections will review the current proposed 237 

ideas to explain the origin of those metal deposits.  238 

3. Gale Crater: a Storage Basin for Metal-Rich Sediments 239 

3-1. A Metal Deposit in Gale Crater’s Vicinity 240 

At the Kimberley formation, potassic sandstones exhibit elevated Cu, Zn, and Ge 241 

concentrations. Sandstones contain detrital pyroxene, plagioclase, and sanidine, which have 242 

been interpreted as coming from at least two provenances of basaltic and trachytic origin (L. 243 

Le Deit et al., 2016; V. Payré et al., 2020; Treiman et al., 2016). Sub-millimetric analyses by 244 

ChemCam of the sandstones containing elevated Cu concentrations (100 – 1,100 ppm) revealed 245 

that Cu, likely associated with sulfur as a potential chalcopyrite form, is mainly found with 246 

detrital igneous minerals including alkali feldspar (Payré et al., 2019). Such an association 247 

suggests that Cu-bearing minerals likely originated from the same trachytic provenance of 248 

detrital minerals of the Kimberley formation. LIBS measurements with Cu concentrations up 249 

to 1,000 ppm occur in association with feldspar-like compositions in a porphyritic trachy-250 

andesite rock further support a magmatic origin (Payré et al., 2019). Because Cu, Ge, and Zn 251 

can be concentrated by high-temperature fluids (>150°C) and can be drastically partitioned in 252 

low-temperature fluids, the co-occurrence of elevated concentrations of Cu, Ge, and Zn within 253 

potassic sandstone analyzed by both ChemCam and APXS (Cu = 600 ppm, Ge = 250 ppm, and 254 

Zn = 900 ppm; Table S1-S2) at the Kimberley formation suggests a hydrothermal origin at the 255 

igneous provenance (Berger et al., 2017; Payré et al., 2019). No mineral specific to 256 

hydrothermal alteration such as zeolite and amphibole has been observed in any of the rocks 257 

analyzed in Gale crater so far, thus suggesting that the hydrothermal circulation was centered 258 

at the source region of transition metals and detrital minerals within the Gale crater watershed 259 

(Berger et al., 2017; Payré et al., 2019). Unlike Cu, Zn is not associated with sulfur and could 260 

either be incorporated in phyllosilicates such as sauconite or be present as zinc oxides (Lasue 261 

et al., 2016).  262 

Although additional scenarios might explain Cu concentrations in the Kimberley 263 

sandstones, three main possible mechanisms are envisioned (Payré et al., 2019). (1) 264 

Hydrothermal circulation of potential S-bearing fluids within an evolved magmatic body 265 

located in the watershed of Gale crater could have accumulated Cu in sulfide minerals, which 266 

could have been then incorporated into some felsic rocks after cooling, accumulated in 267 

hydrothermal veins, and disseminated in the rocks surrounding the magmatic complex as 268 



observed on Earth (e.g., Sillitoe, 2010). Following the erosion of the resulting igneous outcrop, 269 

and fluvial transport of eroded products, the sediments would have been deposited and 270 

cemented at the current location in the Kimberley formation. (2) Hydrothermal fluids generated 271 

by the substantial heat related to an impact in the vicinity of Gale crater, as observed in Sudbury 272 

crater, Ontario, Canada (e.g., Ames et al., 2008), could have mobilized transition metals from 273 

crater-floor rocks and crystallized metal minerals associated with minerals from a differentiated 274 

impact melt. Similarly to (1), after melt cooling, erosion of the outcrop and transportation of 275 

the products through streams up to the Kimberley formation could explain the accumulation of 276 

Cu in the potassic sandstones. (3) As commonly observed on Earth, fumarole circulation 277 

through rocks could have sublimated transition metals located in the host rocks, forming a metal 278 

deposit within the watershed. In any scenario, hydrothermal circulation likely concentrated Cu 279 

as potential sulfides in felsic igneous rocks, sometimes associated with feldspar. The co-280 

occurrence of elevated Cu and Zn concentrations in several potassic sandstones suggest a 281 

similar origin. Yet, the absence of Zn-sulfides has been attributed to supergene weathering 282 

(Lasue et al., 2016), with the leaching of sulfur deposits enriched in Zn, the secondary products 283 

potentially being transported to the Kimberley formation and deposited in pores and fractures. 284 

Such sulfur deposit might correspond to the Cu-deposit, although Zn-sulfides would be 285 

expected in the Kimberley sandstones as inferred for Cu-S minerals. Two scenarios are hence 286 

envisioned. (1) Oxidizing fluids as commonly observed on Earth could have leached Zn from 287 

a sulfide deposit also containing Cu-S minerals like chalcopyrite (Hitzman et al., 2003). Such 288 

fluids would replace Fe-Cu-sulfides to Fe and Cu oxides and Cu-S minerals like chalcocite. 289 

The concurrent and/or subsequent fluvial erosion of the metal deposit could have led to the 290 

transportation of Cu-bearing felsic rocks and potential additional Cu-S minerals up to Gale 291 

crater. (2) The occurrence of at least two metal deposits, one Cu- and one Zn- sulfur deposits, 292 

in Gale crater’s catchment can also be envisioned. In all possible scenarios, such high 293 

concentrations of Cu and Zn within the Kimberley sandstones reveal evidence for the first metal 294 

ore-like deposits ever observed on Mars.  295 

3-2. Accumulation of Transition Metals through Depositional Processes 296 

Various locations in Gale crater present anomalously high transition metal concentrations, 297 

while not necessarily related to hydrothermal circulation. Lacustrine sandstones located at the 298 

transition between the Sutton Island and Blunts Point member, and the fluvio-lacustrine 299 

mudstones from the Jura member in the Glen Torridon unit (Fig. 2), both display elevated 300 

transition metal concentrations that are likely associated respectively with the precipitation of 301 



metal-bearing oxides from oxidizing lake waters and with sorting processes. Fracture fills in 302 

the Kimberley formation, diagenetic aggregates and nodules at Pahrump Hills, and a prominent 303 

vein network in the Garden City outcrop all contain elevated transition metal concentrations 304 

(Fig. 2), likely related to diagenetic fluid circulation that postdates lithification of bedrock. 305 

These observations are discussed below.  306 

 307 

Metal-oxide precipitation from stream and lake waters 308 

Several sandstones from the Yellowknife Bay and Bradbury formations present elevated 309 

