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Abstract - Trace elements and extant and extinct isotopic attributes in martian meteorites 

have been used to argue that Mars accreted quickly, differentiated into core and mantle, 

and established several mantle reservoirs, possibly within 10 Ma of T0.  The partitioning 

of trace elements in the deep mantle has been relatively unstudied, despite the need for 

such knowledge in understanding magma ocean crystallization and the origin of depleted 

and enriched mantle reservoirs.  The siderophile element composition of the martian 
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mantle, and lithophile isotopic systems such as Sr, Hf, and Nd, are thought to record 

evidence for early metal-silicate equilibrium and deep magma ocean at an intermediate 

depth and pressure of 800 km or 14 GPa.  We have carried out experiments across this 

pressure range to better understand the mineral/melt partitioning of a wide range of 

elements.  These new data are used to evaluate differentiation models for Mars and to 

help interpret the available isotopic data.  The relatively incompatible nature of Re 

compared to mildly compatible Os means that the crystallization of a deep magma ocean 

will lead to residual liquids with super chondritic Re/Os, and solids with sub-chondritic 

Re/Os.  Such material available in the mantle could be the source of enriched isotopic 

reservoir that produced shergottites with + Os values.  On the other hand, slightly sub-

chondritic Re/Os ratios in the crystallizing solids would provide a reservoir that could 

produce - Os values.  Melting of mixtures of these two enriched and depleted end 

members could explain the Nd-Os isotopic correlations and systematics of shergottites.
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Introduction

Highly and moderately siderophile elements (HSE and MSE, respectively) and Os 

isotopes are used to constrain processes such as accretion, mantle differentiation, crustal 

recycling, and core-mantle mixing, and the timing and depth of differentiation of Mars 

(Walker, 2009; Righter et al., 2015).  Righter et al. (2015), Righter and Chabot (2011), 

Brennan et al. (2020), Rai and van Westrenen, 2014), and Yang et al. (2015) showed that 

the MSE, HSE and volatile contents of the martian mantle (Brandon et al., 2012; Yang et 

al., 2015) could have been established by deep metal-silicate equilibrium in early Mars 

(Figure 1).  Lithophile trace elements and isotopic systems (Rb-Sr, Sm-Nd, Lu-Hf; 

Debaille et al., 2008), moderately volatile, and weakly siderophile elements (MSE, VSE, 

WSE, respectively; Righter and Drake, 1996; Righter and Chabot, 2011; Rai and van 

Westrenen, 2013; Yang et al., 2015; Righter et al., 2015; 2019), and Hf-W isotopes 

(Kleine et al., 2004) have been used to demonstrate that Mars may have experienced a 

deep magma ocean in its early history at a depth corresponding to near 14 GPa and 

temperature of 2400 K.  

While the broadly chondritic HSE and S contents of the martian mantle are primarily 

due to metal-silicate partitioning (Righter et al., 2009, 2015), there are nonetheless 

portions of the martian mantle with sub-chondritic and super-chondritic ratios of the HSE 

(Re/Os) and Os isotopes (Tait and Day, 2018; Day et al., 2016; Brandon et al., 2012).   

Because core formation cannot produce both super- and sub-chondritic mantle reservoirs, 

it is possible that silicate fractionation has also contributed to establishing the major 

martian mantle HSE and Os isotopic reservoirs.  Thus, HSE patterns for the martian 

mantle, whether evaluated by element correlations in martian mantle melts (Tait and Day, 
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2018) or by metal-silicate partitioning calculations, must be explained by a combination 

of realistic core formation and differentiation processes.  

