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> 1 ppb Os have measured 187 Os/ 188 Os ranging between 0.1296 and 0.1471, with variable Pd and Pt contents. Intermediate shergottites with > 1 ppb Os have chondrite-relative proportions of the HSE at ~ 0.01 to 0.001 × CI chondrites and 187 Os/ 188 Os from 0.1284 and 0.1295. Sulfides are the major host of the HSE, and they control the behavior of the HSE during petrogenetic processes in shergottite magmas, enabling the determination of HSE compatibility for martian magmatism in the order: Os > Ir ≥ Ru ≥≥ Rh ≥ Pd ≥ Re ≥ Pt ≥ Au. Fractionation models of removal of an olivinedominated cumulate recreate HSE patterns for the whole-rock shergottites. Enriched shergottites are best reproduced by 25 to 30% of fractionation from a degassed parent melt (250 ± 50 ppm of S), whereas depleted and intermediate shergottites can be explained by slightly lower fractionation (10 to 15%) from higher S content parent melts (350 ± 100 ppm of S). Sulfur contents in the melt ~ 50% higher than these estimates yield earlier S-saturation during fractional crystallization, leading to an abrupt decrease of the more compatible HSE (Ru, Ir, Os), which is not observed.

These results indicate that the martian mantle and partial melts from it, are probably not anomalously enriched in S, and instead are similar to slightly higher than those of the terrestrial mantle and its partial melts.

INTRODUCTION

The shergottite meteorites enable study of magmatic differentiation processes in Mars, as well as insights into the composition of the martian mantle. Highly siderophile elements (HSE: Au, Re, Pd, Pt, Rh, Ir, Ru and Os) are key tracers to investigate planetary accretion and differentiation processes due to their affinity for metal or sulfide relative to silicate phases, with metal-silicate partition coefficients of ~ 10 4 at low-pressures (1 bar: e.g. [START_REF] Kimura | Distribution of gold and rhenium between nickel-iron and silicate melts: implications for the abundance of siderophile elements on the Earth and Moon[END_REF][START_REF] Jones | Geochemical constraints on core formation in the Earth[END_REF][START_REF] O'neill | Experimental petrochemistry of some highly siderophile elements at high temperatures, and some implications for core formation and the mantle's early history[END_REF][START_REF] Borisov | Experimental determination of the solubility of platinum in silicate melts[END_REF] and between 10 2 -10 7 at pressures ranging from 3.5 and 18 GPa (e.g. [START_REF] Mann | Partitioning of Ru, Rh, Pd, Re, Ir and Pt between liquid metal and silicate at high pressures and high temperatures-Implications for the origin of highly siderophile element concentrations in the Earth's mantle[END_REF], and sulfide-silicate partition coefficients ~ 10 4 at 8 kbar (e.g. [START_REF] Peach | Experimentally determined sulfide melt-silicate melt partition coefficients for iridium and palladium[END_REF]. Extrapolation of martian mantle composition based on shergottite meteorites indicates that Bulk Silicate Mars (BSM) has estimated HSE abundances (i.e., ~ 0.01 x CI-chondrite; [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF], similar to the Bulk Silicate Earth (BSE) (i.e. ~ 0.009 x CIchondrite; Day et al., 2016 and references therein). These geochemical characteristics can be explained by late accretion of broadly chondritic materials to Mars [START_REF] Brandon | Re-Os isotopic evidence for early differentiation of the martian mantle[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF], likely during early and large impact events [START_REF] Bottke | Stochastic late accretion to Earth, the Moon, and Mars[END_REF][START_REF] Brasser | A colossal impact enriched Mars' mantle with noble metals[END_REF]. High pressure and high temperature metal-silicate partitioning within a martian magma ocean have been proposed [START_REF] Mann | Evidence for high-pressure core-mantle differentiation from the metal-silicate partitioning of lithophile and weakly-siderophile elements[END_REF][START_REF] Righter | Highly siderophile element (HSE) abundances in the mantle of Mars are due to core formation at high pressure and temperature[END_REF][START_REF] Brenan | Experimental results on fractionation of the highly siderophile elements (HSE) at variable pressures and temperatures during planetary and magmatic differentiation[END_REF], but lead to a non-chondritic long-term Re/Os ratio, inconsistent with the broadly chondritic measured 187 Os/ 188 Os in shergottites [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF].

The HSE can be used to interrogate metal-silicate and sulfide melt-silicate melt processes on Mars [START_REF] Jones | Signatures of the highly siderophile elements in the SNC meteorites and Mars: a review and petrologic synthesis[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF][START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. In terrestrial igneous systems, the HSE are strongly controlled by sulfides during petrogenetic processes (e.g., [START_REF] Jagoutz | The abundances of major, minor and trace elements in the earth's mantle as derived from primitive ultramafic nodules[END_REF][START_REF] Rehkämper | Nonchondritic platinum-group element ratios in oceanic mantle lithosphere: petrogenetic signature of melt percolation? Earth Planet[END_REF][START_REF] Lorand | Platinum-group element systematics and petrogenetic processing of the continental upper mantle: A review[END_REF][START_REF] O'driscoll | Petrogenesis of the platinum-group minerals[END_REF]. Previous studies have reported that sulfide magmatic characteristics are variably obscured by post-magmatic modification both on Mars and Earth (e.g., [START_REF] Taylor | martian meteorite Dhofar 019: A new shergottite[END_REF][START_REF] Lorand | Sulfide mineralogy and redox conditions in some shergottites[END_REF][START_REF] Gattacceca | Opaque minerals, magnetic properties, and paleomagnetism of the Tissint martian meteorite[END_REF]. Conversely, based on four shergottites, [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF] suggested that the HSE are dominantly found within sulfide assemblages and that shergottite sulfides preserve magmatic HSE signatures. The limited number of shergottite samples reported in previous studies for sulfide compositions, however, means that a full assessment of sulfide control on HSE abundances in shergottites is not currently possible. Furthermore, these types of analyses are important for assessing whether the martian interior has S contents three to four times higher than in BSE (e.g., [START_REF] Ding | New bulk sulfur measurements of martian meteorites and modeling the fate of sulfur during melting and crystallization-Implications for sulfur transfer from martian mantle to crust-atmosphere system[END_REF][START_REF] Yang | Chalcophile element constraints on the sulfur content of the martian mantle[END_REF], or S abundances more akin to the BSE value [START_REF] Wang | Chalcophile elements in martian meteorites indicate low sulfur content in the martian interior and a volatile element-depleted late veneer[END_REF].

Following the study by [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF] to characterize sulfide assemblages in shergottites, we examined sulfide mineral assemblages for 13 shergottites from the three different geochemical groups based on incompatible trace element abundances and lithophile isotope ratios (Fig. 1 NWA 11043). Our new data expands and complements the existing HSE data for sulfide assemblages [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF] as well as Re-Os isotope and HSE abundances of martian shergottite-type meteorites (Birck and Allègre, 1994;[START_REF] Brandon | Re-Os isotopic evidence for early differentiation of the martian mantle[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF][START_REF] Jones | Signatures of the highly siderophile elements in the SNC meteorites and Mars: a review and petrologic synthesis[END_REF][START_REF] Riches | Petrology and geochemistry of Yamato 984028: A cumulate lherzolitic shergottite with affinities to Y 000027, Y 000047, and Y[END_REF][START_REF] Dale | Late accretion on the earliest planetesimals revealed by the highly siderophile elements[END_REF][START_REF] Goderis | Ancient impactor components preserved and reworked in martian regolith breccia Northwest Africa 7034[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF].