MnO concentrations up to 16 wt. % (Table 2), likely concentrated within oxidized Mn-rich 310 

minerals like birnessite (Lanza et al., 2014). Most of them being integrated within grains of 311 

sedimentary rocks, Lanza et al. (2014) interpreted such enrichments as either the transportation 312 

of Mn-rich minerals from Gale crater’s catchments or authigenic phases. In any case, the 313 

precipitation of Mn is related to a highly oxidizing environment. At the transition between the 314 

marginal lake setting at Sutton Island and the lacustrine setting at Blunts Points, additional 315 

manganese enrichments from 1.5 wt. % to 16.0 wt. % of MnO have been measured by 316 

ChemCam within light- and dark-toned lacustrine sandstones (Gasda et al., 2019). Because 317 

elevated Mn concentrations are observed within sandstones from both Sutton Island and Blunts 318 

Point, Gasda et al. (2019) suggests precipitation of Mn-oxides from a shallow high-energy 319 

oxidizing water environment 3.6-3.2 Gyr ago (J. P. Grotzinger et al., 2015; Hurowitz et al., 320 

2017; Stein et al., 2018), above the oxic-anoxic limit. Groundwater fluids circulating through 321 

lake-floor sediments could have accumulated Mn2+ cations. Note that localized Mn-rich 322 

nodules in the area are likely the result of diagenetic fluid circulation following the lithification 323 

of the sandstones (Gasda et al., 2019; Meslin et al., 2018). The precipitation of Mn-oxides from 324 

lake waters highlights the necessity of a powerful oxidant that enables the oxidation of Mn 325 

(potential redox Eh >> 500 mV). This oxidant could have possibly been perchlorate, chlorate, 326 

or oxygen; the action of such oxidants contributes to a necessary condition (a readily available 327 

energy source) for the habitability of Mars. 328 

 329 

Sorting processes during stream transport 330 

Coherent fine-grained lacustrine mudstones from the Jura member located within the Glen 331 

Torridon unit (Fig. 2) display elevated Mn, Zn, and Cu associated with high MgO and low K2O 332 

contents compared to the surrounding Zn- Mn- Cu- depleted rubbly coarse-grained mudstones 333 

(W. Goetz et al., 2020; O’Connell-Cooper et al., 2020; Thompson et al., 2020). The fine-grained 334 

thinly laminated mudstones containing elevated transition metal concentrations suggest a 335 



lacustrine origin from a low-energy environment, while the cross-laminated coarse-grained 336 

mudstones depleted in transition metals support a lacustrine origin from a relatively higher 337 

energy environment (Rampe et al., 2020). Although the composition and mineralogy of Glen 338 

Torridon bedrock compared to the hematite-rich Vera Rubin Ridge suggest a limited diagenesis 339 

within the Glen Torridon unit (Fox et al., 2020), the addition of Mn, Zn, and Cu to the Mg-rich 340 

mudstones after lithification through diagenetic fluid circulation could be envisioned 341 

(Thompson et al., 2020). Because Mn, Zn, Cu, and Mg enhancement is exclusively associated 342 

with fine-grained mudstones, sorting processes during stream transport might also explain the 343 

accumulation of transition metals in the Jura member (O’Connell-Cooper et al., 2020). Sorting 344 

process is also evidenced by the detection of a higher amount of pyroxene grains and a lower 345 

amount of light feldspar within two samples analyzed by CheMin within the Mg-rich fine-346 

grained mudstones compared to those detected within the coarse-grained rubbly K-rich 347 

mudstones (Thorpe et al., 2020). Although no clear conclusion is drawn at the writing time of 348 

this paper, Mn, Zn, and Cu enhancement observed within the Mg-rich mudstones might be 349 

related to sorting during stream transport with transition metals potentially coming from the 350 

same basaltic provenance as pyroxene. A thorough study and review of the metal-rich 351 

mudstones from the Glen Torridon area is needed to constrain the most likely process. 352 

 353 

Diagenetic processes 354 

Following the deposition and lithification of sandstones and mudstones, diagenetic fluids 355 

likely precipitated or deposited metal-bearing minerals in various features including fractures 356 

and veins. To date, the Kimberley formation is one of the locations in Gale crater concentrating 357 

the highest abundances of transition metals ever measured by the Curiosity rover. In addition 358 

to the sandstones discussed in the previous section, resistant fracture fills (represented by the 359 

Stephen, Neil, and Mondooma targets) cross-cutting the Kimberley sandstones next to the 360 

Windjana site (Figs. 2-3) present unexpected elevated concentrations of MnO, Co, Ni, Cu, and 361 

Zn, which are well above those observed within the surrounding bedrock. APXS and ChemCam 362 

measured MnO = 3.0-14.5 wt. % (Berger et al., 2017; Lanza et al., 2016; Table 2-3 and S1-S2), 363 

Co ~ 300 ppm (VanBommel et al., 2017; Table 3), Ni = 1,287 ppm (Berger et al., 2017; Table 364 

3), Cu up to 530 ppm (Payré et al., 2019; Table 2), and Zn = 8,490 ppm according to APXS 365 

(Berger et al., 2017; VanBommel et al., 2017; Table 3) and up to ZnO = 2.8 wt. % according 366 

to ChemCam (Lasue et al., 2016; Table 2) in the fracture fills. The lack of correlation between 367 

MnO and S, C, and Cl argues against Mn- sulfur, carbonate, or chloride phases but rather 368 

suggests the existence of Mn-oxides (Lanza et al., 2016a). The low optical reflectance values 369 



of the fracture fills match those obtained in laboratory on Mn-oxides, supporting the occurrence 370 

of Mn-oxide minerals (Fox et al., 2015; Hardgrove et al., 2015). The absence of elevated MnO 371 

concentrations within the surrounding bedrock suggests that following the deposition and 372 

cementation of the Kimberley sandstones, fracturing occurred and an oxidized Mn-rich fluid 373 

circulated precipitating a thin layer of Mn-oxides (Lanza et al., 2016a). Furthermore, because 374 

no enrichment of MnO is observed within any Kimberley sedimentary bedrock, the source of 375 

Mn is likely distant from the Kimberley formation (Lanza et al., 2016a). The sandstones were 376 

deposited and cemented in early Hesperian (<3.5 Gyr), so the emplacement of the Mn-fracture 377 

fills was more recent than 3.5 Gyr ago. The positive correlations between MnO and most of the 378 

transition metals suggest an association of Ni, Zn, and Cu with Mn-oxides. As commonly 379 

observed on Earth (e.g., Della Puppa et al., 2013), Ni, Zn, and Cu have been likely adsorbed on 380 

Mn-oxides through the circulation of the Mn- bearing oxidizing fluid or a subsequent one, 381 

which supports a source of oxygen on Mars, potentially being the atmosphere (Lanza et al., 382 