The depleted, intermediate, and enriched shergottites exhibit distinct ranges with 

respect to Os, Sr, Nd, Hf, and W isotopes (e.g., Figure 2) that are thought to result from 

ancient silicate fractionation within a magma ocean.  The enriched and depleted end 

members may represent mixtures of cumulates and residual liquids established within 10-

30 Ma of accretion, as suggested from studies of Sr-Nd-Hf isotopes (Elkins-Tanton, 

2003, 2005a,b; Debaille et al., 2007, 2008).  Production of the enriched end member by 

mixing of trapped melt and depleted cumulates should produce a range of IHSE/CHSE 

ratios (where incompatible HSE or IHSE = Re, Pd, Pt, Au, and compatible HSE or CHSE 

= Ir, Ru, Os).  The role of melts in fractionating Re and Os is well known (Righter et al., 

2008a; Day et al., 2016), and the Re/Os ratio of mixtures of melt and deep mantle 

cumulate phases should also be variable.  However, at the PT conditions proposed for the 

base of the magma ocean for which mineral/melt partitioning of HSE have not yet been 

measured, the deep mantle minerals majoritic garnet and wadsleyite are stable (Bertka 

and Fei, 1998),.  The role of a cooling magma ocean and associated crystallization in 

fractionating the HSEs is thus unclear, and models for shallow versus deeper magma 

ocean crystallization have not been evaluated for Os isotopes.  Early silicate and oxide 

fractionation in a magma ocean setting might be an important secondary process and 

needs to be quantified.      

In addition to mineralogical transitions in the mantle, there might be intra-mantle or 

intra-reservoir fractionations.  For example, as the magma ocean crystallized there could 

have been garnet- or olivine-rich layers that later became gravitationally unstable leading 
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to mixing of cumulates and trapped melt within the mantle (Parmentier and Zuber, 2007; 

Elkins-Tanton et al., 2003).  Because of its multitude of crystal lattice sites and 

compatibility of many trace elements, garnet can play an important role in controlling 

trace element concentrations in planetary mantle reservoirs and thus producing elemental 

fractionation (e.g., van Westrenen and Draper, 2007).  Furthermore, evidence is building 

for multiple mantle reservoirs based on water (D/H) and Pb (Barnes et al., 2020; 

Moriwaki et al., 2020), and mantle heterogeneity in general (Marchi et al., 2020; Brasser 

and Mojzsis, 2017).

Testing magma ocean crystallization models for a multi-element system including 

Os isotopes has been hindered by a dearth of partitioning data for the HSE, especially for 

phases such as deep mantle garnet, ringwoodite and wadsleyite that may be present in the 

martian mantle at conditions proposed by Debaille et al. (2008).  To build on our and 

others’ initial findings for HSE partitioning on low pressure (shallow melting) phases 

(Righter et al., 2004; Brenan et al., 2003, 2005; Sharp et al., 2015; Malavergne et al., 

2016), we examine HSE partitioning at higher PT conditions and search for potential 

deep mantle host phases for Re, Pt and Os.  We begin to examine the partitioning 

behavior of HSEs between these deep mantle phases with a study of partitioning between 

majorite garnet (gt), olivine (oliv), wadsleyite (wads), and silicate liquid (melt).  The new 

partition coefficient data are then utilized to test models of mineral-melt fractionation of 

HSE during the magma ocean stage.  

Experimental methodology
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A silicate composition that represents the Martian mantle was chosen after Wänke 

and Dreibus (1988) and Agee et al. (2004); SiO2 = 44.4, TiO2 = 0.13, Al2O3 = 2.9, FeO = 

17.9, MgO = 30.1, CaO = 2.4, Na2O = 0.5, K2O = 0.04, P2O5 = 0.17, Cr2O3 = 0.8).  

Starting materials for highly siderophile elements (Ru, Rh, Pd, Re, Os, Ir, Pt, Au) were 

powdered metals that were added to the mantle starting composition in equal abundances, 

at a total dopant level of 10 wt%.  HSE have a very low solubility in silicate melts and 

even lower in silicate crystals if they exhibit incompatible behavior.  Therefore, HSE 

were added at these higher wt% levels to make their concentrations higher and detectable 

in the silicate melts and the coexisting crystals.  We know from our previous studies that 

addition of a few wt. % HSE makes the solubility levels high enough to be measured in 

the quenched silicate melts and crystals of the run products (e.g., Righter et al., 2004, 

2015, 2018).  At run conditions, HSE-Fe alloys formed separate droplets, but dissolved 

ppm levels of HSE in the silicate melt (see results section below).  These concentrations 

(ppm) are higher than what is measured in natural samples (ppb), but still relevant to 

understanding and interpreting natural samples.  