PETROGENETIC AND GEOCHEMICAL CHARACTERISTICS OF STUDIED

SHERGOTTITES

Shergottites are the most abundant and diverse of the martian meteorites (89% of the total collection by number). They are igneous rocks, usually divided into three petrographically defined groups: basaltic, olivine-phyric, and poikilitic (ultramafic cumulates). The basaltic shergottites are composed of clinopyroxene (pigeonite and augite) and maskelynite (shocked plagioclase), and have basaltic or diabasic textures, with low Mg# (23-52; Mg# = molar 100*Mg/[Mg + Fe]; Fig. 1) [START_REF] Stolper | Petrology and origin of the shergottite meteorites[END_REF][START_REF] Krot | Classification of Meteorites[END_REF]. Some shergottites, including EETA 79001 and Dar al Gani (DaG) 476, have a porphyritic texture, with megacrysts of olivine, orthopyroxene, and chromite, with a finer-grained groundmass of plagioclase and clinopyroxene (pigeonite) and are referred to as olivine-phyric shergottites. Poikilitic shergottites are magnesian (Mg# ~ 60-70; Fig. 1) olivine-clinopyroxene-chromite cumulates (McSween et al., 1979a,b;[START_REF] Treiman | Comparison of the LEW88516 and ALHA77005 martian meteorites: Similar but distinct[END_REF][START_REF] Krot | Classification of Meteorites[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Lin | Grove Mountains 020090 enriched lherzolitic shergottite: A two-stage formation model[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched, pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]2015;[START_REF] Combs | Petrology of the enriched poikilitic shergottite Northwest Africa 10169: Insight into the martian interior[END_REF][START_REF] Rahib | Mantle source to near-surface emplacement of enriched and intermediate poikilitic shergottites in Mars[END_REF]: they are dominated by coarse-grained poikilitic pigeonite enclosing rounded olivine (and chromite) crystals, whereas the interstitial areas are finer-grained, with more fayalitic olivine, clinopyroxene, maskelynite with accessory phases, such as apatite, merrillite, sulfides, and Fe-Ti-Cr oxides.

Shergottites can also be divided geochemically into three groups based on incompatible trace element abundances and lithophile isotope ratios (Fig. 1 [START_REF] Nyquist | Ages and geologic histories of martian meteorites[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Depleted and enriched shergottites show different initial 87 Sr/ 86 Sr, despite crystallization age corrections, that were originally interpreted to reflect mixing between an enriched crust and depleted mantle [START_REF] Jones | Isotopic relationships among the shergottites, the nakhlites and Chassigny[END_REF], but can also be considered to reflect highly differentiated mantle sources (e.g., [START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF][START_REF] Basu Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatak 06319: Implications for enriched components in martian basalts[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF], with partial melting and mixing of fusible and refractory mantle mixtures [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Enriched shergottites generally have low MgO contents and more fractionated HSE (highly siderophile elements) patterns than depleted or intermediate shergottites, as well as more radiogenic 187 Os/ 188 Os [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Enriched shergottites have similar crystallization ages that range from ~ 150 to 225 Ma [START_REF] Jagoutz | Sr and Nd isotopic systematics in ALHA 77005: Age of shock metamorphism in shergottites and magmatic differentiation on Mars[END_REF][START_REF] Nyquist | Ages and geologic histories of martian meteorites[END_REF][START_REF] Borg | Constraints on the petrogenesis of martian meteorites from the Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottites ALH77005 and LEW88516[END_REF][START_REF] Misawa | Sm-Nd isotopic systematics of lherzolitic shergottite Yamato-793605[END_REF][START_REF] Lapen | Lu-Hf isotope systematics of NWA4468 and NWA2990: Implications for the sources of shergottites[END_REF][START_REF] Shih | Rb-Sr and Sm-Nd studies of olivine-phyric shergottites RBT 04262 and LAR 06319: Isotopic evidence for relationship to enriched basaltic shergottites[END_REF][START_REF] Shih | Sm-Nd and Rb-Sr studies of lherzolitic shergottite Yamato 984028[END_REF][START_REF] Shafer | Trace element systematics and 147 Sm-143 Nd and 176 Lu-176 Hf ages of Larkman Nunatak 06319: Closed-system fractional crystallization of an enriched shergottite magma[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Park | Ar-Ar ages and trapped Ar components in martian shergottites RBT 04262 and LAR 06319[END_REF], whereas depleted shergottites typically have older crystallization ages (from 327 Ma to 2.4 Ga, including NWA 7635 and NWA 8159;[START_REF] Nyquist | Ages and geologic histories of martian meteorites[END_REF][START_REF] Shih | Sm-Nd and Rb-Sr studies of lherzolitic shergottite Yamato 984028[END_REF][START_REF] Brennecka | Insights into the martian mantle: The age and isotopics of the meteorite fall Tissint[END_REF][START_REF] Lapen | Two billion years of magmatism recorded from a single Mars meteorite ejection site[END_REF]. For the purpose of this work, we use the incompatible trace element types of shergottites to distinguish samples [START_REF] Nyquist | Ages and geologic histories of martian meteorites[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF].

ANALYTICAL METHODS

Samples and sample preparation

A total of sixteen martian shergottite polished thick (100 µm) sections were obtained from the ANSMET collection (ALHA 77005,120;EETA 79001,449;LAR 06319,28;LAR 06319,39;RBT 04262,26), the Royal Ontario Museum (DaG 476; NWA 3171; NWA 8679), and private meteorite dealers (NWA 7397; NWA 7755; NWA 10961A; NWA 10961B; NWA 11043; NWA 11065; NWA 12241A; NWA 12241B). Among them, samples of seven shergottites (NWA 7397, NWA 7755, NWA 10961, NWA 11043, NWA 11065, NWA 12241, NWA 12536) were crushed individually in an agate pestle and mortar used only for martian samples. The agate mortar and pestle were cleaned between each sample first by being buffed with KimWipes then cleaned with high purity quartz followed by deionized water and further dried. Approximately 1g of powder was prepared for each sample. Powders were used to quantify 187 Re-187 Os isotopes and HSE abundances.

Chalcophile and highly siderophile element composition of sulfides

Sulfides, previously selected using an optical microscope (see Section 4.1 for petrographic study of the samples), were characterized for major-and trace-element compositions (including Ablation System. Ablation analysis took place in a 3 cm 3 ablation cell. The cell was flushed with a He-gas flow mixed with Ar as a carrier at ~ 1 L.min -1 . ThO/Th and UO/U productions were ~ 0.8 % and ~0.4 % respectively for all analytical sessions. Signals were acquired in Time Resolved Acquisition for 60 s, devoting around 15 s for the blank and 30 s for measurement of the analyses (Fig. S1): beginning of the ablation time was not included to avoid surface effects. Wash time between each analysis was 120 s. The laser was fired using an energy density of ~ 3.4 J.cm -2 at a frequency of 5 Hz and a constant beam size of 100 µm to maximize sensitivity for the HSE.

Standardization was performed using iron meteorites Hoba, Filomena and Coahuila as certified reference material, using preferred values reported by Day et al. (2018b) for the HSE, as well as USGS MRM Mass-1 Powder (CuFeZn sulfide), to minimize matrix effects reported for silicate standards (e.g. [START_REF] Steenstra | Addressing matrix effects for 193 nm excimer LA-ICP-MS analyses of Fe-rich sulfides and a new predictive model[END_REF]. We adapted the method described by [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF] , 193 Ir, 195 Pt, 197 Au. External reproducibility for most of the siderophile and highly siderophile element abundances for the iron meteorites Hoba, Filomena and Coahuila and chalcophile element abundances for USGS MRM Mass-1 are better than ± 10 to 20% (see Table S1 for details). The isotope 57 Fe was used as the internal reference element using the Fe values of pyrrhotite from the literature or assumed as 62 wt.% (see [START_REF] Lorand | Sulfide mineralogy and redox conditions in some shergottites[END_REF][START_REF] Basu Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatak 06319: Implications for enriched components in martian basalts[END_REF][START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF] for Fe contents in sulfide assemblages in some shergottites) if the sulfide assemblage was only previously described qualitatively (see Table S2). Variations in Fe abundances within pyrrhotite (between 60 and 62 wt.%) generate minor variations in calculated HSE abundances in the sulfide assemblages (< 3% of total variation). Between 11 and 37 sulfides, ~ 100 µm in diameter or larger (comparable to the beam size) to ensure maximum count detection for the HSE during each ablation session, were measured in each section. The average chalcophile and highly siderophile element abundances of each sample are reported in Table 1 (the detailed composition of each sulfide for all the sections analyzed in this study is reported in Table S3).