2016; Lasue et al., 2016; Payré et al., 2019). 383 

At Pahrump Hills (Fig. 2), clusters and dendritic aggregates contain elevated Ni contents 384 

(Ni > 625 ppm; Nachon et al., 2017; Table 2 and S1). Aggregates are embedded in mudstones 385 

and likely formed by magnesium sulfates Because the aggregates cross-cut the laminations of 386 

the host bedrock and are embedded within the mudstones without noticeable boundaries, the 387 

Ni-bearing aggregates likely grew through early diagenetic fluid circulation within the 388 

laminated mudstones’ pore space during cementation (Nachon et al., 2017a).  389 

At Garden City (Figs. 2 and 4), 1-6 cm-thick dark veins composed of CaO, SiO2, and FeO 390 

contain moderate MnO (1.0 wt. %) contents, and elevated Zn (2,472 ppm) and Ge (650 ppm) 391 

concentrations compared to the cross-cut host rock (Berger et al., 2017; Table 3 and S2). The 392 

detection of a fluorine peak within LIBS spectra (Forni et al., 2015; Nachon et al., 2017a) 393 

supports the circulation of a diagenetic F-bearing fluid that mobilized Mn, Ge, and Zn and 394 

precipitated them within Garden City veins (Berger et al., 2017). The analyses of variable 395 

compositions within the dark-toned veins suggest a complex fluid circulation history, with 396 

either fluids with various compositions or several episodes of formation.  397 

 398 

In summary, at least one metal (Cu and/or Zn) deposit located in Gale crater’s watershed 399 

was formed by hydrothermal fluids either exsolved from a magma or impact-related that 400 

mobilized transition metals from an evolved magma. Subsequent streams leached transition 401 

metals including Zn from the deposit, eroded and transported elements and minerals into the 402 

lake. Cu-sulfides and Zn non-sulfide minerals were deposited within sediments that were later 403 



lithified. Groundwater circulation through sediments on the lake-floor could have concentrated 404 

Mn, then precipitating as Mn-oxides within the shallow lake oxic waters. Because each metal 405 

is soluble under different conditions (e.g., pH and redox of water), various episodes of 406 

diagenetic fluids then mobilized and re-mobilized metals from one or several unknown regions 407 

and deposited them as oxide, sulfide, sulfate, or silicate within fractures, veins, and aggregates. 408 

Such process is well-illustrated by the interpretation of multiple diagenetic events at Vera Rubin 409 

ridge, which mobilized and remobilized redox-sensitive metals including Mn within reducing 410 

fluids during late-stages of diagenesis, releasing Mn from the hematite-bearing VRR mudstone 411 

(L’Haridon et al., 2020).  Although all transition metals might come from the same deposit, 412 

several metal sources could be envisioned since the mobility and affinity of each metal is 413 

distinct from one another. Overall, the MSL mission points out that metal deposits do exist on 414 

Mars and can be readily identified on the ground while challenging to detect from orbit certainly 415 

due to their small size, the absence of specific spectral features, and/or the dust cover, 416 

suggesting that metal deposits might be more common than previously thought.  417 

3-3. Extra-Martian Metal Carriers 418 

In addition to endogenous origins, transition metals are also supplied to Mars through 419 

meteoritic impacts. To date, the Curiosity rover has analyzed tens of distinguishable dark and 420 

smooth meteorites with ChemCam and Mastcam (Fig. 5; Table 2 and S1; Johnson et al., 2021, 421 

2020). Reflectance spectroscopic analyses acquired by the Mastcam instrument onboard the 422 

Curiosity rover revealed pristine iron meteorites, and LIBS analyses confirmed their Fe-rich 423 

nature (Fig. 5c-d), as well as the presence of elevated Ni up to 21.2 wt. % (Table 2 and S1; 424 

(Johnson et al., 2020, 2021). APXS measurements on one iron meteorite Gretna_Green support 425 

elevated Ni concentrations (2,623 ppm, Table 3). Nickel is commonly observed in high 426 

abundances in Fe-meteorites due to its strong affinity with Fe as an alloy. Comparing LIBS 427 

spectra from iron meteorites analyzed on Mars and in the lab within a martian chamber (PCO2 ~ 428 

6 mbar), several iron meteorites discovered in Gale crater display spectra similar to the Fe-Ni 429 

alloy kamacite, supporting the occurrence of such a mineral within these meteorites, as 430 

commonly observed in iron meteorites found on Earth (Meslin et al., 2019; R. C. Wiens et al., 431 

2017). The unexpectedly high amounts of Ni compared to most iron meteorites found on Earth 432 

indicate that some of the iron meteorites found in Gale crater might be ataxites, which are very 433 

rare on Earth. In addition, the elevated abundances of Ni and P within the Egg Rock meteorite 434 

suggest the presence of schreibersite (Fe,Ni)3P (R. C. Wiens et al., 2017).  435 



In addition to iron meteorites, potential chondrites have also been analyzed by ChemCam. 436 

Comparing with terrestrial meteorite collections, which consist of a majority (> 70%) of 437 

chondrites, at least 150 chondrites are expected to have been imaged and/or analyzed by the 438 

rover (Lasue et al., 2019; Meslin et al., 2019). However, the detection of such meteorites is 439 

challenging due to their textures, which can be difficult to distinguish from dark smooth rocks 440 

like basalts, and due to potentially higher weathering rates than iron meteorites. As observed 441 

on Earth, chondrites contain high Ni contents (> 1.0 wt. %), elevated MgO concentrations 442 

(MgO = 20-30 wt. %), and a Ni-Mg ratio inconsistent with that measured in typical Mars rocks. 443 

Based on these criteria, at least two cm-size pebbles and one float rock measured by ChemCam 444 

are good candidates to be chondrites (Lasue et al., 2019, 2020).  445 

With several tens to tens of thousands grams of chondrites (Lasue et al., 2019) and up to 446 

800 iron meteorites/km2 along the rover path only (Meslin et al., 2019), meteorites are a 447 

compelling supplier of various metals, especially Ni, and are a valuable source of transition 448 

metals at the surface of Mars. According to the average of Ni concentrations within soils 449 

measured by the Spirit rover (Ni = 237-679 ppm), (Yen et al., 2006) suggests a meteoritic 450 

contributions around 1% to 3%. Because the relative timing between these meteorite impacts 451 

and the diagenetic circulation within various sedimentary formations in Gale crater is currently 452 

unknown, it is hard to estimate whether iron meteorites and chondrites could be sources of some 453 

of the Ni enhancements observed in a few locations in Gale crater, like the Pahrump Hills 454 

aggregates. The rate and amount of metal input at the surface of Mars from meteorites is also 455 

difficult to assess since the rate of falls cannot be estimated, mainly due to an unknown erosion 456 

rate of meteorites on Mars.  457 

 458 

4. To What Extent Do Transition Metals Occur at the Surface of Mars? 459 

On Earth, different types of metal deposits exist, including those that are within or in 460 

contact with igneous rocks with minerals transported and/or crystallized from a magma 461 