Experiments were carried out in the NASA JSC 880-ton multi-anvil press with a 

Walker module between 13 and 19 GPa, using the COMPRES 10/5 assembly 

(Leinenweber et al., 2012) in graphite capsules.  The assembly was calibrated for 

pressure using SiO2 transitions (at 9.4 GPa, 1600 °C), (Mg82Fe18)2SiO4 transitions from 

olivine to wadsleyite (13.4 GPa, 1400 °C), and Mg2SiO4 transitions from wadsleyite to 

ringwoodite (15.0 GPa, 1200 °C, and 20.0 GPa, 1600 °C).  The assembly utilizes 

injection molded octahedra, pyrophyllite gaskets, Re foil furnaces, and type C Re/W 

thermocouples (Righter et al., 2008b).  Uncertainty in pressure and temperature are ±0.5 
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GPa and ±15-20 °C, respectively, based on temperature gradients no larger than 25 °C; 

thermocouple EMF has not been corrected for pressure effect.  The runs were heated to 

between 1730 and 1770 ºC, held for 10-30 minutes, and quenched by cutting the power to 

the furnace (Table 1).    The quenched samples were mounted in epoxy, cut and polished 

and examined by reflected light microscopy, Scanning Electron Microscopy (SEM), 

Electron Microprobe Analysis (EMPA), and Laser Ablation Inductively Coupled Plasma 

Mass Spectroscopy (LA-ICP-MS).

Analytical details

Backscattered electron (BSE) images were obtained using the JEOL LV-5910 and JF-

7600 SEMs, and mineral compositional data were obtained using a Cameca SX-100 

electron microprobe, all at NASA-JSC   Crystals and quenched silicate melts from the 

run products were analyzed by EMPA for major and minor elements, using an 

accelerating voltage of 15 kV and sample current of 20 nA.  Standards used included 

diopside (Ca), natural glass (Si, Al, Mg), rutile (Ti), rhodonite (Mn), chromite (Cr), 

apatite (P), albite (Na, Al), and potassium feldspar (K).  Crystals were analyzed using a 

point beam, whereas multiphase quenched silicate melts were analyzed by rastering the 

beam over a 10 x 10 micron area for multiple different regions that were then averaged. 

Typical uncertainty for major elements analyzed by the NASA-JSC electron microprobe 

is < 2% (see also Righter et al., 2010).The concentrations of HSE, Sc, V, Cr, Mn, Co, Ni, 

Nb, Mo, and W in crystals and quenched silicate melts was determined by LA-ICP-MS at 

the Plasma Analytical Facility at Florida State University using an ESI New Wave™ 

UP193FX excimer laser ablation system coupled to a Thermo Element XR™ ICP-MS 
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(Yang et al., 2018).  The samples were imaged with a reflected light microscope and 

scanning electron microscopy (SEM) at JSC, to avoid metal contamination in selected 

spots or tracks.  25 µm diameter spots and 15 µm wide lines were ablated at 50 Hz. 

Ablation times of 5 seconds were used for spots, while lines were scanned at 5 m/s. 