Sensitivity tests were conducted during each analytical session, regularly obtaining ~200 cps/ppm for the HSE and higher sensitivities of other siderophile elements (e.g., > 200-1000 cps/ppm for Zn, Cu, Ni and Co) for 100 µm spots. Typical background over a 20 second period were << 1 cps for the HSE and a limit of blank of 2.7 cps. This means a limit of detection at 5 cps for the HSE, equating to ~ 0.03 ppm and a conservative limit of quantification of 0.06 ppm.

Highly siderophile element composition of bulk rock shergottites

Seven shergottites were analyzed for highly siderophile element abundances and Os isotope compositions. Osmium isotope and HSE abundance analyses were performed at the Scripps Isotope Geochemistry Laboratory (SIGL). Typically, ~ 300 mg of finely ground and homogenized sample powder was precisely weighed and then digested in sealed 10 cm long borosilicate Carius tubes using a mixture of multiply Teflon distilled HCl (2 mL) and 'purged' HNO3 (3.5 mL; expunged of Os using H2O2), with isotopically enriched multi-element spikes ( 99 Ru, 106 Pd, 185 Re, 190 Os, 191 Ir, 194 Pt). Digestions lasted for 72 hours in an oven at a maximum temperature of 240 °C.

After digestion, Os was extracted from aqua regia in three steps using CCl4 and then back-extracted using HBr [START_REF] Cohen | Separation of osmium from geological materials by solvent extraction for analysis by thermal ionisation mass spectrometry[END_REF], before being purified by micro-distillation [START_REF] Birck | Re-Os isotopic measurements at the femtomole level in natural samples[END_REF]. The other HSE (Re, Pd, Pt, Ru, Ir) were recovered and purified from the residual solutions using anion exchange column chemistry (Day et al., 2016). Osmium isotopic measurements were performed using a Thermo Scientific Triton thermal ionization mass spectrometer in negative ion mode, and Re, Pd, Pt, Ru and Ir abundances were measured for 30 cycles (dwell time of 0.15 s for Pd, Pt Ru and Ir, and 0.2 s for Re) using a Thermo Scientific iCaP Qc ICP-MS coupled to a Cetac Aridus II desolvating nebulizer. Osmium isotope and abundance data were appropriately oxide-, fractionation-, spike-and blank corrected. Precision for 187 Os/ 188 Os, determined by repeated measurements of the 35 pg UMCP Johnson-Matthey standard, was better than ± 0.7% (0.11441 ± 0.00083; 2SD; n = 9). Rhenium, Pd, Pt, Ir and Ru isotopic ratios were corrected for mass fractionation using the deviation of standards measured during the run over the natural ratio of the element (Table S4). External reproducibility on HSE analyses was better than 0.3% for 0.5 ppb solutions and all reported values are blank corrected. Total procedural blanks run with samples had 187 Os/ 188 Os = 0.49 ± 0.2 (n = 3; 1 s.d.), with quantities (in ng) of 0.002 ± 0.001 [Re], 0.04 ± 0.02 [Pd], 0.03 ± 0.02 [Pt], 0.03 ± 0.02 [Ru], 0.007 ± 0.008 [Ir] and 0.0005 ± 0.0002 [Os] (n = 3; 1 s.d.) (see Table S4 for details). Repeat measurements of the ultramafic OKUM-1 komatiite standard, used since its MgO content is similar to some shergottites, gave 187 Os/ 188 Os of 0.2723 ± 0.0060 (n = 2) and HSE abundances consistent with those reported in previous studies (e.g., [START_REF] Savard | Comparison between nickel-sulfur fire assay Te co-precipitation and isotope dilution with high-pressure asher acid digestion for the determination of platinum-group elements, rhenium and gold[END_REF][START_REF] Maier | The concentration of platinum-group elements and gold in southern African and Karelian kimberlite-hosted mantle xenoliths: implications for the noble metal content of the Earth's mantle[END_REF][START_REF] Maier | Platinum-group element contents of Karelian kimberlites: implications for the PGE budget of the sub-continental lithospheric mantle[END_REF][START_REF] Wang | Abundances of sulfur, selenium, tellurium, rhenium and platinumgroup elements in eighteen reference materials by isotope dilution sector-field ICP-MS and negative TIMS[END_REF][START_REF] Chen | Platinum-group element abundances and Re-Os isotopic systematics of the upper continental crust through time: evidence from glacial diamictites[END_REF][START_REF] Van Acken | Formation of high-Al komatiites from the Mesoarchean Quebra Osso Group, Minas Gerais, Brazil: trace elements, HSE systematics and Os isotopic signatures[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Information regarding run statistics can be found in Tables S4 andS5.

RESULTS

Mineralogy and textural characteristics of shergottite sulfide assemblages

The mineralogy and petrography of the sulfide assemblages in DaG 476 and LAR 06319 have been documented previously (DaG 476: Lorand et al., 2005;[START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF]: LAR 06319: Basu Sarbadhikari et al., 2009). For the other samples, only the presence of pyrrhotite has been reported (McSween et al., 1979a,b;[START_REF] Steele | Petrography and mineralogy of two basalts and olivinepyroxene-spinel fragments in achondrite EETA79001[END_REF][START_REF] Mcsween | SNC meteorites: Clues to martian petrologic evolution?[END_REF][START_REF] Anand | Mineralogy and geochemistry of shergottite RBT 04262[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched, pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF][START_REF] Tait | Petrologic and Isotopic Characterization of Enriched Mafic Shergottite Northwest Africa 8679[END_REF]Wang et al., 2017;[START_REF] Gattacceca | The Meteoritical Bulletin, No. 106[END_REF].

The sulfide assemblages in the meteorites studied range from ~ 50 to up to 600 µm in diameter, are mostly intergranular (and occasionally enclosed in silicate minerals) (Fig. 2), and are frequently associated or intergrown with Fe-Ti oxides, such as ilmenite, titanomagnetite, magnetite or ulvöspinel (e.g. [START_REF] Lorand | Sulfide mineralogy and redox conditions in some shergottites[END_REF][START_REF] Basu Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatak 06319: Implications for enriched components in martian basalts[END_REF][START_REF] Balta | Magmatic history and parental melt composition of olivine-phyric shergottite LAR 06319: Importance of magmatic degassing and olivine antecrysts in martian magmatism[END_REF][START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF] (Fig. 2). A few samples have large sulfides, up to 200 µm (NWA 8679, NWA 11065) or even 600 µm (see giant pyrrhotite in Fig. 3 in [START_REF] Rahib | Mantle source to near-surface emplacement of enriched and intermediate poikilitic shergottites in Mars[END_REF]. Minute sulfide grains can also be observed and are perhaps indicative of an infiltrative (Fig. 2k) or droplet texture (Fig. 2j and2l) in NWA 12241. The sulfide assemblages consist predominantly of pyrrhotite, with occurrences of pentlandite in some samples, mostly as exsolutions, as described in previous studies (e.g. [START_REF] Lorand | Sulfide mineralogy and redox conditions in some shergottites[END_REF][START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF]. Pentlandite can also occur at the margins of larger sulfide assemblages (Fig. 2i, 2j and 2k). The presence of troilite has been reported in ALHA 77005 (McSween et al., 1979a;[START_REF] Ma | Complementary rare earth element patterns in unique achondrites, such as ALHA 77005 and shergottites, and in the earth[END_REF][START_REF] Mcsween | SNC meteorites: Clues to martian petrologic evolution?[END_REF] and LAR 06319 [START_REF] Basu Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatak 06319: Implications for enriched components in martian basalts[END_REF], as well as pyrite in LAR 06319 [START_REF] Basu Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatak 06319: Implications for enriched components in martian basalts[END_REF]. Modal abundances of sulfide in shergottites typically range from ~ 0.5 to ≤ 1 modal % (e.g. [START_REF] Lorand | Sulfide mineralogy and redox conditions in some shergottites[END_REF][START_REF] Basu Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatak 06319: Implications for enriched components in martian basalts[END_REF][START_REF] Riches | Petrology and geochemistry of Yamato 984028: A cumulate lherzolitic shergottite with affinities to Y 000027, Y 000047, and Y[END_REF]. No systematic macroscopic distinction is observed between the sulfide assemblages from the three groups of shergottites. Larger sulfides are often fractured (Fig. 2). [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF] reported the presence of submicron scale Pt-(Ir) alloys in several of the shergottite samples that they examined. Pt-rich alloys were also identified in some of the analyzed sulfide assemblages during laser ablation sessions of individual meteorites (up to six alloys per section) in all 13 depleted, intermediate and enriched shergottites. However, there is no systematic macroscopic difference between the sulfides associated with Pt-rich alloys and those free of such alloys (Fig. 2a). These alloys will be described in the following section.