(magmatic), those that are located within and/or in contact with igneous rocks with minerals 462 

precipitating from hydrothermal circulation (hydrothermal), and hydrothermal deposits with 463 

hydrothermal fluids derived from a magma (magmatic-hydrothermal). Metal deposits formed 464 

within a sedimentary environment also exist as the result of mineral precipitation from surface 465 

waters or accumulation of minerals after transport and deposition.  466 

 467 



As highlighted in Gale crater, much of the surface of Mars has experienced complex surface 468 

and hydrothermal fluid circulation that concentrates transition metals released from igneous 469 

and sedimentary outcrops by water alteration. In addition to such processes that could 470 

precipitate and accumulate metals within sedimentary deposits, Mars’ magmatism likely 471 

contributed to the formation of metal deposits. Mars’ magmatism is mainly basaltic as inferred 472 

from martian meteorites (e.g. Udry et al., 2020) and rover and orbital measurements of the 473 

surface. Most magmatic metal deposits found on Earth are in association with mafic and 474 

ultramafic settings. Depending on the affinity of each metal with a silicate melt, some elements 475 

tend to accumulate early in mafic magmas (compatible elements, e.g., Ni) while others are 476 

concentrated in more differentiated melts (incompatible elements, e.g., Mo, Au; Ridley, 2013). 477 

As an example of a magmatic deposit, compatible elements can be concentrated during 478 

fractional crystallization within a shallow magma chamber, forming metal-bearing minerals 479 

like chromite, which sink to the bottom of the chamber together with silicate minerals. Such a 480 

process can result in disseminated metal-bearing minerals like chromite throughout the 481 

resulting mafic and ultramafic cumulates (Ridley, 2013; and references therein). Another 482 

magmatic setting is related to the well-known Ni-Cu sulfide and Platinum-Group Element 483 

(PGE) deposits. Elevated sulfide mineral concentrations within a silicate melt can result in the 484 

formation of two immiscible magmas when sulfide saturation is reached, one being a sulfide 485 

melt and the other a silicate melt. Transition metals that show a stronger affinity to sulfide melts 486 

than to silicate magmas (chalcophile elements, e.g., Cu, Zn, Ni, Pt) will be concentrated within 487 

the sulfide melts (Ridley, 2013; and references therein). Because Cu, Ni, and PGEs are 488 

compatible within mafic and ultramafic melts, sulfide magmas will become enriched in those 489 

chalcophile elements, forming the well-known PGE deposits. Magmatic-hydrothermal 490 

deposits, the polymetallic Volcanic-Hosted Massive Sulfide (VHMS) deposits (mainly Cu, Zn, 491 

Pb, Au, and Ag), are found on the oceanic seafloor where hydrothermal vents release fluids 492 

from the oceanic crust into the seawater in the vicinity of the mid-ocean ridges, arc, back-arc 493 

and marginal basins (Ridley, 2013; and references therein).  494 

Although all terrestrial conditions allowing the formation of such deposits might not be met 495 

on Mars, such as a specific oxygen fugacity or particular tectonic setting, comparable deposits 496 

encountered in mafic and ultramafic rocks might be found on Mars. Evidence of martian 497 

fractional crystallization was identified some time ago based on surface exploration with the 498 

Spirit rover in Gusev crater (McSween et al., 2006; V. Payré et al., 2020; Sautter et al., 2015; 499 

Arya Udry et al., 2018), and on a ~4.1 Ga martian meteorite named Allan Hills (ALH) 84001 500 

identified as an orthopyroxene cumulate (Lapen et al., 2010), suggesting the potential existence 501 



of metal-deposits related to the differentiation of magmas. Elevated sulfur concentrations at the 502 

surface of Mars and within martian meteorites (e.g., Gaillard and Scaillet, 2009; King and 503 

McLennan, 2010; and references therein) suggest that the mantle and the crust are sulfur-rich, 504 

potentially favoring the formation of immiscible melts, although they have not been identified 505 

yet (King & McSween, 2005). Chalcophile sulfide deposits might therefore occur. Evidence of 506 

hydrothermal circulation through crustal mafic rocks has been observed in Gusev and Gale 507 

craters (Berger et al., 2017; Ruff & Farmer, 2016), not to mention the widespread hydrothermal 508 

circulation related to impacts (Abramov & Kring, 2005; Schwenzer et al., 2012), suggesting 509 

the possibility of concentrating transition metals by hydrothermal fluids. The existence of metal 510 

deposits associated with mafic rocks on Mars is therefore highly probable. 511 

 512 

The remarkable evidence of intermediate to felsic magmatism on Mars additionally 513 

expands the types of metal deposits that could be found. Most hydrothermal-magmatic deposits 514 

are associated with intermediate to felsic crustal volcanism (Ridley, 2013). The decrease of 515 

solubility of water and other volatile elements contained within intermediate to felsic magmas 516 

when ascending through the crust results in the exsolution of the volatile species and the 517 

formation of hydrothermal fluids. Metals that do not display a strong affinity with the 518 

crystallizing minerals and are soluble in the fluid will be partitioned into the hydrothermal 519 

fluids. For instance, if Cu behaves as an incompatible element with the crystallizing minerals, 520 

its high solubility behavior with the fluids will lead to its concentration within the hydrothermal 521 

solution rather than the silicate melt. If Cu is compatible with a crystallizing phase, it will be 522 

less concentrated in the solution. Terrestrial hydrothermal-magmatic metal deposits are 523 

numerous and include porphyry deposits, being commonly enriched in copper, gold, and 524 

molybdenum, as well as related elements. Most of these metal deposits are located in arc and 525 

back-arc settings, especially due to the elevated water contents released from the subducted 526 

tectonic plates (H2O > 4.0 wt.%; e.g., Richards, 2009; Ridley, 2013) and the elevated oxidation 527 

state of the magmas. Although several studies suggest high oxygen fugacity fO2 in the martian 528 

crust and upper mantle > 3.7 Gyr ago (up to 3 log unit above the fayalite-magnetite-quartz FMQ 529 

buffer; e.g., McCubbin et al., 2016a; Santos et al., 2015; Tuff et al., 2013) and water contents 530 

exceeding 1.0 wt. % in Noachian crustal magmas (e.g., McCubbin et al., 2016b; Stolper et al., 531 

