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Highlights

• Ratios of Cu, S, Se, Te, Re, Pt and Pd in Martian meteorites are relatively constant.
• Martian meteorites show very limited eruptive losses of volatile Re, S, Se and Te.
• The parent magmas of most Martian meteorites were sulfide-undersaturated.
• Martian mantle and core have a low sulfur content.
• Low Te/PGE ratios in Martian meteorites reflect a strongly volatile element-depleted Martian late veneer.
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Abstract 17 

It is generally believed that the Martian mantle and core are rich in sulfur and that 18 

shergottites originated from sulfide-saturated magma. However, recent work suggests that the 19 

high FeO contents would require very high S concentrations in shergottite parent magmas at 20 

sulfide saturation. Here we combine new and published data on chalcophile elements in 21 

shergottites, nakhlites and ALH84001 to constrain the sulfide saturation state of the parent 22 

magmas and the chalcophile element concentrations in their mantle sources. 23 

Regardless of the MgO content and the long-term depletion history of incompatible 24 

lithophile elements as indicated by initial 143Nd, different groups of shergottites display limited 25 

variations in ratios of Pt, Pd, Re, Cu, S, Se and Te. The emplacement of most shergottites within 26 

the crust and limited variations of ratios of chalcophile elements with substantial differences in 27 

volatility during eruption (e.g., Cu/S, Cu/Se and Pt/Re) indicate little degassing losses of S, Se, 28 

Te and Re from shergottites. Limited variations in ratios of elements with very different sulfide-29 

silicate melt partition coefficients and negative correlations of chalcophile elements with MgO 30 

require a sulfide-undersaturated evolution of the parent magmas from mantle source to 31 

emplacement in the crust, consistent with the FeO-based argument. Sulfide petrography and the 32 

komatiite-like fractionation of platinum group elements (PGE) in shergottites also support this 33 

conclusion. The absence of accumulated sulfides in the ancient Martian cumulate ALH8400l 34 

results in very low contents of PGE, Re, Cu, Se and Te in this meteorite, hinting that sulfide-35 

undersaturated magmas may have occurred throughout the Martian geological history. The 36 

negative correlation of Cu and MgO contents in shergottites suggests approximately 2±0.4 (1s) 37 

μg/g Cu in the Martian mantle. The ratios of Cu, S, Se and Te indicate 360±120 μg/g (1s) S, 38 

100±27 ng/g (1s) Se and 0.50±0.25 ng/g (1s) Te in the Martian mantle. At such low S 39 

concentrations, all S in Martian mantle sources may dissolve in basaltic melts that form at > 5 % 40 

partial melting. 41 

Assuming equilibrium metal-silicate partitioning, and provided that the compositional 42 

model of the Martian mantle based on SNC meteorites is correct, Martian mantle inventories 43 
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of Cu, S and Se were mostly established by core formation and the Martian core should contain 44 

< 5-10 wt.% S only (depending on the choice of metal-silicate partition coefficients). The low 45 

S content in the Martian interior is consistent with the low Zn content in the Martian mantle, 46 

which indicates about 5 wt.% S in the core. In contrast, the highly siderophile PGE, Re and Te 47 

were added to the mantle by late accreted material after the Martian core formed. The near 48 

chondritic PGE ratios and the very low ratio of volatile Te to refractory PGE reflect a strongly 49 

volatile element-depleted late veneer and imply that the delivery of Martian water, presumably 50 

from carbonaceous chondrite like materials, must have occurred before accretion of the late 51 

veneer, likely within 2-3 million years after formation of the solar system.  52 

53 
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1. Introduction57 

The sulfur content of the Martian mantle and the sulfide-saturation state of Martian 58 

magmas are key to constraining the S content in the core and its solidification history, the origin 59 

of its early magnetic field (Gaillard et al., 2013; Stevenson, 2001; Stewart et al., 2007), volcanic 60 

degassing and early evolution of the Martian surface-atmosphere system (Gaillard et al., 2013; 61 

King and McLennan, 2010; Righter et al., 2009). Based on accretion and core-mantle 62 

differentiation models, it is generally believed that the Martian interior is rich in sulfur, e.g., 63 

10-16 wt.% S in the core and 100-2000 μg/g S in the mantle (Gaillard et al., 2013; Lodders and64 

Fegley, 1997; Sanloup et al., 1999; Wänke and Dreibus, 1988). High S contents in Martian soils 65 

and widespread sulfate deposits (King and McLennan, 2010) were believed to result from either 66 

extensive degassing of S saturated magma (Righter et al., 2009) or weathering of sulfide-67 

enriched basalts (Dehouck et al., 2012) . 68 

Most Martian meteorites (the “SNC meteorites”, shergottites, nakhlites, chassignites 69 

and the orthopyroxenite ALH84001) comprise of cumulate minerals with variable proportions 70 

of interstitial basaltic melt. The high FeO contents of Martian meteorites indicate that Martian 71 

basaltic magmas have high FeO contents. High FeO contents require S contents at sulfide 72 

saturation of > 2700-4300 μg/g, which is higher than S contents in most shergottites of 1000-73 

3000 μg/g (Ding et al., 2014; Righter et al., 2009). The S contents in shergottites have been 74 

assumed to reflect losses of S induced by volcanic degassing of S-saturated magma (Righter et 75 

al., 2009) or, alternatively, to reflect sulfide-undersaturated conditions of the parent magmas of 76 

shergottites (Ding et al., 2015). A re-evaluation of the effect of high FeO contents and cumulus 77 

phases on S contents in shergottites suggests that melting of the mantle sources of shergottites 78 

may have led to sulfide-undersaturated magma and that the maximum S content in mantle 79 

sources of shergottites is 700-1000 μg/g (Ding et al., 2015).  80 

The S content in the Martian mantle remains uncertain, because the S content of SNC 81 

meteorites may have been compromised by the possibility of degassing (Righter et al., 2009) 82 

and crustal contamination of some Martian magmas (Franz et al., 2014). Magmatic 83 
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fractionation of chalcophile elements with substantial differences in sulfide-silicate melt 84 

partition coefficients (e.g., Cu, Se, Te, Pd and other PGEs) represents another diagnostic 85 

indicator to distinguish sulfide-saturated from sulfide-undersaturated magmatic conditions. 86 

To better constrain these important questions, we present new bulk rock Cu, S, Se and 87 

Te abundances in the same sample aliquot determined by isotope dilution ICP-MS in different 88 

groups of Martian meteorites. Contents of highly siderophile elements (HSE), Cu and S in SNC 89 

meteorites have been reported before, but Se and Te data are sparse and existing data show 90 

large uncertainties or variability (Lodders, 1998; Meyer, 2013; Wang et al., 1998; Smith et al., 91 

1984; Treiman et al., 1986; Yang et al., 2015). Because of sample heterogeneity, particularly 92 

for chalcophile elements and limited quantities of available sample (e.g., Brandon et al., 2012; 93 

Ding et al., 2015; Yang et al., 2015), it is important to constrain their abundances and 94 

particularly element ratios in the same sample aliquot. Combined with published data, the 95 

abundances and ratios of chalcophile elements indicate a sulfide-undersaturated evolution of 96 

parent magmas of the SNC meteorites. The implications for a low S content in the Martian 97 

mantle and core and for accretion of a strongly volatile element-depleted late veneer on Mars 98 

will be discussed. 99 

2. Samples and methods100 

2.1. Martian meteorites 101 

We have obtained 0.2-0.25 gram-size fragments of 15 SNC meteorites (Table S1). 102 

Except for Sau 005, these samples are from falls and the cold desert of Antarctica, with limited 103 

terrestrial alteration. The meteorites consist of diverse groups: lherzolitic shergottites 104 

(ALHA77005, Y-000097), olivine-phyric shergottites (Sau 005, Y-980459, Tissint, 105 

EETA79001-A, LAR06319, LAR12011, LAR12095 and RBT04262), basaltic shergottite 106 

(Zagami), nakhlites (Y-000593, MIL03346, Nakhla) and orthopyroxenite cumulate ALH84001. 107 

Of these samples, Y-980459 and probably LAR06319 may represent closed-system 108 
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crystallization products of primitive magma from the Martian mantle (Basu Sarbadhikari et al., 109 