Chalcophile and highly siderophile element composition of shergottite sulfides

Chalcophile and moderately siderophile elements

Nickel abundances in pyrrhotite grains range between 0.1 wt.% up to 5 wt.%, and correlate positively with the Co content of the sulfide assemblages, with each shergottite group defining characteristic, but overlapping, trends (Fig. 3a) (Co in enriched shergottites = 0.04-0.3 wt.% [R 2 = 0.66]; intermediate shergottites = 0.04-0.17 wt.% [R 2 = 0.7138]; depleted shergottites = 0.01-0.17 wt.% [R 2 = 0.7382]; see Tables 1 andS4). Sulfide assemblages with Ni content greater than 3 wt.% Ni are likely to sample exsolved pyrrhotite (e.g. [START_REF] Lorand | Sulfide mineralogy and redox conditions in some shergottites[END_REF]. Sulfides in depleted and intermediate shergottites show a positive overlapping correlation in the Ni-Co diagram, whereas sulfides in enriched shergottites display a more scattered distribution (Fig. 3a). This scatter between Co and Ni in sulfides, especially in the enriched shergottites, is expected from the random sampling of pentlandite exsolutions during LA-ICP-MS analysis. Sulfides in depleted shergottites tend to have lower Co at a given Ni content than those in intermediate and enriched shergottites. Overall, these new data are in good agreement with those reported by [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF]. Even though no strong correlation is observed between Ni and Pb or W in the sulfides, sulfides in enriched shergottites appear to have slightly higher Pb and W contents (0.317 -181.2 ppm and 0.031 -20.28 ppm, respectively) than those in the intermediate and depleted shergottites (0.011 -15.67 ppm and 0.002 -8.35 ppm, respectively) (Fig. S2).

Highly siderophile elements

Osmium, Ir and Ru exhibit positive correlations with Ni content in the sulfides (R 2 of 0.2591, 0.2759 and 0.3549, respectively, for a power law regression), whereas Pt, Pd (and Re) remain relatively constant (R 2 < 0.06 for Pt and Pd) (Figs. 3 andS2). Rhodium, Ru, Ir and Os show affinity for pyrrhotite [START_REF] Lorand | Chalcophile and siderophile elements in mantle rocks: Trace elements controlled by trace minerals[END_REF], and references therein): as previously described by [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF], the role of pyrrhotite as a major carrier for the iridium-group PGE (Os, Ir, Ru, Rh) is also evident through the covariation of Ir and Os, Ru and Rh (Fig. S3). Platinum-rich alloys were identified in some of the analyzed sulfides in all three types of shergottites (Figs. 3,4d,f,h,i,j and S1). Amongst the studied HSE, Pt has the most variable abundance, showing depletions and enrichments (relative to other HSE) for most of the samples.

Sulfide data presented in this study represent the averaged sulfide±Pt-alloy for each measurement, since the measurement protocol used in this study did not allow measurement of these sub-micron alloy compositions individually. Enrichments in Pt in the bulk sulfide assemblages are therefore interpreted as sampling of Pt-rich alloys: in particular, the positive anomaly in Pt for NWA 10961B (Fig. 4d) is due to the presence of a highly enriched Pt-rich alloy (20 ppm Pt for the bulk sulfide assemblage). The same phenomenon is observed for NWA 7397 (Fig. 4i), which contains two of these Pt-rich alloys (15 and 250 ppm Pt respectively for the bulk sulfide assemblages) (Fig. S1c,d). We also observed the presence of sulfides enriched in Ru, Ir and Os in all three groups of shergottites. However, these HSE-rich alloys tend to be less enriched in Ru, Ir and Os than in Pt.

We recorded no systematic morphological differences between the sulfides associated with or without HSE-rich alloys (Figs. 2). The sulfide HSE compositions in shergottites are in good agreement with the previous study from [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF], and in particular for DaG 476, which was measured in both studies (Figs. 3,5 and S3).

Highly siderophile element and osmium isotope composition of bulk rocks

New HSE and Os isotope data for whole-rock samples (NWA 7397, NWA 7755, NWA 10961, NWA 11043, NWA 11065) are in general agreement with previously reported data in terms of relative and absolute HSE abundances (Fig. 5; Table 2) and measured 187 Os/ 188 Os ratios (Fig. 6) [START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. The 187 Os/ 188 Os ratios for the seven new samples range from 0.1284 and 0.1955, overlapping values reported in [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF] [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF] (Fig. 5). Enriched shergottites like NWA 7397 show a similar range of Re abundances to the depleted shergottites but tend to have highly variable Pd and Pt contents, and are depleted in Ru, Ir and Os. Abundances for Pd and Ir reported in this study for NWA 7397 are between 1.5 and 20 times higher, respectively, than those previously reported in [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. The variability observed for the HSE patterns and Os isotope ratios for NWA 7397 between our study and Tait and Day (2018) suggests significant heterogeneity ("nugget effects") due to the limited mass available (~ 50 mg and ~ 300 mg respectively) for the aliquots of this particular shergottite (Figs. 5 and6).

DISCUSSION

Potential disturbance of HSE compositions by late-stage processes

For meteorites recovered in hot deserts, evidence of formation of secondary minerals (e.g. clays, carbonates and sulfates) formed during terrestrial processes have been observed (e.g. [START_REF] Crozaz | Chemical alteration and REE mobilization in meteorites from hot and cold deserts[END_REF], which can modify their lithophile isotope compositions (e.g. [START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF] and potentially disturb their Re-Os isotope systematics. [START_REF] Walker | Rapid effects of terrestrial alteration on highly siderophile elements in the Sutter's Mill meteorite[END_REF] reported Re and minor Os redistribution in chondrites from fresh falls due to short-duration weathering events. No terrestrial alteration products (e.g. clays or carbonates) have been observed in the shergottites examined in this study, although [START_REF] Rahib | Mantle source to near-surface emplacement of enriched and intermediate poikilitic shergottites in Mars[END_REF] reported the presence of a small negative Ce anomaly for NWA 11043, and none of the sulfides analyzed showed any alteration to sulfate. In addition, initial 87 Sr/ 86 Sr ratios for samples investigated here show little variation relative to the 4.5 Ga reference line [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF], supporting limited terrestrial alteration. In terms of late-stage opensystem and post-crystallization impact effects on the Re-Os isotope system and the HSE, there are limited variations in inter-element HSE ratios in the calculated and measured whole-rock compositions (Figs. 5 and7), suggesting that limited modifications affected these shergottites after crystallization. Both measured and estimated whole-rock compositions show Re depletion relative to Pd (Figs. 4, 5 and S3), which is likely explained by redistribution of Re due to mobility during terrestrial alteration [START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF][START_REF] Hyde | Characterization of weathering and heterogeneous mineral phase distribution in brachinite Northwest Africa 4872[END_REF][START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF], with no indication that the other HSE have been impacted by recent terrestrial or martian weathering processes. Additionally, all calculated and measured HSE compositions show highly fractionated HSE patterns relative to CI-chondrites and suprachondritic 187 Os/ 188 Os ratios, implying limited (chondritic) regolith contamination. This is supported by S isotope compositions for the shergottites considered in this study, which do not show any anomalous ∆ 33 S, which is associated with assimilation of crustal material into melts, with the exception of LAR 06319 (e.g. Farquhar et al., 2000;[START_REF] Franz | Isotopic links between atmospheric chemistry and the deep sulphur cycle on Mars[END_REF][START_REF] Franz | A new type of isotopic anomaly in shergottite sulfides[END_REF].