2013), these two parameters are tricky to constrain on Mars. Exploring Mars’ magmatic history 532 

is therefore essential to evaluate the type of metal deposits that could have formed on Mars. 533 

Precious metal deposits might exist, and it is highly probable that future missions with 534 

additional sophisticated instruments will discover such settings according to the existence of 535 



felsic magmas and high fO2 and hydrated melts from the Noachian period. At the surface of 536 

Mars, felsic terrains are localized in tens of locations according to orbital measurements and 537 

perhaps extend to a large portion of the subsurface, as suggested in Sautter et al. (2016). The 538 

only felsic rocks measured by rovers have so far been found in Gale crater and Ares Vallis by 539 

the Sojourner rover although the Si-rich rocks measured by the latter might be sedimentary 540 

(Foley et al., 2003; McSween et al., 1999). In Gale crater, elevated Cu concentrations were 541 

sometimes associated with felsic rocks including a porphyritic trachy-andesite. These were 542 

hypothesized to have come from a hydrothermal region, suggesting a magmatic-hydrothermal 543 

or hydrothermal Cu-deposit at the source (Payré et al., 2019). Although this observation might 544 

be localized, current and future rover missions like the Mars 2020 Perseverance mission will 545 

provide additional insights into the extent of such deposits at the surface of Mars. 546 

The  Mars 2020 Perseverance rover successfully landed in Jezero crater within a > 3.8 Gyr 547 

old terrain on February 18th, 2021 (Fig.1). Igneous rocks and sedimentary rocks rich in igneous 548 

minerals are expected to be found, since the rover landed in the vicinity of the terminus of a 549 

large delta that appears to have collected materials from a spectacular diversity of sedimentary 550 

and volcanic terrains (Goudge et al., 2015). Most of the materials concentrated by the delta, and 551 

the materials in the regions surrounding Jezero crater, appear from orbit to be mafic and 552 

weathered mafic materials (e.g., Ehlmann and Mustard, 2012; Horgan et al., 2020). The Mars 553 

community may not have the opportunity to sample felsic products and byproducts as it has 554 

done in Gale crater, but will likely observe a sequence of weathering from mafic olivines to 555 

serpentines and carbonates. Yet, surface exploration often brings surprises not seen from orbit. 556 

The SuperCam instrument (Maurice et al., 2021; Roger C. Wiens et al., 2020), which is an 557 

upgraded version of ChemCam, is able to rapidly measure at a distance the concentrations of a 558 

set of transition metals (Mn, Cr, Ni, Zn, and Cu) using LIBS. The PIXL instrument allows the 559 

team to map a large range of elemental abundances including metals (V, Cr, Mn, Co, Ni, Cu, 560 

Zn, Y, and Zr) for rocks of interest through X-ray Fluorescence (Allwood et al., 2020). The 561 

Mars 2020 mission kicks off the first sample return mission aiming to send sedimentary and 562 

volcanic samples of interest back to Earth in a series of three connected missions. The most 563 

sophisticated analyses of the martian samples will be then possible, providing fundamental 564 

information regarding the geology and the habitability of Mars and preparing for future human 565 

exploration. The Mars 2020 payload will certainly enlighten us on the distribution of metals 566 

including transition ones at the surface of Mars and its interior, and help us to evaluate the 567 

extent of metal deposits related to mafic and perhaps felsic volcanic outcrops. The outcomes 568 



will serve both the geology and astrobiology studies of Mars, and will help ensure the safety 569 

and well-being of the future astronauts when they eventually explore the surface of Mars.  570 

 571 

5. Perspectives on the Importance of Transition Metals for Life and Human 572 
Exploration 573 

5-1. Essential Resource for Life Development and Sustainability 574 

On Earth, one of the fundamental resources required for emergence and sustainability of 575 

life as we know it is liquid water, which acts as a medium that facilitates biochemical reactions 576 

and nutrient transport. On Mars, the past circulation of liquid water is illustrated by a multitude 577 

of evidences, including geomorphologic traces of ancient rivers, deltas, alluvial fans, and paleo-578 

lakes, and the occurrence of water-bearing minerals such as phyllosilicates that attest to surface 579 

and near-surface aqueous activity (e.g., Bibring et al., 2006; Carr and Head, 2015; Ehlmann et 580 

al., 2011; Grotzinger et al., 2015; Lapotre et al., 2016). Yet, liquid water alone is not sufficient 581 

to allow the emergence of life (e.g., Knoll and Grotzinger, 2006). All known living systems 582 

also require sources of key chemical elements. In addition to the so-called CHNOPS elements 583 

(carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur) that are vital for the synthesis of 584 

the basic macromolecules of living systems, metals including transition metals are essential for 585 

the survival of micro-organisms as well as for humans (e.g., Hughes and Poole, 1989; Gadd, 586 

1992). An extensive overview of the importance of metals in the origin of life is provided in 587 

Clark et al. (2021), and examples are presented below. 588 

In trace amounts, transition metals are responsible for the functioning of an organism by 589 

performing various roles in cells. In addition to stabilizing cellular structures such as cell walls 590 

and membranes, up to one third of all known enzymes need at least one transition metal as a 591 

functional participant (Hoppert, 2011). Enzymes are proteins that accelerate chemical reactions 592 

in organisms. For instance, the enzyme called superoxide dismutase helps to break down 593 

dangerous oxygen molecules called “superoxides” in cells, preventing potential diseases (e.g., 594 

Pittman, 2005). Transport processes for cell functioning, oxidation, and nutrition occur through 595 

membranes, and metals play a key role creating charge and concentration gradients across 596 

membranes that allow intra- and inter-cellular exchanges and communications between the 597 

environment and cells (e.g., Hughes and Poole, 1989). To cite Gadd (1992), “[for 598 

microorganisms], metals are directly and/or indirectly involved in all aspects of growth, 599 

metabolism and differentiation” and  “deprivation of an essential metal ion will, by definition, 600 



ultimately result in death.” The lack of metals including transition metals availability at the 601 

surface of a planetary body would thus be detrimental to the formation and evolution of living 602 

organisms, and an excess of metals would become toxic.  603 

A remarkable example of how transition metals played a key role in the origin of life is 604 

carbon fixation, which is a critical process for some organisms to produce complex organic 605 

molecules essential for biosynthesis such as cellular architecture. Several pathways allow such 606 

a biochemical process, but the most primitive and efficient way is through the acetyl-CoA 607 

pathway, i.e., Wood-Ljungdahl (Cotton et al., 2018; Ragsdale, 1991). Transition metal-bearing 608 

molecules including Co(III) are involved within the reaction sequence, making transition metals 609 

of significant importance for biosynthesis. Before the existence of complex proteins currently 610 

involved as catalyzers in Wood-Ljungdahl pathway, Varma et al. (2018)’s chemical 611 

experiments suggest that CO2 fixation in a similar fashion could have occurred with native 612 

transition metals as catalyzers, like Ni0 and Co0. Carbon building blocks similar to those formed 613 

by the Wood-Ljungdahl pathway could then be produced (e.g., formate, acetate, and pyruvate), 614 

supporting the idea that the earliest organisms on Earth might have been able to fix carbon with 615 

native metals as catalyzers. 616 

Manganese was central in the rise of dioxygen in the Earth’s atmosphere 2.5 Gyr ago 617 