Spots and lines were examined in time-resolved mode to check for metal contamination, 

and any datum indicating HSE spikes was removed prior to calculating average 

intensities. The abundances of the major elements, Sc, V, Cr, Co, Ni, Nb, Mo, W and 

HSEs were determined using a multi-standard approach discussed elsewhere (Humayun, 

2012; Yang et al., 2015; Yang et al., 2018).  Relative sensitivity factors were obtained 

using the Hoba (IVB) iron meteorite (Walker et al., 2008), the North Chile (Filomena, 

IIAB) iron meteorite (Wasson et al., 1989) and the NIST SRM 1263a steel for siderophile 

elements (Humayun et al., 2007; Gaboardi and Humayun, 2009; Humayun, 2012) and 

NIST SRM 610 glass, USGS basaltic glasses BHVO-2G, BIR-1G, and BCR-2G for 

lithophile elements (Jochum et al., 2011).  

Results

Equilibrium

Several lines of evidence suggest that equilibrium was attained in these 

experiments.  First, crystals and quenched liquids were homogeneous in major element 

composition as measured by EMPA, as opposed to showing zoning as might be expected 

in a system approaching equilibrium.  Second, several elements yielded garnet/melt and 

olivine/melt partition coefficients that are consistent with previous work (see results 
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section below) at equivalent pressures and temperatures. And finally, in runs that 

contained garnet–melt and olivine–melt pairs, FeO–MgO partitioning was consistent with 

equilibrium attained in previous studies.  For example, D(Fe) gt/melt = 0.42 to 0.74 

compared to D(Fe) gt/melt = 0.37-0.99 and D(Mg) gt/melt = 0.45 to 0.98 compared to 

D(Mg) gt/melt = 0.83 to 2.17 from Yasuda et al., 1994; Herzberg and Zhang, 1996).  

Similarly, D(Fe) oliv/melt = 0.4 to 0.53 compared to D(Fe) oliv/melt = 0.48-0.50 and 

D(Mg) oliv/melt = 1.03 to 1.45 compared to D(Mg) oliv/melt = 1.47-1.49 from Herzberg 

and Zhang, 1996).  

In addition to major elements, several refractory elements for which there are 

previous results for comparison, yield partitioning results that suggest an approach to 

equilibrium was achieved.  For example, D(Sc) gt/melt is 2.2 to 3.4 in our experiments, 

overlapping with values measured in previous studies where equilibrium was also 

approached (Draper et al., 2003; Corgne et al., 2012; Suzuki and Akaogi, 1998).  

Similarly, our results for D(Pd), D(Pt) and D(Au) olivine/melt are all mildly to 

moderately incompatible, as also found by Righter et al. (2004) and Sharp et al. (2015) in 

which an approach to equilibrium was demonstrated.  These comparable results suggest 

that even though we don’t have diffusion data for HSE in these phases to establish 

equilibrium values using that approach, the levels measured in silicate phases, the 

homogeneity of the glasses, and the similar partition coefficients all point to an approach 

to equilibrium.

Oxygen fugacity of the experiments and relevance to the martian mantle
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Using olivine-melt equilibria and Mg-Fe partitioning one can calculate the 

composition of olivine in equilibrium with melts in these experiments.  Both experiments 

207 and 258 contain olivine; using Kress and Carmichael (1991) to estimate liquid 

ferric/ferrous ratios at P, T, and variable oxygen fugacity (fO2) combined with Snyder 

and Carmichael (1992) olivine-melt equilibrium show that the Fo92 and Fo95 olivines in 

these two experiments, respectively, are stable at IW+1.  Such fO2 agree with estimates 

for early martian mantle composition (Righter et al., 2008c; Shearer et al., 2006; Karner 

et al., 2007).  