2009; Mikouchi et al., 2004; Musselwhite et al., 2006; Usui et al., 2012). 110 

These Martian meteorites show a range of petrological and geochemical characteristics 111 

with substantial differences in mantle source compositions (based on incompatible lithophile 112 

elements and Sr-Nd isotopes), magmatic evolution, oxygen fugacity and cover a large range of 113 

presumed formation ages from 4.1 Ga to 150 Ma (Table 1, Brandon et al., 2012; Herd et al., 114 

2002; Lapen et al., 2010; Meyer, 2013; Mittlefehldt, 1994; Treiman, 2005; Wadhwa, 2008).   115 

2.2. Analytical methods 116 

Meteorite fragments were crushed using an agate mortar and processed to fine powder 117 

in a Retsch® oscillating ball mill MM 200 with agate cups. Before and after usage, the agate 118 

cups and mill were thoroughly cleaned by analytical-grade quartz sand and ethanol twice. 119 

Bulk rock concentrations of Cu, S, Se and Te were determined on 0.1-0.15 gram sample 120 

powder aliquots by isotope dilution ICP-MS after digestion in concentrated HF-HNO3 in Parr 121 

digestion bombs (190°C and 3 days). The details of the procedure have been described 122 

elsewhere and different geological reference materials and the replicates have produced 123 

reproducible results (typically <5%, 2 s.d., Wang et al., 2015). A brief outline of the method is 124 

given in Supplementary materials. Procedural blank corrections were always applied and 125 

negligible (<1 %) for S, Se and Cu, except for ALH84001 (Table 1). Because of the low Te 126 

abundances in SNC meteorites, blank corrections on Te were higher, commonly a few percent. 127 

3. Results128 

The new data and their combined measurement uncertainties are listed in Table 1. 129 

ALH84001 has very low contents of Cu, Se and Te, which are only slightly higher than blank 130 

values. The S content of the meteorite (219 μg/g) is higher than the value (103 μg/g) reported 131 

in a previous study where 33S data indicated that its S mainly reflects Martian crustal input 132 

(Franz et al., 2014). 133 
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Copper contents in the analyzed shergottites and nakhlites range from 2.7 to 10.6 μg/g, 134 

S from 311 μg/g to 3860 μg/g, Se from 74 to 585 ng/g and Te from 0.36 ng/g to 5.13 ng/g 135 

(Table 1). These elements in shergottites display broadly negative correlations with MgO 136 

contents (Figures 1 and S1). Nakhlites tend to have lower S, Se and Te contents relative to 137 

shergottites, except for MIL03346. 138 

Although shergottites and nakhlites have variable contents of Cu, S, Se and Te, their 139 

ratios display less variation over the large range of MgO contents compared to terrestrial basalts 140 

and cumulate rocks (Variations are: < factor 2 for Cu/Se and factor 2-5 for Se/Te and Cu/Pd, 141 

Table 1, Figures 2-4; the mean ratios are Cu/Se = 20±4, Cu/Te = 4400±2000, Se/Te = 200±80 142 

and Cu/Pd = 2650±950, uncertainties are 1s.d.). The relatively constant ratios compared to 143 

terrestrial basic magmatic rocks are independent of indicators of magmatic fractionation, 144 

radiogenic isotope compositions or incompatible lithophile element characteristics of Martian 145 

mantle sources (e.g., CI chondrite normalized La/Yb(N), initial 143Nd, Figures 5 and 6).  146 

4. Discussion147 

4.1. The effect of Martian crustal contamination and terrestrial alteration 148 

According to 33S data, many Martian meteorites, particularly ALH 84001 and some 149 

nakhlites underwent variable extents of contamination by Martian crustal materials which have 150 

led to an increase in S contents (Franz et al., 2014). For instance, the S content of MIL03346 151 

(3860 μg/g) is much higher than the S content of other SNC samples. Occasionally, S/Se ratios 152 

in some samples (e.g., MIL03346, RBT04262) are higher than the prevalent values (mean S/Se 153 

of 3600±800). These results are consistent with significant assimilation of Martian crustal 154 

sulfur by some of the parent magmas (Franz et al., 2014). 155 

Although Martian crustal contamination has affected S abundances in ALH84001, the 156 

very low Cu, Se, Te, Re and PGE contents indicate negligible addition of these elements during 157 

contamination with Martian crust (this work and Jones et al., 2003). Samples with severe 158 

contamination by Martian crustal S (e.g., MIL03346 and RBT04262) display no obvious 159 
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differences in Cu contents and in ratios of Cu, Se and Te, compared to less contaminated 160 

samples. These results indicate a limited effect of Martian crustal contamination on the ratios 161 

of these elements in these samples (except for an increase of S/Se). Minor effects of Martian 162 

crustal contamination that cannot be resolved by S isotopic compositions or S/Se are included 163 

in the variance of the means of element ratios in Table 1. Terrestrial weathering of meteorites 164 

often results in the loss of sulfur (e.g., Huber et al., 2006), however, the hot desert sample Sau 165 

005 shows similar ratios of Cu, S, Se and Te as other Martian meteorites, implying limited 166 

effects of terrestrial alteration on these elements in this sample.  167 

4.2. Sample heterogeneity and chalcophile element ratios  168 

Overall, the new S, Se and Cu contents are within the range of literature data and 169 

sometimes show different values compared to previous work for the same samples (Figures 1-170 

3, Table S2). It has been shown that because the predominant host phase of chalcophile 171 

elements are trace sulfide phases (Lorand and Luguet, 2016), concentrations obtained on 172 

different aliquots of the same sample may vary substantially, e.g., S, Cu and the HSE (Brandon 173 

et al., 2012; Ding et al., 2015; Jones et al., 2003; Meyer, 2013; Yang et al., 2015). Literature 174 

data suggest rather low Te contents in shergottites and nakhlites, at the level of a few ng/g or 175 

less, close to the detection limit of radiochemical neutron activation analysis (e.g., Smith et al., 176 

1984; Treiman et al., 1986; Wang et al., 1998, Table S2). Tellurium contents of the present 177 

study display similar, but sometimes lower values (Figure 2, Table S2), due to the lower 178 

detection limit of the isotope dilution method, which is mainly controlled by procedural blanks. 179 

The scatter of chalcophile element concentrations reflects different precision and accuracy of 180 

the applied methods and particularly sample heterogeneity, i.e., the heterogeneous distribution 181 

of fine-grained sulfides at relatively small sample sizes used for analyses.  182 

Provided that abundances of different chalcophile elements are obtained from the same 183 

digestion aliquots of samples, the effect of sample heterogeneity on element ratios should be 184 

limited. Thus in the following discussion we use element ratios wherever possible to constrain 185 

fractionation of chalcophile elements. The Cu, S, Se and Te data in this study were determined 186 
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by isotope dilution-ICP-MS methods on the same digestion aliquots. The same is true for the 187 

HSE concentration data in Brandon et al. (2012). Another study has applied laser ablation ICP-188 

MS to obtain bulk rock HSE, Cu, S, Se and Te data on shergottites (Yang et al., 2015). 189 

Unfortunately, the detection limits in the latter work were high for some critical elements (e.g., 190 

18 ng/g for Pd, 100 ng/g for Se and 35 ng/g for Te). Some literature data on Se and Te contents 191 

were from the same sample aliquots with Se/Te ratios showing a range similar to ours (e.g., 192 

Smith et al., 1984; Treiman et al., 1986; Wang et al., 1998, Table S2). These data indicate low 193 

Te contents in Martian meteorites. 194 

4.3. Limited effects of degassing on chalcophile elements in shergottites 195 

In terrestrial submarine basaltic volcanics that erupted on the seafloor at substantial 196 

water depth, degassing did not affect the concentrations of S, Se, Te and Re (Lissner et al., 2014; 197 

Norman et al., 2004; Sun et al., 2003; Yi et al., 2000). In contrast, subaerial counterparts tend 198 

to have lower S, Se, Te and Re contents, indicating their degassing due to their volatile character 199 

during volcanic eruptions in these environments. Among these elements, S is commonly the 200 

most volatile element during degassing of basic magmas (Greenland and Aruscavage, 1986; 201 

Norman et al., 2004; Yi et al., 2000). Thus it is necessary to first evaluate the effect of possible 202 

degassing on these elements in shergottites.  203 

The parameters affecting volcanic degassing are primarily pressure of emission, pre-204 

eruptive fO2 and the initial water content in the melt (Gaillard and Scaillet, 2009). In general, 205 

the lower the emission pressure, the more oxidized and/or the more water rich, the more S is 206 

degassed from the melt. In the case of hypothetical Martian basalts with 500 μg/g water, 3500 207 