(Fischer et al., 2015). The photosystem II, composed of an essential cluster of Mn4CaO5, is a 618 

protein complex that initiates photosynthesis reactions in microorganisms like cyanobacteria 619 

(e.g., Marschner, 1995; Lingappa et al., 2019). Located within the photosynthetic membrane of 620 

cells, the photosystem II uses light energy to form high-energy electrons, enabling the oxidation 621 

of H2O to H+ and O2- outside the cells (lumen; Fig. 6). The released protons then cross the 622 

photosynthetic membranes, providing enough energy to form the vital Adenosine-TriPhosphate 623 

(ATP) molecules necessary to drive the photosynthetic reactions.  624 

Some transition metals, such as manganese, also play a crucial role in cellular protection 625 

against toxic molecules. For instance, superoxidase dismutase (SOD) molecules including the 626 

manganese superoxidase dismutase (MnSOD) and the Cu-Zn superoxidase dismutase (Cu-Zn 627 

SOD) are antioxidant enzymes present within cells whose function is to maintain a low level of 628 

the toxic reactive superoxide O2•− according to the following reaction: 2 O2•− + 2 H+ à O2 + 629 

H2O2 (Marschner, 1995; Pittman, 2005; Lingappa et al., 2019; and references therein). Overall, 630 

both the importance of Mn in photosynthesis and anti-oxidant properties of transition metals, 631 

illustrate how these elements are vital elements in many, if not most, organisms.  632 

Ribonucleic acid (RNA) enables any cells to access to the genetic information necessary 633 

for any living organisms. RNA is composed of a sequence of nucleotides formed by a 634 



nucleobase (adesine, cytosine, guanine, or uracil), a sugar called ribose, and a phosphate group. 635 

Driven by wet-dry cycles, Becker et al. (2019) show that metals including Cu and Zn could 636 

have been catalyzers in the prebiotic synthesis of RNA from pre-existent ribose and nitrogen-637 

bearing molecules along with other key molecules such as urea and salts. Such a process 638 

suggests that transition metals played a crucial role in the formation of life’s building blocks in 639 

prebiotic time on Earth, likely within a hydrothermal vent that would have provided the physio-640 

chemical properties needed for RNA synthesis (Becker et al., 2019). Such a geological setting 641 

has been suggested to have occurred on Mars (e.g., Michalski et al., 2017; Ruff and Farmer, 642 

2016). Estimating the abundance of transition metals at the surface of Mars is essential to 643 

unravel whether complex molecules like RNA could have been synthesized on Mars, opening 644 

vital opportunities for life to grow.  645 

5-2. Transition Metals and Human Exploration 646 

Human exploration of space has recently received a lot of attention, particularly the Moon 647 

and Mars, which are our close planetary neighbors with compelling geologic histories. As part 648 

of the Artemis program implemented in 2020, NASA astronauts are expected to go back to the 649 

Moon within a decade, thus taking a step forward towards the human exploration of Mars. 650 

Sending humans to Mars is highly motivated by a combination of science, exploration, as well 651 

as leadership. In addition to our desire to expand our presence to other planetary bodies, sending 652 

humans to Mars is a step towards better understanding another planetary body in our solar 653 

system and toward the settling of other planets. A crewed mission, combined with the use of 654 

robots, is expected to substantially enhance the efficiency of scientific investigation of Mars’ 655 

surface (Beaty et al., 2015). From human safety to waste recycling and food production, 656 

sustainable systems are crucial to long-term habitation on Mars. In this context, the role of 657 

metals including transition metals is critical to understand, as these elements are crucial for 658 

sustainable agriculture and waste management, as well as being toxic to human beings. 659 

5-2.1. Importance of Metals for Agriculture 660 

One of the main objectives of public and private space agencies is to minimize re-supply 661 

from Earth to reduce mission costs and safety issues (e.g., Bubenheim et al., 1995; Silverstone 662 

et al., 2003; Zubrin, 2011). The use of in situ resources including water, regolith, and light is 663 

thus fundamental to the closed-cycle long-term habitation of Mars. To be viable, food 664 

production is essential, starting with the growth of a variety of plants within sheltered 665 



greenhouses to ensure a complete and varied diet for humans. The martian regolith is envisioned 666 

to be utilized as a sustainable agricultural soil (Eichler et al., 2021; G. W. W. Wamelink et al., 667 

2019; G. W. Wieger Wamelink et al., 2014). Several seedling experiments have been carried 668 

out in a variety of synthetic martian regolith materials (Morris et al., 2000; O’Connell-Cooper 669 

et al, 2016; Cannon et al., 2019). These successfully led to the growth of several kinds of plants 670 

such as lettuce, arugula, tomatoes, radishes, and quinoa in a terrestrial atmosphere at ambient 671 

temperature (Eichler et al., 2021; G. W. W. Wamelink et al., 2019; G. W. Wieger Wamelink et 672 

al., 2014). The addition of fertilizers are still essential for an optimum growth of plants as 673 

demonstrated by Eichler et al., (2021). In trace but critical amounts, Cr, Mn, Ni, Cu, and Zn, 674 

are required for plant growth, development, and productivity (Alloway, 2013; Eichler et al., 675 

2021; and references therein). Deficiency in metals like transition metals might cause 676 

irreversible physiological stress to plants, induce a reduction in growth rate and yield and, in 677 

extreme cases, crop failure (see Alloway, 2013 for detailed symptoms of micronutrient 678 

deficiencies in plants). At optimal concentrations, crucial roles of these metals include aiding 679 

optimal functioning of enzymes and photosynthesis, atomic gradients in intra- and extra-680 

cellular space, and cellular protection as presented in Section 3.1 (e.g., Alloway, 2013; Arif et 681 

al., 2016). The martian regolith simulants used for seedling experiments did not consider the 682 

trace metal concentrations measured in soils by recent missions such as Cr, Mn, Ni, Cu, and 683 