Phase equilibria 

A summary of the experimental results is presented in Table 1.  Experiments were 

done at 13, 14, 15, and 16 GPa.  In the 13 GPa experiment (207), large 150 µm x 500 

µm-sized garnets were stabilized at the center of the sample with adjacent large melt 

regions (Figure 3A,B).  In the 14 GPa experiment (208) medium-sized (~200 µm) 

olivines were stable near the center of the sample container, adjacent to large melt 

regions on each side (Figure 3C,D).  In one experiment at 15 GPa (258) olivine and 

garnet were stable, with olivine crystals 200 µm wide, but garnets typically 50-75 µm 

wide (Figure 3E,F).  This experiment was nearer the solidus, as both olivine and garnet 

were stable, and less melt was present.  In the other 15 GPa experiment (266), the overall 

sample was smaller and crystal-melt pairs were at the edges of the sample.  Wadsleyite 

crystals stabilized in experiment 266 as ~ 30 x 100 µm in size (Figure 3G,H), and 

adjacent to melt patches.  In the 16 GPa experiment (368), wadsleyite dominated the 

center of the capsule and was 100-200 µm in size, and in textural equilibrium with the 

melt portions above and below (Figure 3I,J).  
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All experiments contained metallic liquid droplets (e.g., Figures 3A–J), which 

represent HSE-Fe alloys that stabilized due to saturation of the silicate melts and crystals 

with the HSEs added as dopants.  In studies of HSE partitioning in metal/silicate systems, 

HSE-rich nuggets are known to form and can compromise analyses of experimental 

results.  Previous approaches have used repeated sampling of melts from a large crucible 

at low pressures, or analysis of multiple spots for comparison and potential identification 

of spikes or hot spots of HSE-rich material, or comparison of solubility of specific 

elements such as Pt, Pd, or Au (e.g., Borisov and Palme, 1994; Ertel et al., 2006) to those 

obtained independently where nuggets were known to be absent or minimized.    Our new 

high pressure experiments are smaller in area and thus inherently less flexibility in 

evaluating the presence or influence of micro- or nano-nuggets.   Interpretation of our 

results can only utilize the last approach which is comparison of measured concentrations 

to previous studies where nuggets were thought to be avoided or minimized.  Our melts 

typically have 2.5 to 20 ppm Ru, 87 to 300 ppm Pd, and 10 to 300 ppm Au, all of which 

are comparable to levels measured in previous studies across this temperature range (e.g., 

Righter et al., 2015, 2018; Sharp et al., 2015).  There is one exception - in experiment 

#258 an HSE nugget clearly interfered with the analysis of garnet resulting in 

concentrations as high as 30 to 335 ppm of some HSEs in the analysis. These are 

unreasonably high concentrations – higher than expected solubilities even in a silicate 

melt (e.g., Ertel et al., 2008), and thus are clearly due to a metallic HSE interference; this 

analysis was therefore excluded from the interpretation.  All other HSE concentrations in 

melts from these experiments are within ranges expected for solubility in a silicate melt at 

these T and fO2 conditions (e.g., Ertel et al., 2008; Righter et al., 2015).  These 
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comparable values thus suggest that nugget effects have been minimized (but likely not 

completely eliminated) in these new experiments.

Partition coefficient values and comparison to previous results

Some key findings are highlighted here, but also the new results are tabulated 

along with previous studies for all trace elements in Supplementary Table S1.   Element 

groupings are divided into lithophile, moderately siderophile and chalcophile, and the 

highly siderophile.  Comparison to previous results are made where notable.

Lithophile – B, Sc, V, Cr, Mn, Sr, Y, Zr, Nb, Ba, La,

Boron is incompatible in wadsleyite, with D(B) = 0.06 and 0.3, not much different 

from D oliv/melt values near 0.1.  D(Sc) gt/melt was found to be 2.2 and 3.4 in 

agreement with previous studies (Figure 4A), whereas D(Sc) oliv/melt = 0.02-1.23 and 

D(Sc) wads/melt = 0.46-0.87.  Vanadium is incompatible in all phases, with D(V) from 

0.05 to 0.42 (Figure 4A).  Chromium is compatible in garnet with D=0.67 to 2.34 

(Figure 4A), but incompatible in olivine and wadsleyite D=0.15 -0.32.  Manganese is 

mildly incompatible in garnet with D=0.44-1.02 in contrast with Mn partitioning at 3 GPa 

where it is compatible in garnet, and more incompatible in olivine and wadsleyite with D 