μg/g S and fO2 of QFM -3.5 to -1, sulfur is almost not lost by degassing at pressures > 5 bar 208 

(Gaillard and Scaillet, 2009). Lherzolitic, olivine-phyric and basaltic shergottites contain 209 

variable amounts of cumulus phases and were emplaced at variable depth, but mostly not at 210 

subaerial pressures. For instance, saturation with olivine and pyroxene in olivine-phyric 211 

shergottite Y980459 was estimated to have occurred at 12 kbar (Musselwhite et al., 2006). The 212 
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emplacement within various levels of the crust suggests that most Martian meteorites 213 

underwent no or only little degassing of S.  214 

Sulfur, Se and Te have significantly different volatilities during volcanic degassing 215 

with S being commonly more volatile than Se and the latter more volatile than Te (Greenland 216 

and Aruscavage, 1986; Jenner et al., 2010; Lissner et al., 2014; Rubin, 1997). The ratios of 217 

these elements relative to the non-volatile elements Cu and the PGE provide further constraints 218 

on the limited effect of degassing on these elements in the shergottites. Copper is not volatile 219 

during degassing of subaerially erupted basic magmas (Norman et al., 2004). Degassed 220 

shergottites should display increasing Cu/Se with increasing extent of degassing relative to the 221 

ratios of EETA79001, Y980459 and lherzolitic shergottites which are samples crystallized at 222 

depth (e.g., Musselwhite et al., 2006). As is obvious from Figures 2 and 3, shergottites show 223 

less than a factor of 2 variation in Cu/Se, with a mean Cu/Se of most shergottites within ± 30% 224 

uncertainty. The uncertainty includes the effect of possible degassing, if relevant, on the mean 225 

Cu/Se. Except for samples with obvious sulfur input from Martian crustal contamination (e.g., 226 

MIL03346 and RBT04262), S/Se and Cu/S in most lherzolitic, olivine-phyric and basaltic 227 

shergottites vary within a limited range. Because S is much more volatile than Se and Cu 228 

(Jenner et al., 2010), the ratios of S/Se and Cu/S are consistent with limited degassing of S 229 

(which should substantially decrease S/Se and increase Cu/S, if strong and variable degassing 230 

occurred). Cu/Te and Se/Te ratios in shergottites show larger variations by a factor of 2-4. In 231 

terrestrial magmas, Te is less volatile than Se (Greenland and Aruscavage, 1986; Lissner et al., 232 

2014; Rubin, 1997). This may indicate that the larger variations of Cu/Te and Se/Te may not 233 

have been caused by degassing, but probably by other processes. Finally, it has been shown 234 

that significant fractions of Re may be lost along with S by degassing during subaerial eruption 235 

of arc and Hawaiian basaltic and picritic magmas (Norman et al., 2004; Sun et al., 2003). We 236 

note that the ratios of Re to Pd and Pt in different groups of shergottites are also relatively 237 

constant (Brandon et al., 2012), further supporting the limited effect of degassing on the SNC 238 

meteorites. 239 
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Consequently, parent magmas of shergottites display no clear evidence for volatility-240 

related losses of S, Se, Te and Re. Most sulfides in lherzolitic, olivine-phyric and basaltic 241 

shergottites show homogenous and nearly chondritic 34S (Franz et al., 2014). The absence of 242 

mass dependent fractionation of 34S in these shergottites is consistent with little or no degassing 243 

of the parent magmas of these meteorites.  244 

Some nakhlites show evidence from quench textures for degassing (Chevrier et al 245 

2011), however, if this affected the abundances of chalcophile elements is unclear. Degassing 246 

losses of S in some nakhlites cannot be excluded (see S-MgO diagram, Figure S1), however, 247 

Se and Te in the melt phase trapped in the studied nakhlites are high because the nakhlites lie 248 

on a common mixing line between augite and a melt endmember (Figure S1). The calculated 249 

Se contents (500-600 ng/g) of the parental magmas of nakhlites lie on the trend defined by the 250 

shergottites, which argues for small losses of Se by degassing from these samples. For Te, the 251 

calculated melt composition is about 3-4 ng/g, which is lower than shergottite parent magma 252 

compositions extrapolated to similar MgO (Figure S1). The scattered behavior of Te may reflect 253 

mantle heterogeneity, which is also indicated by the scatter of the shergottite data. Because the 254 

data on nakhlites are limited to a few samples, future work needs to confirm these 255 

interpretations. 256 

4.4. Sulfide saturation state of Martian magmas 257 

4.4.1. Sulfide-undersaturated parent magmas of the shergottites 258 

Copper, Se, Te and Pd show substantial differences in sulfide-silicate melt partition 259 

coefficients, e.g., Dsulfide-silicate
Se (200-1500) < Dsulfide-silicate

Cu (500-1600) < Dsulfide-silicate
Te (2500-260 

10000) < Dsulfide-silicate
Pd (105-106) (e.g., Brenan, 2015; Mungall and Brenan, 2014; Patten et al., 261 

2013). Many factors affect partition coefficients and complete sulfide-silicate melt equilibration 262 

is not necessarily ascertained in natural processes (e.g., Becker and Dale, 2016; Wang and 263 

Becker, 2015a). Nevertheless, the relative bulk partitioning behavior of these elements can be 264 

predicted based on natural samples and experimentally determined partition coefficients, e.g., 265 

DTe/DSe
 of 5-9 and DTe/DCu

 of 2-10 at 3-22wt.% FeO in the silicate melt and DCu << DPd (Brenan, 266 
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2015; Mungall and Brenan, 2014; Patten et al., 2013; Wang and Becker, 2015a). These data 267 

indicate that sulfide saturation and segregation would lead to large variations of ratios of these 268 

elements with magmatic fractionation (e.g., Cu/Te, Se/Te and particularly Cu/Pd, Figures 3 and 269 

4). This is the case in sulfide-saturated terrestrial basaltic magmas such as MORB, gabbros 270 

from the Oman ophiolite and mantle pyroxenites (Jenner et al., 2010, 2012; Lissner et al., 2014; 271 

Patten et al., 2013; Peucker-Ehrenbrink et al., 2012; Wang and Becker, 2015a).  272 

If magmas are sulfide-undersaturated during partial melting and fractional 273 

crystallization, Cu, Se, Te, Pt and Pd should mostly partition into silicate melt, provided that 274 

no other platinum group minerals are exsolved during the high-temperature evolution of 275 

magmas (Given the estimated temperatures during the formation of Martian magmas and the 276 

stability of tellurides this is considered unlikely (Helmy et al., 2007). The stability of Pt-Ir and 277 

other PGE alloy phases will be discussed below). Melting and fractional crystallization of 278 

silicates and spinel would affect the bulk contents of these elements, but not their ratios, 279 

because these processes result in concurrent enrichment of these elements in derivative melts 280 

and dilution in mixtures of cumulate phases and interstitial melt until they evolve to late stage 281 

sulfide saturation (e.g., terrestrial komatiites, olivine-phyric shergottites, nakhlites, Figures 4, 282 

6 and S2). This behavior is very different from the behavior of these elements during sulfide-283 

saturated conditions. 284 

Like in sulfide undersaturated komatiites, contents of Cu, Se and Pd in most 285 

shergottites show negative correlations with MgO (e.g., Figures 1 and S1). Cu/Pd ratios have 286 

only a factor of 3-4 variations (mean Cu/Pd = 2650±950, 1s.d.) over a large range of MgO 287 

contents, a very different behavior compared to the three orders of magnitude variation of Cu/Pd 288 

in MORB and terrestrial gabbros (Figure 4). The relatively constant Cu/Pd ratios require 289 

sulfide-undersaturated conditions during partial melting and fractional crystallization of parent 290 

magmas of shergottites. Otherwise, residual sulfides during mantle melting and sulfide 291 

saturation during magmatic evolution would fractionate these elements and lead to much larger 292 

variations in Cu/Pd ratios as in most terrestrial counterparts (a factor of hundreds, Figure 4). 293 

The contents and ratios of the HSE in shergottites further support sulfide-undersaturated 294 