Sulfides are the major carrier of the HSE in shergottites

By combining HSE abundances measured in the bulk sulfide-alloy assemblages in the shergottites with typical shergottite sulfide modal abundances [≤1 modal %; e.g., Basu [START_REF] Basu Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatak 06319: Implications for enriched components in martian basalts[END_REF], [START_REF] Riches | Petrology and geochemistry of Yamato 984028: A cumulate lherzolitic shergottite with affinities to Y 000027, Y 000047, and Y[END_REF]], it is possible to estimate HSE bulk compositions for the shergottites, assuming 1 modal % of sulfide (Fig. 5). The estimates of the HSE abundances for the shergottites plot within the range of HSE compositions measured for whole-rock samples.

These observations confirm that the sulfides are the major carrier of the HSE and that they control the behavior of the HSE during petrogenetic processes, as previously described in shergottites [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF], and in terrestrial magmatic rocks (e.g., Gannoun et al., 2016 and references therein). Overall, HSE ratios such as Pt/Ir or Re/Os, Pd/Ir and Ru/Ir are also consistent between sulfides and whole-rocks (Fig. 7). Relative HSE abundances between calculated (using average sulfide compositions) and measured whole-rock compositions are also consistent (Fig. 5), and present comparable behavior with decreasing MgO content (Figs. 7 and8).

Behavior of the HSE during fractional crystallization in martian magmas

The positive correlation between MgO and Ru, Ir and Os in the whole-rocks, and the correlations between Ru, Ir, Os and Ni (and between Ru, Os and Ir) in sulfides (see figure captions for R 2 values) suggest that these elements behave compatibly during martian magma fractional crystallization processes (Figs. 3,8 and S3). Such correlation is not evident between MgO and Pd, Pt or Re. The calculated whole-rock compositions for most of the depleted and intermediate shergottites show broadly flat HSE patterns, whereas enriched shergottites tend to have more fractionated HSE patterns, with depletion in Ru, Ir and Os and relative enrichments in Pd (Fig. 5).

However, most of the shergottites from the three groups show a decoupling between Pd and Pt, with depletion in Pt relative to Pd. When plotted versus Ir, the contents of Au, Pt, Re and Pd slightly decrease with decreasing Ir, with the most scatter observed for Au and Pt (Fig. S3).

Conversely, strong correlations are observed between decreasing Rh, Ru and Os with decreasing Ir, supporting the following compatibility order during martian petrogenetic processes: Os > Ir ≥ Ru ≥≥ Rh ≥ Pd ≥ Re ≥ Pt ≥ Au (Fig. S3). With the exception of Pt, which appears to behave more incompatibly than previously thought, this order of compatibility is consistent with previous work on HSE behavior during martian magmatic differentiation (e.g., [START_REF] Jones | Signatures of the highly siderophile elements in the SNC meteorites and Mars: a review and petrologic synthesis[END_REF][START_REF] Riches | Petrology and geochemistry of Yamato 984028: A cumulate lherzolitic shergottite with affinities to Y 000027, Y 000047, and Y[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Additionally, Pt/Ir, Re/Os, Pd/Ir and Ru/Ir (and Pd/Os) ratios increase with decreasing MgO content, with low-MgO enriched shergottites having more variable ratios of these elements than high-MgO enriched shergottites and depleted shergottites (e.g., Fig. 7a andc). Such characteristics are consistent with the overall compatible behavior of the HSE during fractional crystallization. Similar behavior with increasing differentiation indicators has previously been observed for terrestrial continental flood basalts (e.g., Rocha-Junior et al., 2012;[START_REF] Day | Highly siderophile element behaviour during flood basalt genesis and evidence for melts from intrusive chromitite formation in the Mackenzie large igneous province[END_REF] and ocean island basalts (e.g., [START_REF] Jamais | PGE and Os-isotopic variations in lavas from Kohala Volcano, Hawaii: constraints on PGE behavior and melt/crust interaction[END_REF]. [START_REF] Day | Highly siderophile element behaviour during flood basalt genesis and evidence for melts from intrusive chromitite formation in the Mackenzie large igneous province[END_REF] All shergottite sulfides show negative Zn anomalies relative to Cu and Se in chondritenormalized element plots (Fig. 4). We define Zn anomalies as:

𝑍𝑛 𝑍𝑛 * = 𝑍𝑛 " $𝐶𝑢 " 𝑥 𝑆𝑒 "
where n indicates normalization to the CI-chondrites from [START_REF] Mcdonough | The composition of the Earth[END_REF]. Zinc/Zn* does not correlate with the Ni content in the sulfide assemblages (Fig. S6), which suggests that Zn fractionation involves another silicate or oxide phase. Zinc can be fractionated into silicate phases such as olivine, and orthopyroxene, as well as oxide phases such as ilmenite or spinel (e.g. partition coefficients in Le [START_REF] Le Roux | Mineralogical heterogeneities in the Earth's mantle: constraints from Mn, Co, Ni and Zn partitioning during partial melting[END_REF]. Note that the magnitude of the Zn anomaly in the average sulfide broadly correlates with the TiO2 content in the whole-rocks (Fig. S6b), which suggest ilmenite fractionation. Sulfide and oxide phases are closely associated in most of the shergottite samples. In poikilitic shergottites, sulfides and oxides are mostly present in non-poikilitic regions, consistent with late-stage crystallization. However, modal abundances of oxide phases only represent a small fraction of the shergottites (up to 4-5 modal %; e.g., [START_REF] Lorand | Sulfide mineralogy and redox conditions in some shergottites[END_REF][START_REF] Basu Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatak 06319: Implications for enriched components in martian basalts[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Riches | Petrology and geochemistry of Yamato 984028: A cumulate lherzolitic shergottite with affinities to Y 000027, Y 000047, and Y[END_REF][START_REF] Balta | Magmatic history and parental melt composition of olivine-phyric shergottite LAR 06319: Importance of magmatic degassing and olivine antecrysts in martian magmatism[END_REF][START_REF] Rahib | Mantle source to near-surface emplacement of enriched and intermediate poikilitic shergottites in Mars[END_REF]. The fractionation modeling used in this study does not take into account the role of ilmenite fractionation with sulfides in the crystallization history of shergottites. However, we acknowledge that it will modify late-stage formation of sulfide with changing oxygen fugacity (ƒO2). Even though ilmenite fractionation would trigger a slightly earlier onset of S-saturation, the main control will remain the fractionation of silicate phases.

Oxygen fugacity values obtained from early-crystallizing mineral assemblages in shergottites provide constrains on the redox conditions of their magmatic source (e.g. [START_REF] Wadhwa | Redox state of Mars' upper mantle and crust from Eu anomalies in shergottite pyroxenes[END_REF][START_REF] Herd | Oxygen fugacity and geochemical variations in the martian basalts: Implications for martian basalt petrogenesis and the oxidation state of the upper mantle of Mars[END_REF]. It has been suggested that there is a correlation between the magmatic source redox conditions and the degree of LREE-enrichment in the shergottites, with the depleted source region being more reduced and the enriched source being more oxidized (e.g., [START_REF] Wadhwa | Redox state of Mars' upper mantle and crust from Eu anomalies in shergottite pyroxenes[END_REF][START_REF] Herd | Oxygen fugacity and geochemical variations in the martian basalts: Implications for martian basalt petrogenesis and the oxidation state of the upper mantle of Mars[END_REF][START_REF] Herd | The oxygen fugacity of olivine-phyric Martian basalts and the components within the mantle and crust of Mars[END_REF][START_REF] Hui | Petrogenesis of basaltic shergottite Northwest Africa 5298: Closed-system crystallization of an oxidized mafic melt[END_REF]. Poikilitic textures represent early-stage crystallization and accumulation and appear more reduced (FMQ -2.3 ± 0.2) than late-stage non-poikilitic regions, which are more oxidized (FMQ -1.1 ± 0.1), suggesting degassing with possible auto-oxidation and/or crustal contamination during magma crystallization (e.g. [START_REF] Howarth | Trace elements in olivine and the petrogenesis of the intermediate, olivine-phyric shergottite NWA 10170[END_REF][START_REF] Combs | Petrology of the enriched poikilitic shergottite Northwest Africa 10169: Insight into the martian interior[END_REF][START_REF] Rahib | Mantle source to near-surface emplacement of enriched and intermediate poikilitic shergottites in Mars[END_REF]. The process of auto-oxidation occurs throughout crystallization and can account for an increase in ƒO2 of ~ 1 log unit: the melt becomes enriched in Fe 3+ , and latestage phases such as spinel or ilmenite incorporate it, leading to more oxidized late-stage melts [START_REF] Peslier | Crystallization, melt inclusion, and redox history of a martian meteorite: Olivine-phyric shergottite Larkman Nunatak 06319[END_REF][START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF]. Because changes in ƒO2 > 1 log unit amongst shergottites cannot be accounted by auto-oxidation only, late-stage degassing and/or assimilation of oxidized crust have been proposed to explain such variations in the redox conditions of these magmas (e.g. [START_REF] Peslier | Crystallization, melt inclusion, and redox history of a martian meteorite: Olivine-phyric shergottite Larkman Nunatak 06319[END_REF][START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate martian meteorites[END_REF][START_REF] Balta | Magmatic history and parental melt composition of olivine-phyric shergottite LAR 06319: Importance of magmatic degassing and olivine antecrysts in martian magmatism[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched, pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF][START_REF] Howarth | Evidence for the exsolution of Cl-rich fluids in martian magmas: Apatite petrogenesis in the enriched lherzolitic shergottite Northwest Africa 7755[END_REF][START_REF] Howarth | Petrogenesis of basaltic shergottite Northwest Africa 8657: Implications for fO2 correlations and element redistribution during shock melting in shergottites[END_REF][START_REF] Mccubbin | Heterogeneous distribution of H2O in the martian interior: Implications for the abundance of H2O in depleted and enriched mantle sources[END_REF][START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF][START_REF] Howarth | Trace elements in olivine and the petrogenesis of the intermediate, olivine-phyric shergottite NWA 10170[END_REF]Combs et al., 2019). Along these lines, it is notable that W, a redox sensitive element shows pronounced enrichment in the later stage oxidized enriched shergottites relative to the depleted shergottites (Figs. 4 andS2). These observations suggest that W behaves similarly in martian magmas as in terrestrial magmas.