Zn. Instead of adding resource-expensive Earth-supplied fertilizers to facilitate food 684 

production, the martian regolith may therefore be surprisingly productive if the regolith 685 

simulants are sufficiently relevant. On the other hand, excessive concentrations of transition 686 

metals might be lethal for plants. For example, Mn at > 200-300 µmol/L causes necrotic lesions 687 

on soybean leaves (Santos et al., 2017). Estimating the concentration and distribution of 688 

transition metals at the surface of Mars is therefore crucial to evaluate the food productivity and 689 

whether fertilizer supplies from Earth are necessary for sustainable and productive agriculture 690 

on Mars. Exploring the composition of modern regolith and eolian deposits with regolith-like 691 

compositions such as the Stimson formation and the Greenheugh pediment in Gale crater is the 692 

key for future human exploration. 693 

5-2.2. Toxicity of Transition Metals for Humans 694 

Although humans are regularly sent to the International Space Station and astronauts flew 695 

back and forth to the Moon during the Apollo era, human health during long-duration missions 696 

such as to Mars will remain a significant challenge. In addition to the exposure to radiation, one 697 

of the potential threats that will likely impact human exploration is the martian dust that is 698 



omnipresent in the atmosphere and the regolith. As experienced by the Opportunity rover that 699 

stopped operating in 2018 due to insufficient solar energy during the darkest days of a severe 700 

dust storm, dust circulation in the atmosphere is particularly tenacious on Mars, which will 701 

likely impact human health, the sustainability of the space suits and habitats, and surface 702 

operations (e.g., Harrington et al., 2018). On the Moon, the Apollo missions showed that 703 

because fine dust particles were widespread on astronaut space suits, lunar dust was carried into 704 

the astronaut’s habitat causing them to experience undesired effects, especially on their skin 705 

and eyes (Linnarsson et al., 2012). In addition to the small size of particles that can cause health 706 

issues such as lung cancer (Cain, 2010), toxic effects of dust are also attributed to the presence 707 

of transition metals in the lunar dust, which is considered as a risk for martian exploration, as 708 

mentioned in the NASA Engineering and Safety Center (NESC) workshop report: “Mars dust 709 

contains heavy metals, which may gain access to the central nervous system via the olfactory 710 

pathway” (Winterhalter et al., 2018).  711 

An extensive database (https://www.atsdr.cdc.gov/substances/indexAZ.asp) based on the 712 

latest research provides an overview of the toxic substances and diseases they can cause. 713 

According to this database, each of the metals currently measured by rover instruments at the 714 

surface of Mars (Cr, Mn, Co, Ni, Cu, and Zn) can affect organ systems above a certain 715 

concentration threshold. Affected systems include the immune, renal, and respiratory systems 716 

for Cr, including carcinogenic effects when inhaled, and the digestive, blood, and respiratory 717 

systems for Zn. Manganese is known to be hepatotoxic and/or nephrotoxic, Cu is endocrine-718 

disrupting, and Ni can be allergenic (Koller & Saleh, 2018). Above a certain concentration, 719 

these metals can thus quickly become a threat for humans when inhaled or ingested, and can 720 

ultimately cause death (e.g., Guertin et al., 2004).  721 

To be toxic, transition metals must be in the environment occupied by humans and need to 722 

be in a chemical form that is able to enter tissues and cells (Gough et al., 1979). The speciation 723 

and redox properties of these metals are thus critical to assessing the toxicity of an element. 724 

One potential pathway into cells is substitution, in which metals remove or displace original 725 

metals from their binding sites on a cell or cell constituent, such that metals bind with protein 726 

site, causing cells to malfunction which, in turn, results in toxicity (Jaishankar et al., 2014). For 727 

instance, Cr exists on Earth as five speciation forms from Cr2- to Cr6+, and the most common 728 

and stable species, i.e., Cr3+ and Cr6+, are toxic. According to terrestrial studies, Cr(VI) is much 729 

more dangerous and carcinogenic than Cr(III), partly due to its oxidized form that is highly 730 

soluble in water, which enables it to enter cells more readily than the insoluble Cr(III) form 731 

(e.g., Nriagu and Nieboer, 1988; Langård, 2013). One of the most serious toxicity effects of 732 



Cr(VI) is as a carcinogen, especially because Cr(VI) is a powerful oxidizing agent. Its reduction 733 

within cells by specific reducing agents can lead to the formation of a significant amount of 734 

free radicals such as •OH when reacting with intracellular H2O2. The release of such reactive 735 

oxygen radicals eventually causes an oxidative stress that triggers the alteration of the DNA 736 

and proteins, i.e., mutations (Shi & Dalal, 1990), leading to carcinogenesis. Depending on the 737 

exposure time and on the concentration of Cr(VI), human health can be endangered, and being 738 

aware of the amount of such a species in the martian dust is critical for human survival. The 739 

toxic level of chromate was determined in the 60’s at ~270 ppm (Bowen, 1966), and in the 740 

1990s the median lethal dose of Cr6+ in a compound like Na2CrO4 was estimated between 50-741 

150 ppm (Katz & Salem, 1993). The total chromium drinking water standard is < 0.05 ppm 742 

(WHO report, 2003) and concentrations of Cr(VI) up to 20 ppm in groundwater in India was 743 

sufficient to cause gastrointestinal and dermatological issues (Sharma et al., 2012). The average 744 

of chromium concentration in martian soils as measured by the Curiosity and MER rover is Cr 745 

= 2,530-2,950 ppm (O’Connell-Cooper et al., 2016), but the amount of Cr3+ and Cr6+ is 746 

unknown. If toxic amounts of Cr(VI) are contained in martian soils, an excessive exposure 747 

could cause health issues, illustrating how crucial it is to know which chromium form is 748 

prevalent in the martian dust, and how meticulous astronauts will have to be when returning to 749 

the habitat after dust exposure during surface operations.  750 

While Ni, Zn, and Mn concentration ranges are known within martian soils, the 751 

composition of Cu, Co, and other transition metals like Pb that could be toxic to humans are 752 

not yet constrained. Martian dust is considered to originate from a combination of mechanical 753 

erosion and (limited) chemical alteration of parent magmatic rocks, with the current primary dust 754 

production rate likely to be derived from reworking of sediments (Bridges & Muhs, 2012; Walter 755 