13 

magmatic evolution. At sulfide-undersaturated conditions like in komatiites, Os-Ir-Ru become 295 

enriched in early magmatic cumulate phases such as silicates and alloys and behave as 296 

compatible elements; whereas Pd, Re and Pt become enriched in the melt, like incompatible 297 

lithophile elements (e.g., Barnes and Fiorentini, 2008; Brenan et al., 2016; Puchtel et al., 2009). 298 

This process would lead to fractionation of compatible Os-Ir-Ru from incompatible Pt-Pd-Re, 299 

but with relatively constant Os/Ir, Pt/Pd and Pt/Re ratios (Figure 6). Exactly this is what the 300 

HSE data of shergottites show (Brandon et al., 2012).  301 

Most sulfides in shergottites occur as tiny grains, located near rims of pyroxenes or in 302 

interstitial mesostasis, intimately intergrown with Fe-Ti oxides (King and McLennan, 2010; 303 

Lorand et al., 2005). These observations suggest that sulfide precipitation in shergottites 304 

occurred only at a very late stage during the cooling of interstitial melt (Lorand et al., 2005), 305 

consistent with sulfide under-saturation of the parent magma. 306 

4.4.2. Long-term history of sulfide-undersaturated conditions? 307 

It is unclear if the ancient magmas that erupted before the deposition of S on the 308 

Martian surface at 3.0-3.7 Ga (Carr and Head, 2010) were also sulfide-undersaturated. The 309 

orthopyroxenite cumulate ALH84001 likely crystallized at ~ 4.1 Ga and is characterized by 310 

very low Re and PGE contents (Jones, 2003). These data were previously interpreted to reflect 311 

early stage sulfide-saturation which had removed all PGE (Righter et al., 2015). Our new data 312 

show that ALH84001 also has very low contents of Cu, Se and Te, whereas sulfur 313 

concentrations are higher because of later crustal contamination (Franz et al., 2014). Copper 314 

and particularly Se are only slightly more chalcophile than S (Brenan, 2015; Wang and Becker, 315 

2015a; and references therein). These compositions suggest that no sulfide precipitation 316 

occurred during orthopyroxene accumulation, as would be the case for sulfide-undersaturated 317 

parent magma compositions. Sulfide-saturation of the parent magma of ALH84001 likely 318 

would have led to precipitation of magmatic sulfide in the orthopyroxene cumulate, which 319 

would have enriched less chalcophile elements such as Re, Cu and Se contents even if PGE 320 

contents were low. 321 
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The average S content on the Martian surface environment was estimated to 1-3 wt.% 322 

(King and McLennan, 2010) and a conservative estimate of total surficial SO3 in Martian soil, 323 

sedimentary deposits and polar sulfates comprises about 7.5×1016 kg (Righter et al., 2009). This 324 

budget accounts for only 0.06 μg/g S in bulk silicate Mars (assuming a mass of 5×1023 kg, about 325 

80 wt.% of bulk Mars, Lodders and Fegley, 1997; Wänke and Dreibus, 1988). Even if the 326 

surficial sulfate budget was 10 times more, it is still negligible compared to the mantle. It is 327 

difficult to constrain the S content of the primordial Martian crust. Considering that most 328 

Martian meteorites were derived from deeper levels of the Martian crust as reflected by the 329 

crystallization of cumulus minerals, the range of 0.1 to 0.3 wt.% S in Martian meteorites may 330 

provide an approximate estimate. These data hint that any S transfer from mantle to the crust 331 

during Mars’ geological history likely had a negligible effect on the budget of S and other 332 

chalcophile elements in the mantle. The shergottites formed much later than the sulfate deposits 333 

of the surface, yet the chondritic 34S of sulfides in shergottites (Franz et al., 2014) indicates no 334 

significant transfer of sulfur between the mantle and the crust. Thus, based on mass balance, 335 

current data suggest a limited influence of the Martian crust on element and isotopic budgets of 336 

S in the Martian mantle. Therefore, sulfide-undersaturated conditions may represent a secular 337 

feature of magma derived from the Martian mantle. 338 

4.5. Composition of chalcophile elements in the Martian mantle 339 

Because of the magmatic evolution at sulfide-undersaturated conditions and limited 340 

losses by degassing during emplacement of the parent magmas, ratios of the incompatible 341 

chalcophile elements Cu, S, Se, Te, Pd and Pt in Martian meteorites should reflect the parent 342 

magma compositions. If during mantle melting sulfide liquid is not retained in the mantle source, 343 

chalcophile element ratios in parent magmas of shergottites also reflect those of the mantle 344 

sources and thus, mantle compositions of chalcophile elements can be determined. 345 

Whether or not sulfides are retained in the mantle during melting depends on the S 346 

content of the mantle, the degree of partial melting, the P-T path during melting and the sulfur 347 

content of melts at sulfide saturation (e.g., Ding et al., 2015). About 10-30 % partial melting of 348 
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a primitive Martian mantle composition can explain most SNC parent magmas and surface 349 

basalts (except for Martian alkaline magma suites, Collinet et al., 2015). The shergottites 350 

typically formed from depleted or incompatible element-enriched mantle sources and require 351 

relatively high degrees of partial melting, e.g., 15% melting for Tissint (e.g., Humayun et al., 352 

2013). At maximum S contents of 700-1000 μg/g in the Martian mantle, >17% partial melting 353 

would produce sulfide-undersaturated primitive magma (Ding et al., 2015). If the S content is 354 

lower, e.g. 360 μg/g as in the present study (see below), mantle sulfides in the SNC magma 355 

sources (Estimated temperature 1450 ± 70°C, Filiberto and Dasgupta, 2015) would have been 356 

consumed at > 5% melting, a degree much lower than those estimated for mantle sources of 357 

shergottites (Ding et al., 2015).  358 

4.5.1. Ratios of incompatible chalcophile elements in Martian mantle sources 359 

Compositional variations in shergottites originated either from variable degrees of 360 

melting of different mantle sources or from variable crustal contamination (Jones, 2015 and 361 

references therein). In spite of the large differences, mostly reflected in major element 362 

compositions and incompatible lithophile elements and radiogenic isotopes, the ratios of 363 

incompatible elements Pt, Pd, Re, Cu, Te and Se in different shergottites show relatively small 364 

variations, independent of mantle sources and magmatic evolution of the parent magmas. For 365 

example, Cu/Se and Pt/Pd ratios in shergottites with enriched, intermediate and depleted 366 

lithophile element isotopic signatures vary by a factor of 2 only (Figures 2 and 6). The variation 367 

of Pd/Pt ratios in shergottites from chondritic to suprachondritic ratios (Figure 6 and Brandon 368 

et al., 2012) may reflect the stability of Pt alloys in the Martian mantle or in the sulfide-369 

undersaturated magmas as a function of the degree of partial melting, magmatic evolution and 370 

fO2 (Brenan et al., 2016; Mungall and Brenan, 2014). Cu/Pd and Se/Te ratios show a similar 371 

behavior, albeit with somewhat larger variations by a factor of 2-5 (Figures 2-5). These features 372 

indicate restricted variations in ratios of incompatible chalcophile elements in the different 373 

mantle sources relative to incompatible lithophile elements. 374 
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Nakhlites formed at ~ 1.3 Ga and have mantle source compositions and a magmatic 375 

fractionation history that differs from shergottites (Treiman, 2005). Some nakhlites underwent 376 

strong crustal assimilation and incorporated significant proportions of sulfur from Martian 377 

surface environments (Chevrier et al., 2011; Franz et al., 2014). We note that Cu/Te and Se/Te 378 

in Y-000593 and MIL03346 are similar to values in shergottites, but Nakhla (6.03 μg/g Cu) has 379 

higher Cu/Se and Cu/Te ratios (Figures 2-3). These complexities and the limited data make it 380 

difficult to interpret the currently available chalcophile element data on nakhlites. 381 

4.5.2. Cu, S, Se and Te contents in the Martian mantle 382 

The Cu content of 2.0 ± 0.4 μg/g (1s) in the Martian mantle has been calculated from 383 

the negative correlation with MgO at 29-33 wt.% MgO, the most likely range of concentrations 384 

in the Martian mantle (Taylor, 2013). Considering possible effects of sample heterogeneity or 385 

analytical uncertainty of different data sets on the estimated Cu content, the Cu-MgO 386 

correlation was reassessed by only using the values of shergottites from the present study (n=11) 387 

for comparison (Figure 1). The Cu-MgO correlation of shergottites also passes through element 388 

abundances of shergottite olivine cumulates (e.g., 33-35 wt.% MgO, Yang et al., 2015), similar 389 

to in terrestrial komatiites that are also used to estimate mantle source compositions (Puchtel et 390 

al., 2016; Puchtel et al., 2009). This behavior indicates that it is viable to use the Cu-MgO 391 

correlation of shergottites to estimate the Cu content of their mantle sources. The isotope 392 

dilution data yields the same result as Taylor (2013), indicating that a Cu content of 2.0±0.4 393 