Decoupling between Pd and Pt in sulfide shergottites

The variability in Pd and Pt observed for all groups of shergottites (Fig. 8) cannot be reproduced by fractional crystallization alone and requires either variable Pd and Pt initial abundances or a different behavior of Pd and Pt during fractional crystallization. [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF] proposed that Pd and Pt may also have behaved perfectly incompatibly during crystal-liquid fractionation in enriched shergottite magmas. We also observe that Pt in sulfides shows a more incompatible behavior than previously thought, behaving even more incompatibly than Pd (Figs.

and S3).

The HSE behavior during fractional crystallization depends on the sulfur content of the parental magma, amongst other parameters. Variations in the redox conditions of the parental magmas of the shergottites due to magmatic degassing (e.g., [START_REF] Balta | Magmatic history and parental melt composition of olivine-phyric shergottite LAR 06319: Importance of magmatic degassing and olivine antecrysts in martian magmatism[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched, pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF][START_REF] Howarth | Evidence for the exsolution of Cl-rich fluids in martian magmas: Apatite petrogenesis in the enriched lherzolitic shergottite Northwest Africa 7755[END_REF][START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF] would have a strong effect on Pt partitioning during petrogenetic processes on Mars. Platinum-rich alloys could therefore be segregated under more reduced conditions, either prior or during sulfide saturation, leading to the crystallization of sulfides with Pt depletions relative to Pd, and/or to sulfides containing Pt-rich alloys. This process, also proposed for terrestrial samples (e.g. [START_REF] Wainwright | Nanoscale variations in 187 Os isotopic composition and HSE systematics in a Bultfontein peridotite[END_REF], or for martian shergottites [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF], could explain the depletions and enrichments in Pt in some sulfides, such as in NWA 7397, NWA 7755, NWA 8679, NWA 11043 and RBT 04262 (Figs. 4 and S1) but would benefit from experimental constraints and direct imaging of the Pt-alloys.

Estimates of sulfide fractionation and implications on the sulfur content in the martian mantle

To quantify the role of fractional crystallization and sulfide saturation on HSE compositions of shergottites, we used a fractional crystallization model similar to the calculations in [START_REF] Day | Highly siderophile element behaviour during flood basalt genesis and evidence for melts from intrusive chromitite formation in the Mackenzie large igneous province[END_REF] and [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. We assume fractionation of an olivine-dominated cumulate to account for the decrease in MgO content of the residual melt, together with S-saturation in the melt depending on the initial S content, decreasing MgO content and temperature.

The MgO content of the parent melt of the shergottites was obtained using a log-log variation diagram of Al2O3 versus MgO, which allows discrimination between samples that witnessed olivine and clinopyroxene accumulation or removal by a break in slope at ~ 19 wt.% MgO, which corresponds to ~ 4 to 5.5 wt.% Al2O3 (e.g. [START_REF] Day | Highly siderophile element behaviour during flood basalt genesis and evidence for melts from intrusive chromitite formation in the Mackenzie large igneous province[END_REF]. The parent melt HSE composition is estimated using HSE-MgO regression methods for an initial MgO content of 19 wt.% (Table S6).

The method used to estimate the parent melt composition is associated with large uncertainties for HSE abundance estimates, which likely explains why we are not able to reproduce the exact compositional range of the shergottites. The behavior of the HSE during fractional crystallization depends on several parameters such as the HSE partition coefficients into the sulfides, S and MgO content of the parent melt, FeS activity, and silicate minerals in the assemblage. The incompatible behavior of Pd and Pt during melting/fractional crystallization processes are driven by sulfide liquid/sulfide solid partitioning, whereas Ru, Ir and Os are compatible, and Re is controlled by silicate minerals to a larger extent due to its lesser affinity for sulfide [START_REF] Bockrath | Fractionation of the platinum-group elements during mantle melting[END_REF][START_REF] Ballhaus | Fractionation of the noble metals by physical processes[END_REF]. Model parameters are presented in Table S6: partition coefficients are derived from [START_REF] Day | Hotspot volcanism and highly siderophile elements[END_REF] for olivine, and [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF] for sulfide, with Pt being more incompatible in sulfide than Re and Pd as described in Section 5.3. Fractional crystallization models were calculated for variable initial S contents of the parent melt (200,250,300,350,400,450 and 680 ppm): the range 200-450 ppm of S appears to represent the best fit for the HSE abundances in the shergottites. We also show the fractional crystallization model for a S content of 680 ppm as a maximum possible value: for a S content > 690 ppm, S-saturation is reached instantaneously and does not reproduce the HSE compositions observed in shergottites.

Fractional crystallization modeling is able to reproduce the observed HSE patterns for the whole-rocks for 30 to 35% fractionation for the enriched shergottites, and for 25 to 30% fractionation for the depleted and intermediate shergottites, from a parent with 250 ppm of S (Figs. 5 and8). This result is consistent with previous studies, with up to 30% of fractional crystallization of an olivine-dominated cumulate to reproduce the HSE patterns of whole-rock shergottites [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Because fractionation of a different mineral assemblage (e.g., olivine ± pyroxene) does not account for the range of HSE values observed for low-MgO enriched shergottites, they are likely derived from slightly higher degrees of fractionation (up to 35%) from a parent melt with lower initial S content (S = 200 ppm), or slightly lower degrees of fractionation from a parent melt with higher initial S content (S = 300 ppm). Additionally, low-MgO depleted shergottites (calculated = EETA 79001, LAR 06318, NWA 11065; measured = Dho 019, EETA 79001, NWA 2990) show an earlier decrease in more compatible HSE (Ru, Ir, Os), which could be explained by higher S content in the initial melt (350-450 ppm), yielding to earlier S-saturation in the fractionation sequence and lower fractionation degrees (10-15 ± 5%) (Fig. 8).