Goetz et al., 2005). A reliable and accurate knowledge of the distribution of transition metals at 756 

the surface of Mars is therefore fundamental for the well-being and survival of future astronauts 757 

who will explore Mars. 758 

6. Conclusion 759 

Transition metal elements usually found in minor and trace amounts in silicate rocks have 760 

been observed in elevated concentrations in both martian meteorites and at the surface of Mars. 761 

We present the first compilation of all rocks and soils containing such elevated abundances as 762 

measured by ChemCam and APXS, the two instruments with chemical composition 763 

determination capability onboard the Curiosity rover. Such an original compilation emphasizes 764 

the remarkable set of transition metals that are anomalously high in Gale crater and highlights 765 



how the fluid history within and in the vicinity of Gale must have been complex. At least one 766 

metal deposit of either a hydrothermal or magmatic-hydrothermal type exists in the catchment 767 

of Gale crater and is the first metal deposit implied at the surface of Mars. The circulation of 768 

groundwater through crater floor sediments likely accumulated transition metals initially 769 

contained in their host rock, and precipitated them as sulfides, sulfates, oxides, and silicates 770 

within sediments that were later lithified. Diagenetic fluids, sometimes oxidized, precipitated 771 

transition metals too within diagenetic features including fractures, veins, and nodules.  772 

The combination of all the following expands the range of metal deposits expected at the 773 

surface of Mars: a large variety of magmas from mafic to felsic with high extent of fractional 774 

crystallization, the widespread hydrothermal circulation often related to extensive impacts, and 775 

the complex fluid history that might be more common than just localized in Gale crater. The 776 

Mars 2020 mission will certainly provide evidence for additional environmental settings with 777 

abundant transition metals, which will allow us to better constrain the distribution of transition 778 

metals on Mars. Such information is essential to assess the potentiality of ancient life on Mars, 779 

as transition metals are a necessity for organisms’ development and survival, as well as toxic 780 

above a certain threshold. Transition metals are key for the perspective of sustainable human 781 

missions on Mars due to their role in agriculture and plant growth. Based on experiences with 782 

lunar dust during the Apollo missions, martian dust can also contain toxic levels of transition 783 

metals and estimating an accurate abundance of metals in the regolith and at the surface of Mars 784 

is therefore essential for developing successful future man missions.   785 
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 1323 

Figures 1324 

Figure 1. Elevation map of the surface of Mars obtained by the Mars Orbiter Laser 1325 
Altimeter (MOLA). Locations of interest are indicated with an empty circle. 1326 

 1327 
Figure 2. (a) Context Camera (CTX) mosaic of Gale crater. (b) Stratigraphic column 1328 

modified from the Sed/Strat MSL group. Locations of interests are indicated in dark blue.  1329 
K and YB formation in the Bradbury group correspond to the Kimberley and Yellowknife 1330 

Bay formations, respectively. 1331 
 1332 
Figure 3. Images of (a) the Windjana drilling site with Blina, Stephen, and Neil ChemCam 1333 

targets indicated, (b) Stephen, (c) Neil, and (d) Mondooma fracture fills containing elevated 1334 
MnO, Ni, Zn, and Cu concentrations. The red annotations on images (b-d) show the locations 1335 
of the LIBS analyses. 1336 

 1337 
Figure 4. MAHLI mosaic of a vein in the Garden City vein complex. The white materials 1338 

correspond to Ca-sulfate and the dark materials contain elevated Ge and Mn concentrations. 1339 
 1340 
Figure 5. (a) Image of an iron-rich meteorite called Lebanon (sol 640). This image is a 1341 

combination of the colored MastCam images and high resolution Remote Micro Imager (RMI) 1342 
images, which are outlined with white lines. (b) RMI image of a Fe-meteorite (sol 1376). Red 1343 
numbers correspond to LIBS analyses. The arrow indicates the location of the corresponding 1344 



LIBS average spectrum that is centered around (c) the Fe lines and (d) the Ni lines. The LIBS 1345 
sprectrum corresponds to the average of 24 LIBS shots (6-30 to avoid dust contamination in 1346 
the first 5 shots; Lasue et al., 2013) performed in point 2, which was then normalized to the 1347 
entire spectrum. 1348 

 1349 
Figure 6. Sketch illustrating the functioning of the photosystem II. ADP is for adenosine 1350 

diphosphate, and ATP for adenosine triphosphate. Stroma is the fluid within plant and some 1351 
algae cells (chloroplasts) that produces energy. Lumen corresponds to an aqueous phase 1352 
surrounded by a membrane. The Calvin cycle is a serie of reactions that happens within 1353 
chloroplasts during photosynthesis. 1354 

 1355 



Fig. 1. Elevation map of the surface of Mars obtained by the Mars Orbiter Laser Altimeter
(MOLA). Locations of interest are indicated with an empty circle.



Fig. 2. (a) Context Camera (CTX) mosaic of Gale crater. (b) Stratigraphic column modified
from the Sed/Strat MSL group. Locations of interests are indicated in dark blue. 
K and YB formation in the Bradbury group correspond to the Kimberley and Yellowknife 
Bay formations, respectively.



Fig. 3. Images of (a) the Windjana drilling site with Blina, Stephen, and Neil ChemCam
targets indicated, (b) Stephen, (c) Neil, and (d) Mondooma fracture fills containing
elevated MnO, Ni, Zn, and Cu concentrations. The red annotations on images (b-d) show
the locations of the LIBS analyses.



Fig. 4. MAHLI mosaic of a vein in the Garden City vein complex. The white materials
correspond to Ca-sulfate and the dark materials contain elevated Ge and Mn 
concentrations.



Fig. 5. (a) Image of an iron-rich meteorite called Lebanon (sol 640). This image is a 
combination of the colored MastCam images and high resolution Remote Micro Imager 
(RMI) images, which are outlined with white lines. (b) RMI image of a Fe-meteorite (sol 
1376). Red numbers correspond to LIBS analyses. The arrow indicates the location of the 
corresponding LIBS average spectrum that is centered around (c) the Fe lines and (d) the 
Ni lines. The LIBS sprectrum corresponds to the average of 24 LIBS shots (6-30 to avoid
dust contamination in the first 5 shots; Lasue et al., 2013) performed in point 2, which
was then normalized to the entire spectrum.



Fig. 6. Sketch illustrating the functioning of the photosystem II. ADP is for adenosine
diphosphate, and ATP for adenosine triphosphate. Stroma is the fluid within plant and 
some algae cells (chloroplasts) that produces energy. Lumen corresponds to an aqueous
phase surrounded by a membrane. The Calvin cycle is a serie of reactions that happens
within chloroplasts during photosynthesis.