μg/g is a robust estimate. The scatter of the correlation includes the effects of heterogeneities 394 

inherited from the diversity of mantle sources of shergottites. 395 

The mantle contents of S, Se and Te can be estimated from their ratios relative to Cu. 396 

We have calculated the ratios using the new data (Table 1). Samples Y-980459 and LAR06319, 397 

putative primitive magma compositions from the Martian mantle offer an alternative way to 398 

support our estimates of the mantle source composition. Ratios of Cu, Se and Te in LAR06319 399 

are similar to the mean values of shergottites and nakhlites. Ratios of Cu, S and Se of Y-980459 400 

are within the scatter of the data, also similar to the mean values. 401 
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Because some previous concentration data are afflicted with poorly known 402 

uncertainties (e.g., Te) and are not from the same sample aliquots, they were not included in 403 

calculation of the mean values. The estimated S, Se and Te contents in the Martian mantle are 404 

listed in Table 2. For example, Cu/Se is 20±4 (n=12), resulting in a Se content of 100±27 ng/g, 405 

similar to 85±18 ng/g based on Se/Yb (Taylor, 2013). Cu/Te and Se/Te ratios are 4400±2000 406 

and 200±80 (n=12), respectively. Previous RNAA data on Se and Te contents show Se/Te of 407 

60-330, with a mean of 180±110, similar to our new data (Smith et al., 1984; Treiman et al.,408 

1986; Wang et al., 1998; Table S2). Thus, the Martian mantle has a low Te content of 0.50±0.25 409 

ng/g. Sample Y-980459 has the lowest Cu/Te and Se/Te of this study and yields a provisional 410 

maximum of 1.5 ng/g Te in the Martian mantle.  411 

S/Cu and S/Se ratios can be used to constrain the S concentration in the Martian mantle, 412 

which has not been well constrained before. Crustal contamination can elevate S contents in 413 

Martian meteorites (Franz et al., 2014) and thus would affect S/Cu and S/Se ratios (e.g., 414 

MIL03346 and RBT04262). LAR06319 also seems to have incorporated crustal S by post-415 

crystallization alteration as revealed by 33S data (Franz et al., 2014) and this is also shown by 416 

its high S/Se ratio of 5300. Other analyzed samples show relatively constant and lower S/Se 417 

ratios, implying low levels of contamination with crustal S. The mean S/Se of 3600±800 (n=11) 418 

should be regarded as a maximum value for the Martian mantle and suggests that the Martian 419 

mantle contains only 360±120 μg/g S. The S/Cu ratio of 170±65 in these samples yields a 420 

similar maximum S of 340±140 μg/g. 421 

S/Se ratios of different groups of chondrites are rather constant, with a mean value of 422 

2500±400 (Dreibus et al., 1995; Wang and Becker, 2013; and references therein). Thus, because 423 

of the cosmochemical similarity of S and Se, the mean chondritic value represents a reasonable 424 

estimate for S/Se in bulk Mars. Metal-silicate melt partition coefficients of S and Se are very 425 

similar at P-T conditions relevant for Martian core formation with Se showing slightly more 426 

preference for metal compared to S (Rose-Weston et al., 2009). Because core formation may 427 

have led to only a slight increase of the S/Se in the mantle compared to in the bulk planet, the 428 

slightly chondritic S/Se ratio of 3600±800 may be representative of the Martian mantle. 429 
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Therefore, the consistent data place improved constraints on the S composition of the Martian 430 

mantle. 431 

4.6. Composition of the Martian late veneer 432 

Most Martian meteorites show chondritic Os/Ir, Pt/Pd, Pt/Re and Re/Os (indicated by 433 

approximately chondritic 187Os/188Os, Brandon et al., 2012; Dale et al., 2012; Day et al., 2016; 434 

Jones et al., 2003). Recently, HSE abundances in the Martian mantle were interpreted to be 435 

consistent with metal-silicate partitioning at 14±3 GPa based on experimental results at 1.5 GPa 436 

and 1400°C (Righter et al., 2015). However, Mann et al (2012) and Laurenz et al (2016) 437 

presented HSE partitioning results at higher P-T conditions (6-21 GPa and > 2200°C), which 438 

have covered the conditions of Martian core-mantle fractionation without any extrapolation. 439 

They also evaluated the effect of S in the metal. These results indicate strong fractionation of 440 

the HSE during Martian core formation. Therefore, the chondritic HSE ratios in Martian mantle 441 

are difficult to explain by core formation. Instead, the chondritic ratios of the HSE suggest that 442 

like for Earth’s mantle, the Martian mantle also received late accreted material after core 443 

formation was complete (e.g., Brandon et al., 2012; Dale et al., 2012; Day et al., 2016).  444 

The abundances of highly siderophile elements in the Martian mantle have been 445 

estimated mainly by HSE-MgO correlations (Day et al., 2016; Taylor, 2013) and co-variation 446 

of HSE (Dale et al., 2012). These two different approaches have led to similar Pt and Pd 447 

contents but relatively large differences in the estimates for Os, Ir and Ru abundances in the 448 

Martian mantle (Day et al., 2016). The evolution of Martian magma under sulfide-449 

undersaturated conditions permits an alternative way to assess the HSE contents in the Martian 450 

mantle and the fraction of the Martian late veneer. 451 

At sulfide-undersaturated conditions, Pd, Pt and Re behave as incompatible elements. 452 

Following the approach for Cu, variations with MgO may constrain mantle abundances of these 453 

HSE. Using samples with MgO contents  15% suggests abundances of Pt and Pd in the Martian 454 

mantle of 3.1±0.8 ng/g and 2.4±0.8 ng/g, respectively (Taylor, 2013). Shergottites yield a mean 455 

Cu/Pd of 2650±950 (n=14, Figure 4, higher than that calculated from Cu and Pd contents). This 456 
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value leads to 1.0±0.7 ng/g Pd in the Martian mantle, slightly lower than other estimates. 457 

Abundances of compatible HSE like Os, Ir and Ru in the Martian mantle can be estimated by 458 

assuming chondritic HSE ratios based on Pt and Pt contents. These values are approximately 459 

equivalent to % of the mass of Mars if the late accreted material had a CI chondritic 460 

HSE composition (Figure 7). 461 

4.6.1. A strongly volatile element-depleted Martian late veneer 462 

The addition of late accreted material may also have affected the moderately volatile 463 

elements Cu, S, Se and Te. The contribution of the late veneer to the volatile element inventory 464 

of the Martian mantle cannot exceed the contents of these elements in the Martian mantle. 465 

Because the Te content in the Martian mantle is rather low (< 1.5 ng/g, a mean at 0.5±0.25 ng/g, 466 

1s), the CI chondrite-normalized ratio of volatile Te relative to refractory Pt or Ir in Martian 467 

mantle is 0.06. This value is lower than the ratios in most chondrites (Wang and Becker, 2013; 468 

Wasson and Kallemeyn, 1988). Only the strongly volatile element-depleted H chondrites 469 

display similar Te depletion and its relative pattern is shown for comparison in Figure 7. The 470 

low Te/HSE ratio in the Martian mantle indicates that the Martian late veneer was strongly 471 

depleted in Te and likely also other volatile elements. It is unclear if the late veneer originated 472 

from chondritic materials or from other materials that were even more strongly depleted in 473 

volatile elements than known chondrites. We note that the compositional spectrum of volatile 474 

element fractionation and depletion in early solar system objects may be different from that 475 

observed in chondrite parent bodies from the asteroid belt (e.g., Wang et al., 2016). 476 

The CI chondrite-normalized Cu/Ir, Se/Ir and S/Ir ratios of the Martian mantle are 477 