Fractional crystallization modeling can reproduce the fractionation behavior of Ru, Ir and Os in the calculated and measured whole-rocks, including those for which sulfide HSE abundances have not been obtained [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. The HSE compositions of the low-MgO enriched shergottites could be explained by higher degrees of fractionation of a parent melt similar to that of the depleted shergottites in HSE abundances and MgO content, with lower initial S content (250 ± 50 ppm), whereas depleted and intermediate shergottites would derive from higher S parent melts (350 ± 100 ppm; Figs. 5 and8). The composition of the parent melt for the enriched shergottites is similar to that of the depleted and intermediate shergottites in terms of the HSE but with different S contents, which could be accommodated by variable amounts of magmatic degassing (a lower sulfur content through outgassing will lead to a higher fO2, consistent with the enriched shergottites). This is consistent with late-stage magmatic degassing of volatiles, and in particular water (halogens and sulfur) suggested during the crystallization history of shergottites (e.g., [START_REF] Balta | Magmatic history and parental melt composition of olivine-phyric shergottite LAR 06319: Importance of magmatic degassing and olivine antecrysts in martian magmatism[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched, pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF][START_REF] Howarth | Evidence for the exsolution of Cl-rich fluids in martian magmas: Apatite petrogenesis in the enriched lherzolitic shergottite Northwest Africa 7755[END_REF][START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF]; because sulfur contents are insufficient to initiate bubble nucleation even in supersaturated systems, water and sulfur tend to degas together in basaltic magmas (e.g., Moore and Schilling, 1973). Overall, assuming that the parent melt of the shergottites is representative of the martian mantle composition, our results argue in favor of a low S content in the martian mantle, similar to values proposed by [START_REF] Wang | Chalcophile elements in martian meteorites indicate low sulfur content in the martian interior and a volatile element-depleted late veneer[END_REF]360 ± 120 ppm), and lower than previously suggested by [START_REF] Ding | New bulk sulfur measurements of martian meteorites and modeling the fate of sulfur during melting and crystallization-Implications for sulfur transfer from martian mantle to crust-atmosphere system[END_REF]< 700-1000 ppm), or [START_REF] Yang | Chalcophile element constraints on the sulfur content of the martian mantle[END_REF]1,050 ± 250 ppm). It is notable that very high S contents in the martian mantle would also likely lead to residual sulfide in the mantle sources of shergottites and anomalously low Cu/Yb in shergottites, which is not observed (e.g., Day et al., 2018a).

Additionally, [START_REF] Steenstra | A synthesis of geochemical constraints on the inventory of light elements in the core of Mars[END_REF] modeled the S contents of the martian core and mantle: they reported a plausible range of martian bulk S contents even lower (70 -240 ppm) than the proposed value of 360 ± 120 ppm from [START_REF] Wang | Chalcophile elements in martian meteorites indicate low sulfur content in the martian interior and a volatile element-depleted late veneer[END_REF], arguing that it would imply bulk Mars S contents to be suprachondritic, and collectively favor a low S content for the martian mantle.

Nature of the shergottite source regions

The classification of shergottites as depleted, intermediate and enriched implies long-lived incompatible trace element depleted-and enriched-sources in Mars, implying either mixing of an enriched crust and depleted mantle [START_REF] Jones | Isotopic relationships among the shergottites, the nakhlites and Chassigny[END_REF], highly differentiated mantle sources (e.g., [START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF][START_REF] Basu Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatak 06319: Implications for enriched components in martian basalts[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF] or variable Rb/Sr, Re/Os and Sm/Nd ratios in their sources due to partial melting of mixtures of fusible and refractory mantle [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Mixing models proposed by previous studies suggested that intermediate shergottites are derived from the mixing between ancient depleted and enriched mantle reservoirs within Mars, with shergottites describing different mixing curves in radiogenic isotope space (e.g., [START_REF] Debaille | martian mantle mineralogy investigated by the 176 Lu-176 Hf and 147 Sm-143 Nd systematics of shergottites[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Shergottite source regions are considered to have been generated from partial melting of cumulates (with various amounts of trapped residual melt) formed at various stages of crystallization of a magma ocean (e.g., [START_REF] Debaille | martian mantle mineralogy investigated by the 176 Lu-176 Hf and 147 Sm-143 Nd systematics of shergottites[END_REF][START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF][START_REF] Lapen | A younger age for ALH84001 and its geochemical link to shergottite sources in Mars[END_REF][START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF]. They may also have been produced from hybridized melts from discrete long-term incompatible element-depleted and enriched mantle reservoirs, or from interaction with metasomatized martian lithosphere (e.g., Day et al., 2018a). [START_REF] Barnes | Multiple early-formed water reservoirs in the interior of Mars[END_REF] recently proposed that the martian mantle is chemically heterogeneous with distinct water reservoirs, indicating poor mixing within the mantle after accretion and differentiation, inconsistent with a globally extensive magma ocean, which would have homogenized H-isotopic and other geochemical differences among disparate planetary building blocks.

Enriched shergottites are characterized by age-corrected radiogenic 87 Sr/ 86 Sr, 143 Nd/ 144 Nd, and 187 Os/ 188 Os (Tait and Day, 2018 and references therein), but also by generally lower MgO contents and more fractionated HSE patterns than depleted or intermediate shergottites.

Fractionation modeling suggests that shergottites could derive from a range of similar parental melts in terms of the HSE, which underwent various degrees of fractionation and volatile magmatic degassing (Figs. 5 and8). Regardless of the models for the differentiation of the martian mantle, these results therefore suggest that the HSE appear to be relatively homogeneously distributed throughout the source regions of the shergottites.

CONCLUSIONS

We present chalcophile (Cu, Se, Zn, Pb), siderophile (Ni, Co, W) and highly siderophile element (HSE: Au, Re, Pd, Rh, Pt, Ru, Ir, Os) abundances for sulfide assemblages in 13 martian shergottites, and report new whole-rock HSE abundance and 187 Os/ 188 Os data for seven shergottites. These new data significantly expand and complement existing HSE data for sulfide assemblages, as well as Re-Os isotope and HSE abundances in whole-rock shergottites. Calculated whole-rock HSE compositions from the sulfide abundances suggest that the sulfides are the major carrier of the HSE and that they control the behavior of the HSE during petrogenetic processes in martian magmas, enabling the determination of HSE compatibility for martian magmatism in the order: Os > Ir ≥ Ru ≥≥ Rh ≥ Pd ≥ Re ≥ Pt ≥ Au. Fractionation models of an olivine-dominated cumulate recreates HSE patterns for the whole-rock shergottites. Enriched shergottites are best reproduced by 25 to 30% of fractionation from a degassed parent melt (250 ± 50 ppm of S), whereas depleted and intermediate shergottites can be explained by slightly lower fractionation degrees (10-15%) from higher S content parent melts (350 ± 100 ppm of S). Both enriched and depleted shergottites provide evidence for a S contents in the martian mantle that are similar to the Earth's. 2012) and [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. The grey field represents the present day chondritic 187 Os/ 188 Os range [START_REF] Walker | Comparative 187 Re-187 Os systematics of chondrites: Implications regarding early solar system processes[END_REF]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). starting S contents (200 ppm, 250 ppm, 300 ppm, 350 ppm, 400 ppm, 450 ppm and 680 ppm). We assume a starting composition for the HSE using a MgO-HSE regression method for MgO values of 19 wt.%. Model parameters are reported in Table S6. Dots correspond to a 5% increment of the fractional crystallization model. In (a), (b) and (c), the models overlap due to the incompatible behavior of Re, Pd and Pt during fractional crystallization. For a lower S content in the initial melt, the S-saturation is reached later in the fractionation sequence, leading to a more delayed abrupt decrease of the more compatible HSE (Ru, Ir, Os). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). Os (ppm) g Fig. S3. Binary diagrams for selected highly siderophile elements in sulfides (including those containing Pt-alloys). Ir, used as an indicator of crystallization, versus (a) Au, (b) Re, (c) Pd, (d) Rh, (e) Pt, (f) Ru and (g) Os, compared to sulfide data from [START_REF] Baumgartner | The role of sulfides in the fractionation of highly siderophile and chalcophile elements during the formation of martian shergottite meteorites[END_REF]. R 2 values are 0.0162 for Au, 0.2214 for Re, 0.038 for Pd, 0.0213 for Rh, 0.0149 for Pt, 0.5775 for Ru and 0.5214 for Os for a power law regression. Grouping from [START_REF] Nyquist | Ages and geologic histories of martian meteorites[END_REF], [START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF] and [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. 