4.1±0.8, 1.31±0.35 and 1.85±0.62, respectively. Because these values are higher than in CI 478 

chondrite, the predominant fraction of Cu, S and Se in the Martian mantle was inherited from 479 

metal-silicate partitioning during core formation (Figure 7). Figures 7 and 8 show the combined 480 

effects of Martian core formation and late accretion of primitive material. The former led to 481 

moderate depletion of Cu, S and Se and strong depletion of the HSE and Te, and the latter 482 

delivered the excess in the HSE, but nearly no Te and likely little Cu, Se and S. This explanation 483 
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is fully consistent with the metal-silicate partitioning data of these elements at relevant P-T-fO2 484 

for Martian core formation (Rai and van Westrenen, 2013; Righter and Chabot, 2011). 485 

Tellurium is always more siderophile and chalcophile relative to S and Se, both at low 486 

and high pressure-temperature conditions (Brenan, 2015; Rose-Weston et al., 2009). In contrast, 487 

metal-sulfide-silicate melt fractionation of S from Se during core formation is limited. For 488 

example, experiments at 8-19 GPa and 2000-2420 °C at fO2 ( IW) of -0.42 to -1.89, show log 489 

DTe of 2.5 to 3.5 and log DSe  log DS of 1.8 to 2.7 (Rose-Weston et al., 2009), where D is the 490 

liquid metal-liquid silicate partition coefficient. This means that core-mantle fractionation with 491 

or without sulfide segregation into the core would lead to a depletion of Te relative to S and Se 492 

by at least a factor of 5-6. The slightly supra-chondritic S/Se and highly supra-chondritic S/Te 493 

and Se/Te in the Martian mantle are consistent with a predominant control of this ratio in the 494 

Martian mantle by metal segregation, which extracted S and Se to a similar and moderate extent 495 

but almost all Te (Rose-Weston et al., 2009). The subsequent delivery of a strongly volatile-496 

element depleted Martian late veneer added only little Te, Cu, Se and S. 497 

4.6.2. Comparison of chalcophile elements in the Martian and terrestrial mantle 498 

Earth is a larger planet than Mars and has a much higher Cu content in the mantle than 499 

Mars (Figure 7, Wang and Becker, 2015b; references therein). This difference is consistent with 500 

experiment constraints that Cu becomes less siderophile with increasing P-T conditions of core 501 

formation (e.g., Corgne et al., 2008). At the high P-T conditions of core formation relevant to 502 

Earth, S, Se and Te become more siderophile (Rose-Weston et al., 2009). Accordingly, if the 503 

Te concentration in Earth’s mantle was only affected by core formation and not by late accretion, 504 

high P-T core formation would have yielded a mantle with even lower Te than in the Martian 505 

mantle. However, Earth’s mantle has a much higher Te content (about 11 ng/g, Wang and 506 

Becker, 2013) than the Martian mantle and CI chondritic ratios of S, Se and Te. This 507 

composition cannot be explained by core formation. It requires late additions of relative volatile 508 

element-rich primitive material (Wang and Becker, 2013). If half (Labidi et al., 2013) or all 509 

(Boujibar et al., 2014) of the S content of Earth’s mantle were inherited from the main accretion 510 
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stage of the Earth rather than delivered by late accretion, this would have led to highly 511 

suprachondritic S/Te and Se/Te in Earth’s mantle, similar to the Martian mantle prior to late 512 

accretion. 513 

Consequently, the significant differences in Cu, S, Se and Te abundances in model 514 

compositions of Earth’s and the Martian mantle in combination with approximately chondritic 515 

HSE ratios further strengthens the importance of late accretion and the different volatile element 516 

compositions of material accreted late onto Mars and the Earth, strongly volatile element-517 

depleted on Mars, and volatile element-rich on Earth. 518 

4.6.3. Implications for the origin of Martian water and carbon 519 

The strongly volatile element-depleted late veneer provides a critical constraint on the 520 

timing of the delivery of water and carbon on Mars. Hydrogen isotopes have indicated that 521 

Martian water originated from carbonaceous chondrite like materials rather than comets (Usui 522 

et al., 2012). If the Martian late veneer was strongly volatile element-depleted, it cannot have 523 

delivered substantial quantities of water and carbon. This constraint indicates that the delivery 524 

of Martian water must have occurred before the late veneer (Figure 8), and thus not later than 525 

the cessation of core formation, perhaps within 2-3 Ma after formation of the solar system (e.g., 526 

Dauphas and Pourmand, 2011). The new results support the view that the delivery of water to 527 

Mars, Vesta, Earth and the Moon by accretion of volatile-rich materials occurred over a period 528 

from a few Ma to 100 Ma. At least on Mars and Vesta, and presumably also on the Earth, water 529 

was retained during early planetary impacts and growth (Sarafian et al., 2014). 530 

4.7. Low sulfur content in the Martian core? 531 

It is possible to constrain the S content in the Martian core by using the S content in the 532 

mantle and metal-silicate partition coefficients at the relevant P-T-fO2 conditions. Abundances 533 

of moderately siderophile elements in the Martian mantle are consistent with metal-silicate 534 

equilibration at mean pressures and temperatures of 14 ± 3 GPa and 2100 ± 200 K, respectively 535 

(Rai and van Westrenen, 2013; Righter and Chabot, 2011; Yang et al., 2015).  Experimentally-536 

determined DS
metal-silicate at conditions relevant for Martian core formation are less than 200 (see 537 
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summary in Boujibar et al. 2014), e.g, DS
metal-silicate  of 80 at 16 GPa, 2200 °C and  fO2 ( IW) of 538 

-1.79 (experiment #29) (Boujibar et al., 2014) and around 200 at 15 GPa, 2000-2300 °C and539 

fO2 ( IW) of -1.56 (run number of BGI-N) (Rose-Weston et al., 2009). These partition 540 

coefficients should be regarded as upper bounds for Martian core formation because of the 541 

possible presence of other elements in the metal and lower fO2 of core formation, which both 542 

significantly reduce DS
metal-silicate (Boujibar et al., 2014). If the Martian core formed at 543 

disequilibrium conditions during multi-stage accretion, apparent DS
metal-silicate also would be 544 

lower, and thus the S content in the Martian core would also be lower. Different accretion 545 

models have indicated that a planetary mantle with 200 μg/g S may have been in equilibrium 546 

with a core containing 2 wt.% S only (bulk DS
metal-silicate of 100), even at high P-T conditions 547 

relevant for Earth (Boujibar et al., 2014). Because of the strongly decreasing siderophile affinity 548 

of S with decreasing pressure (Boujibar et al., 2014), the smaller size of Mars suggests that 549 

DS
metal-silicate during Martian core formation must have been lower than for Earth. 550 

Because the high FeO contents in the Martian mantle and in mantle-derived magmas 551 

require a very high sulfur content at sulfide saturation at pressures < 15 GPa (Ding et al., 2014; 552 

Laurenz et al., 2016), e.g., > 2000 g/g for Martian mantle at 14±3 GPa (Ding et al., 2014), it 553 

is rather unlikely that segregation of FeS (“sulfide matte”) occurred during Martian core 554 

formation. Segregation of FeS would require > 2000 μg/g S in the Martian mantle, which is not 555 

supported by data on SNC meteorites. 556 

Thus, if the S contents of the mantle sources of SNC parent magmas estimated in the 557 

present study are representative of the Martian mantle, the S content in the Martian core should 558 

be less than 10 wt. % (assuming upper bounds: 480 μg/g, Dmetal-silicate
S < 200), lower than 559 

previously assumed values of 10-25 wt.% (Khan and Connolly, 2008; Lodders and Fegley, 560 

1997; Wänke and Dreibus, 1988). The specific S content in the Martian core depends on the 561 

details of core formation conditions and history. A few wt.% S in the Martian core is consistent 562 

with constraints from the Zn abundance of 60-70 μg/g in the Martian mantle (Lodders and 563 

Fegley, 1997; Yang et al., 2015), which is only slightly higher than Zn in Earth’s mantle. Zinc 564 

is essentially lithophile (Wang et al. 2016 and references therein) and has a similar volatility as 565 
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S (Dreibus and Palme, 1996). The similar volatility of Zn and S indicates < 5 wt. % S in the 566 

Martian core (Note that based on volatility arguments, Gaillard and Scaillet (2009) estimated 567 

around 3 wt.% S in the core). 568 

A low S content in Martian core, if confirmed, may require a reassessment of models 569 

for the evolution of the physical state of the Martian core (Stewart et al., 2007), the core density 570 

or other light elements in the Martian core, the viability of an early geodynamo, and the origin 571 

and transient occurrence of the magnetic field that shielded the early atmosphere and liquid 572 

water on the early Martian surface from the solar wind (Stevenson, 2001). 573 

5. Conclusions574 

Precise new data of Cu, S, Se and Te abundances in Martian meteorites of diverse 575 

origins and magmatic evolution, combined with literature data indicate that the mantle-derived 576 

parent magmas of Martian meteorites were sulfide-undersaturated. Various arguments that 577 

include the size of the crustal sulfur reservoir, chondritic 34S in sulfides of shergottites and 578 

very low contents of most chalcophile elements in the ancient Martian sample ALH84001 579 

suggest that sulfide-undersaturated conditions prevailed over Martian geological history. 580 

Sulfide-undersaturated conditions during mantle melting and magmatic evolution led to limited 581 

variations of ratios of the incompatible chalcophile elements Pt, Pd, Re, Cu, S, Se and Te in 582 

Martian meteorites. Ratios of these elements and correlations with MgO content constrain their 583 

mantle contents, of which S content is only 360±120 μg/g (1s). Due to their high FeO content, 584 

primitive Martian magmas formed at more than a few percent partial melting would have 585 

dissolved all sulfide in Martian mantle sources, regardless of their history of lithophile 586 

incompatible element enrichment or depletion. 587 

Martian mantle inventories of Cu, S and Se were mostly established by core formation. 588 

Metal-silicate partitioning data suggest that the Martian core likely contains a few percent of S 589 

only. A low sulfur content in the Martian mantle and core is consistent with the low Zn 590 

abundance in the Martian mantle. The very low ratio of volatile Te to refractory PGE reflects a 591 
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strongly volatile element-depleted Martian late veneer and implies that the delivery of Martian 592 

water must have occurred before accretion of the late veneer, likely within 2-3 million years 593 

after formation of the solar system. Comparison of mantle contents of Cu, S, Se, Te and the 594 

approximately chondritic HSE ratios of Mars and Earth indicates the importance of late 595 

accretion and the different volatile element compositions of late accreted material on Mars and 596 

Earth.  597 
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Figure captions 606 

Figure 1. Variation of Cu contents of Martian meteorites with MgO contents. Overall, Cu and 607 

MgO in different groups of shergottites show a broadly negative correlation ([Cu] μg/g = -0.42 608 

* [MgO] wt.% + 14.9, R2=0.80, n=12, including olivine in shergottites). The estimated Cu609 

content of the Martian mantle is from Taylor (2013) and confirmed by our new data. Multiple 610 

analyses of the same sample in the literature (Meyer, 2013) and the new data occasionally show 611 

variable Cu contents (dashed lines indicate samples where large differences have been reported), 612 

indicating the effect of sample heterogeneity on Cu abundances. Copper contents in three 613 

olivines from shergottites measured by laser ablation ICP-MS in Yang et al (2015) were 3-7 614 

μg/g or below the detect limit of 0.1 μg/g. Considering the low Cu content in ALH 84001 and 615 

the low bulk rock abundances of Cu in most shergottites, olivine should have very low Cu 616 

contents. Thus olivine is assumed to have low Cu contents of < 0.1 μg/g. 617 

618 

Figure 2. Variations of Cu, S, Se and Te contents in Martian meteorites. Literature data are 619 

shown for comparison (Lodders, 1998; Meyer, 2013; Wang et al., 1998; Table S2). Note that 620 

the estimated Cu, S, Se and Te contents in the Martian mantle are from this study (Data in this 621 

and the following figures from Table 2). 622 

623 

Figure 3. Variation of ratios of Cu, S, Se and Te in Martian meteorites with MgO contents. 624 

These element ratios display limited variations for most samples, including different groups of 625 

shergottites and nakhlites (except Nakhla). The behavior of the shergottite data differ from the 626 

evolution trend of sulfide saturated terrestrial MORB (Jenner and O'Neill, 2012; Lissner et al., 627 

2014) and terrestrial cumulate rocks (Wang and Becker, 2015a), which show strong 628 

fractionation of Cu, Se and Te because of different sulfide-silicate melt partition coefficients 629 

(Te > Cu > Se  S).  S/Se ratios change little during melting and fractional crystallization of 630 

basalts, even if sulfide saturation was attained (Jenner and O'Neill, 2012; Wang and Becker, 631 

2015a). Occasionally high S/Se ratios in Martian meteorites (e.g., RBT04262, MIL03346 and 632 

LAR06319) reflect assimilation of S from the Martian crust. Blue bands are the ranges of ratios 633 
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(±1s) in most of the analyzed meteorites (Table 1). Differences between data from the present 634 

study and literature data for individual meteorites (Meyer, 2013; Smith et al., 1984; Treiman et 635 

al., 1986; Wang et al., 1998; Table S2) are indicated by the dashed line. Error bars (1s) are 636 

shown for the new data and most errors are smaller than symbol sizes. 637 

638 

Figure 4. Cu/Pd ratios in shergottites and in terrestrial mantle-derived magmatic rocks. Because 639 

sulfide-silicate melt partition coefficients of Cu (~103) and Pd (~105-106) are very different 640 

(Mungall and Brenan, 2014), sulfide saturation and segregation during fractional crystallization 641 

leads to highly variable Cu/Pd in evolving melts and cumulates, e.g., up to 3 orders of 642 

magnitude in lower crustal gabbros (Peucker-Ehrenbrink et al., 2012) and in MORB glasses 643 

(e.g., Lissner et al., 2014). In contrast, terrestrial komatiites from Victoria’s lava lake (Puchtel 644 

et al., 2016) display constant Cu/Pd in rocks that display a range of MgO contents. Note Cu/Pd 645 

ratios of these komatiites overlap Cu/Pd of Earth’s mantle, indicating that the Cu/Pd ratio of 646 

sulfide-undersaturated magma generally reflects its mantle source. As in terrestrial komatiites, 647 

Cu/Pd in most shergottites are relatively constant (2650±950, blue band) over a large range of 648 

MgO contents, consistent with sulfide-undersaturated magmatic evolution. Literature Pd 649 

contents in shergottites are from Brandon et al (2012), and the corresponding Cu contents are 650 

from this study and Meyer (2013). Because of sample heterogeneity, literature data on Y-651 

980459 and Dhofar 019 display highly variable PGE contents and thus Cu data obtained on 652 

different aliquots yield apparently different Cu/Pd (gray symbols with dashed lines). The Pd 653 

value of a replicate of Dhofar 019 is from Jones et al. (2003) whereas a lower Pd content for Y-654 

980459 was measured by Yang et al. (2015).  Because Cu and Pd contents are not from the 655 

same sample aliquots, this contributes to the scatter of Cu/Pd ratios (a factor of 3-4 variation). 656 

657 

Figure 5. Ratios of Cu/Se versus CI chondrite normalized La/Yb(N) and 143Ndinitial, respectively. 658 

a) Shergottites and some nakhlites (except Nakhla) have similar Cu/Se ratios. Data source from659 

Table 1. b) Shergottites from different mantle sources show relatively constant Cu/Se ratios. 660 

143Ndinitial data sources are given in Table 1. The original references are listed in the supplement. 661 

662 
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663 

Figure 6. Fractionation of ratios of Pt and Pd with Ir in different groups of shergottites. The 664 

strong fractionation of Pd/Ir and Pt/Ir by three orders of magnitude, but limited fractionation of 665 

Pt/Pd indicates sulfide-undersaturated magmatic evolution (a). Lherzolitic shergottites have 666 

Pt/Pd similar to CI chondrites, whereas olivine-phyric and basaltic shergottites display a mean 667 

Pt/Pd of 0.84, which is slightly lower than the value of CI chondrites (a). Pd/Pt ratios show 668 

limited variations of less than a factor of 3 in depleted, intermediate and enriched shergottites 669 

(b). Data from Brandon et al. (2012).  670 

671 

Figure 7. CI chondrite normalized abundances of S, Se, Te, Cu and highly siderophile elements 672 

in the mantles of Mars and Earth (This study; Becker et al., 2006; Lodders, 2003; Taylor, 2013; 673 