SUPPLEMENTARY FIGURES

  ): three depleted shergottites (Allan Hills [ALHA] 77005, Dar al Gani [DaG] 476 and Elephant Moraine [EETA] 79001), three intermediate shergottites (Northwest Africa [NWA] 10961A, NWA 10961B, NWA 11065 and NWA 12241) and seven enriched shergottites (Larkman Nunatak [LAR] 06319,28, LAR 06319,39, NWA 3171, NWA 7397, NWA 7755, NWA 8679, NWA 11043, and Roberts Massif [RBT] 04262), using in-situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). New whole-rock HSE abundances and 187 Os/ 188 Os data are also reported for seven of the meteorites (four intermediate shergottites: NWA 10961, NWA 11065, NWA 12241 and NWA 12536; and three enriched shergottites: NWA 7397, NWA 7755,

  Conversely, Au, Re, Pd and Pt show no correlation with Ni or Ir(Figs. 3, S2 and S3). In particular, Pt abundances are highly variable, especially in the enriched and intermediate shergottite sulfides.Sulfide assemblages from different polished sections of the same samples (LAR 06319, NWA 10961, NWA 12241) show similar compositions and the same magnitude of HSE variation(Figs. 4d, 4f, 4g and S4). Sulfides in the depleted and intermediate shergottites show a limited range of variability in their HSE contents (associated with overall higher whole-rock MgO contents), whereas sulfides in enriched shergottites (and to a lesser extent, intermediate shergottites) have more variable HSE patterns, especially for Pt, and are associated with lower whole-rock MgO contents (Fig.4).

  explained this geochemical feature in continental flood basalts as reflecting compatible behavior for Os, Ir and Ru relative to Pt, Pd and Re during fractional crystallization and sulfide segregation, and the data for shergottites suggests similar behavior occurred in Mars.5.4. Effect of silicate and oxide fractionation on S-saturationSulfides in enriched shergottites tend to have lower Ni contents, and higher Co contents at a given Ni, than those in intermediate and depleted shergottites. Consequently, each shergottite geochemical type exhibits a distinct Ni-Co fractionation trend, where the Ni/Co ratio in sulfides is controlled by fractional crystallization (Fig. 3a). Both Ni and Co are compatible in olivine and pyroxene during fractional crystallization, but Ni more so than Co (e.g., Le Roux et al., 2011 and references therein). An initial cumulate (olivine ± pyroxene) will therefore have a high Ni/Co ratio (~ 5), and lead to preferential exhaustion of Ni in the melt, resulting in decreasing Ni/Co ratios as olivine (± pyroxene) is fractionated (Fig. S5). Sulfides in intermediate shergottites show the highest Ni/Co ratios (11.9-24.2), and sulfides in enriched shergottites have the lowest Ni/Co ratios (6.0-17.3), with the sulfides from the depleted group showing intermediate values (12.6-20.6), consistent with intermediate fractionation degrees for depleted shergottites (Fig. S5: up to 15 % for depleted shergottites, up to 10 % for intermediate shergottites and up to 30-40 % for enriched shergottites). Fractional crystallization of mafic silicate assemblages prior to crystallization of the sulfide assemblages therefore likely explains the observed trends in Co and Ni.

FIGURES Fig. 1 .

 1 FIGURES

Samplem

  Fig. 5. CI-chondrite normalized HSE patterns for whole-rock samples and calculated whole-rock compositions from the average sulfide compositions, assuming 1 modal % of sulfide (e.g. Basu Sarbadhikari et al., 2009; Riches et al., 2011) (a) Depleted and intermediate shergottites. (b) Enriched shergottites. Dark grey lines are from this study. Literature data are from Baumgartner et al. (2017) for the sulfide compositions, and from Brandon et al. (2012), and Tait and Day (2018) for the whole-rock compositions. (c -d) Fractional crystallization model (blue lines) for S = 250 ppm (1% fractionation increment; see text for details, and TableS6for the model parameters). Note that the lines representing fractionation degrees between 1 and 21% are overlapping. Normalization values fromDay et al. (2016). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

  Fig. 7. Highly siderophile element (HSE) ratios (a) Pt/Ir, (b) Re/Os, (c) Ru/Ir and (d) Pd/Ir as a function of MgO contents in host rocks. Diamonds correspond to sulfide compositions, circles represent whole-rock data. Literature whole-rock data are from Brandon et al. (2012) and[START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. R 2 values are 0.5634, 0.5145, 0.2556 and 0.3707 for Pt/Ir, Re/Os, Ru/Ir and Pd/Ir respectively, for power or logarithmic law regressions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

  Examples of time-resolved LA-ICP-MS spectra of sulfide grains in NWA 7755 (a) with 1044 a Pt-rich alloy, (b) with no alloy; (c) and (d) in NWA 7397 with two (Pt, Au)-rich alloys. (a) and 1045 (b) correspond to the top right and bottom left sulfides in the panel (a) of Fig. Nickel, used as an indicator of crystallization, versus (a) Pb, (b) W, and (c) Re compared 1048 to sulfide data from Baumgartner et al.

Fig. S4 .

 S4 Fig. S4. CI-chondrite normalized HSE patterns for all sulfide compositions (green: depleted shergottites; yellow: intermediate shergottites; red: enriched shergottites) measured in this study. Normalization values from Day et al. (2016). MgO contents from Tait and Day (2018), Rahib et al. (2019), Udry et al. (2020).

Fig. S6 .

 S6 Fig. S6. (a) Zn/Zn* versus Nin for the sulfide data. (b) Zn/Zn* in the average sulfide versus TiO2 in the whole-rocks.

  

  ): enriched (high La/Yb [> 0.8], high 187 Os/ 188 Os [> 0.141], high 87 Sr/ 86 Sri [> 0.712]), intermediate (intermediate La/Yb [~ 0.4 -0.5], low 187 Os/ 188 Os [< 0.141], low 87 Sr/ 86 Sri [< 0.712]) and depleted (low La/Yb [< 0.4], low 187 Os/ 188 Os [< 0.141], low 87 Sr/ 86 Sri [< 0.712])

  Thermo Scientific iCaP Qc ICP-MS coupled with a New Wave Research UP213 Laser

	highly siderophile elements) in 16 polished thick sections (ALHA 77005; DaG 476; EETA 79001;
	LAR 06319,28; LAR 06319,39; NWA 3171; NWA 7397; NWA 7755; NWA 8679; NWA
	10961A; NWA 10961B; NWA 11043; NWA 11065; NWA 12241A; NWA 12241B; RBT 04262)
	using a

59 Co, 60 Ni, 63 Cu, 66 Zn, 77 Se, 182 W and 208 Pb; 0.05 s for 99 Ru, 101 Ru, 102 Ru, 103 Rh, 105 Pd, 185 Re, 187 Os, 189 Os

  regarding the elements analyzed in the shergottite sulfides and the reference materials. The isotopes 34 S, 53 Cr, 57 Fe, 59 Co, 60 Ni, 63 Cu, 66 Zn, 77 Se, 82 Se, 99 Ru, 101 Ru, 102 Ru, 103 Rh, 105 Pd, 182 W, 185 Re, 187 Os, 189 Os, 193 Ir, 195 Pt, 197 Au, 208 Pb, were used for quantification of concentration. Isotopes 25 Mg, 29 Si, 44 Ca and 53 Cr were monitored to evaluate the ablation of the surrounding silicate phases. Dwell times were chosen as follows: 0.01 s for 25 Mg, 29 Si, 44 Ca, 53 Cr and 82 Se; 0.02 s for 34 S, 57 Fe,

  [START_REF] Brandon | Evolution of the martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile element abundance systematics of shergottite meteorites[END_REF]. Enriched shergottites with > 1 ppb Os have measured 187 Os/ 188 Os ranging between 0.1296 and 0.1471, indicating that enriched shergottites can have broadly chondritic to suprachondritic 187 Os/ 188 Os, similar to intermediate and depleted shergottites. Intermediate shergottites with > 1 ppb Os have 187 Os/ 188 Os from 0.1284 and 0.1295. Intermediate shergottites NWA 7755, NWA 10961, NWA 11043 and NWA 11065 have homogeneous and broadly flat HSE patterns with abundances ∼100 to 1000 times lower than CIchondrite, with slight relative depletions in Re and enrichments in Pd. These HSE compositions are similar to those of the depleted and intermediate shergottites described in
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