Wang and Becker, 2013). The Martian mantle is strongly depleted in Te, which yields a 674 

maximum value for the contribution of Te from metal-silicate partitioning during core 675 

formation. This value also indicates late accretion of a strongly volatile element-depleted late 676 

veneer on Mars. In contrast, Cu, S and Se in the Martian mantle are primarily left over from 677 

metal-silicate segregation. Among chondrites, H chondrites (a) have the lowest Te/Ir and Te/Se 678 

ratios (Wasson and Kallemeyn, 1988). The pattern b) represents an alternative composition of 679 

volatile element-depleted late accreted material with ratios of volatile elements similar to CI 680 

chondrites. 681 

682 

Figure 8. Schematic depiction of the final stages of core formation on Mars and Earth and 683 

subsequent late accretion. Sulfur, Se and Te in the mantle of Earth and Mars in combination 684 

with approximately chondritic HSE ratios require late accretion of volatile element-depleted 685 

and -undepleted material onto Mars (this work) and Earth (Wang and Becker, 2013), 686 

respectively. The final stages of Martian core formation occurred much earlier (e.g., Dauphas 687 

and Pourmand, 2011) than on Earth (Jacobson et al., 2014). The ‘dry’ Martian late veneer 688 

implies that the Martian water was delivered before the late veneer. See text for details. 689 

690 

691 
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Table 1. Results of Cu, S, Se and Te contents of Martian meteorites by isotope dilution ICP-MS
Sample Name Classification MgO La/Yb(N) Ɛ143Nd(initial) Mass Cu S Se Te S/Cu S/Se Se/Te Cu/Se Cu/Te

(wt.%) (g) (μg/g) ±2s Blank% (μg/g) ±2s Blank% (ng/g) ±2s Blank% (ng/g) ±2s Blank% ±2s ±2s ±2s ±2s ±2s
ALH77005 Lherzolitic shergottite Intermediate 28 0.40 11.1 0.1284 4.35 0.09 0.7% 712 9 1.1% 280 3 0.3% 1.02 0.09 11% 164 4 2543 42 275 24 16 0.4 4265 387
Y-000097 Lherzolitic shergottite 26 0.35 0.1386 2.65 0.04 1.1% 446 7 1.7% 132 1 0.5% 0.71 0.09 15% 168 4 3379 59 186 24 20 0.3 3732 476
Sau 005 Olivine-phyric shergottite Depleted 20 0.10 38.0 0.0946 7.74 0.09 0.6% 1453 15 0.8% 397 4 0.3% 4.14 0.14 4.2% 188 3 3660 53 96 3 19 0.3 1870 67
Reanalysis* 7.76 0.09 4.20 0.13
Y-980459 Olivine-phyric shergottite Depleted 19 0.12 36.9 0.1378 6.49 0.06 0.5% 1544 15 0.5% 430 4 0.2% 5.13 0.11 2.3% 238 3 3591 48 84 2 15 0.2 1265 30
Reanalysis* 6.51 0.06 5.19 0.12
Tissint Olivine-phyric shergottite Depleted 17 0.16 44.4 0.1471 9.87 0.09 0.3% 1997 18 0.4% 585 6 0.1% 1.19 0.08 8.9% 202 3 3414 47 492 35 17 0.2 8294 587
EETA79001-A Olivine-phyric shergottite Intermediate 16 0.28 16.6 0.1873 7.88 0.07 0.3% 1682 15 0.3% 411 4 0.1% 1.74 0.07 5.0% 213 3 4092 54 236 10 19 0.3 4529 187
LAR06319 Olivine-phyric shergottite Enriched 16 1.05 -7.2 0.1357 9.07 0.18 0.3% 2214 20 0.3% 418 4 0.2% 2.03 0.08 5.8% 244 5 5297 70 206 8 22 0.5 4468 197
LAR12011 Olivine-phyric shergottite Enriched 18# 0.1253 8.84 0.18 0.4% 1342 13 0.6% 327 3 0.2% 1.86 0.09 6.8% 152 3 4104 55 176 9 27 0.6 4753 250
LAR12095 Olivine-phyric shergottite Depleted 16# 0.1781 7.03 0.06 0.3% 1919 17 0.3% 460 5 0.1% 2.88 0.08 3.2% 273 3 4172 58 160 5 15 0.2 2441 71
Reanalysis* 7.05 0.06 2.93 0.09
RBT04262 Olivine-phyric shergottite Enriched 22 0.84 -6.7 0.1659 4.58 0.05 0.6% 1940 17 0.3% 267 3 0.2% 0.67 0.07 13% 424 6 7266 104 399 42 17 0.3 6836 718
Zagami Basaltic shergottite Enriched 11 0.83 -7.2 0.1535 8.53 0.08 0.3% 1326 13 0.5% 307 3 0.2% 1.56 0.08 6.6% 155 2 4319 60 197 10 28 0.4 5468 285

Y-000593 Nakhlite(clinopyroxenite) Enriched 10 4.24 16.9 0.1835 4.36 0.05 0.5% 321 5 1.8% 183 2 0.3% 0.88 0.07 9.6% 74 1 1754 33 208 17 24 0.4 4955 398
MIL03346 Nakhlite(clinopyroxenite) Enriched 9 3.40 16.1 0.1553 10.63 0.09 0.3% 3860 33 0.2% 278 3 0.2% 1.30 0.08 7.7% 363 4 13885 191 214 13 38 0.5 8177 508
Nakhla Nakhlite(clinopyroxenite) Enriched 12 3.69 16.2 0.1284 6.03 0.12 0.5% 311 7 2.6% 74 1 1.0% 0.36 0.09 27% 52 2 4203 110 206 51 81 2.0 16750 4201

ALH84001 Orthopyroxenite 25 0.46 0.1217 0.09 0.05 28% 219 7 3.8% 1 0.3 44% 0.17 0.09 45%
Mean values 171 3566 203 20 4396
1s 65 798 78 4 1954
number n=11 n=11 n=13 n=12 n=12

Cu  (μg) S  (μg) Se (ng) Te  (ng)
0.003 1.5 0.11 0.018
0.002 0.81 0.10 0.022
0.007 0.81 0.07 0.011

Mean of blanks 0.004 1.05 0.10 0.017
2SD (n=3) 0.005 0.84 0.04 0.011
2RSD 130% 80% 40% 65%
Note: Blank% means the percentage of subtraction of total procedual blank. Reanlysis* means measurement of leftover solution of the same sample at different working days. The results show repeatable values.
The underlined ratios are not used to calculate the mean values (see text for reasons).
Y-980459 and LAR 06319  possibly are the most primtive sherogottites from the Martian mantle. Note ratios of LAR06319 are similar to the mean values, except for the elevated S by crustal input. Y-980459 shows a similar feature.
MgO contents, La/Yb(N) and Ɛ

143Nd(initial) are from literature (Debaille et al., 2009; Jones, 2015; Meyer, 2013; Shirai and Ebihara, 2009). The original references for some Ɛ
143Nd(initial) are listed in the Supplementary text. MgO with # symbol is assumed to similar to the pair of LAR06319.

Blanks by isotope dilution
Procedual blank 1
Procedual blank 2
Procedual blank 3



Table 2. Estimated contents of S, Se and Te in the Martian mantle
Elements Methods Concentration in the mantle Comments

Cu Cu-MgO correlation Cu=2.0±0.4 μg/g (1s) Taylor (2013); This study

Se Se/Yb ratio Se=85±18 ng/g (1s) Taylor (2013)

Cu/Se ratio Se=100±27 ng/g (1s) This study; Cu/Se= 20±4

S S/Cu ratio Maximum S=340±140 μg/g (1s) This study; S/Cu= 170±65

S/Se ratio Maximum S=360±120 μg/g (1s) This study; S/Se= 3600±800

S/Se ratio Minimum S=250±70 μg/g (1s) 

S/Se of different groups of chondrites are constant at 
2500±400 and probably reflect similar ratio for Martian building 
materials. Core formation leads to no or a slight incease of 
S/Se in Martian mantle relative to the bulk planet.

Recommended S=360±120 μg/g (1s) The possible maximum and minimum values are simialr with 
uncertainty

Te Cu/Te ratio Te=0.45±0.23 ng/g (1s) This study; Cu/Te = 4400±2000

Se/Te ratio Te=0.50±0.25 ng/g (1s) This study; Se/Te = 200±80

Y-980459 data Maximum Te=1.2-1.5 ng/g 
Y-980459 has the lowest ratios of Se/Te=84 and Cu/Te=1265.
The maximum value does not change the conclusion of a low
Te content in the Martian mantle.

Recommended Te=0.50±0.25 ng/g (1s) 
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