= 0.23-0.41 compared with olivine at 1.5 - 3 GPa (Davis et al., 2013; LeRoux et al., 

2011).  Strontium is incompatible in garnet, olivine and wadsleyite with D = 0.047, 

0.036, and 0.027, respectively.  Finally, Y, Zr, Nb, Ba, and La are all highly incompatible 

in garnet (D<0.004 to 0.028), olivine (0.019 to 0.03 for Nb and 0.00042 and 0.00003, 
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respectively for Ba and La) and wadsleyite (0.019 for Y, 0.03 for Zr, 0.014 for Ba, and 

0.029 for La), in agreement with previous studies (Supplementary Table S1).

Moderately siderophile and chalcophile – Ni, Co, Zn, Mo, W, Ga, Ge, and Cu

Cobalt is mildly incompatible to compatible with D(gt/melt) = 0.6, D(oliv/melt) = 

0.87-0.94, and D(wads/melt) = 0.76-1.19.  Nickel is similar to Cobalt with D(gt/melt) = 

0.64 – 0.99, D(oliv/melt) = 0.42 to 1.51), and D(wads/melt) = 0.82-7.6.  D(Ni) and D(Co) 

olivine/melt are both lower than measured in 1.5 to 2 GPa experiments of LeRoux et al. 

(2011), in which the values of 6-10, and 2-3, respectively.  Zinc is incompatible in garnet 

(D=0.17) and olivine (D=0.36), and slightly more compatible in wadsleyite with D(Zn) = 

0.39–0.56. In contrast, at pressures <3 GPa, Zn has D~1 in olivine and is compatible in 

spinel (Davis et al., 2013).  D(Mo) and D(W) gt/melt were 0.07, slightly higher than 

measured by Righter and Shearer (2003), while D(W) oliv/melt = 0.0017 in good 

agreement with Righter and Shearer (2003).  Gallium is compatible in garnet with D=2.8 

in agreement with previous work (Righter and Drake, 2000; Figure 4A), incompatible in 

olivine, and mildly incompatible to compatible in wadsleyite D=0.11 to 1.38. At 3 GPa, 

Davis et al. (2013) found Ga to be incompatible in garnet but strongly compatible in 

spinel. We surmise that the higher D(Ga) and D(Zn) observed in wadsleyite relative to 

olivine may be related to its spinelloid structure. Germanium is mildly incompatible in 

wadsleyite D = 0.46 (similar to its low pressure partitioning in olivine (Davis et al., 2013; 

Yang et al., 2015; Righter et al., 2018).   Finally, Copper is incompatible in garnet and 

olivine, with slightly more compatibility in wadsleyite with D(Cu) = 0.11–1.02, 

comparable to D(Cu) majorite/melt = 0.6 from Yurimoto and Ohtani (1992).  

Highly siderophile – Ru, Rh, Pd, Re, Os, Ir, Pt, Au
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D(Ru) garnet/melt and olivine/melt are incompatible with values of 0.14 for 

garnet and 0.03 and 0.13 for oliv/melt.  Ruthenium is slightly higher for wads/melt with 

D = 0.58.  Notably, D(Ru) oliv/melt is lower at high pressures; usually near 1 at low P, 

but ~0.1 at high P (Brenan et al. 2003; Righter et al. 2004; Sharp et al. 2015; Figure 4B).  

Sharp et al. (2015) discussed the possibility that pressure may lower the value of D(Ru) 

olivine/melt (at constant fO2), or that a change in Ru valence state occurs over this range 

of fO2 that could account for the stabilization of the partition coefficient below log fO2 = 

-5.  Our results suggest that pressure may be an important variable, since our highest 

pressure olivine-melt experiments are at 14 GPa, where D(Ru) = 0.03 to 0.13 (Table 2), 

but similar oxygen fugacity to the Sharp et al. (2015) experiment.  On the other hand, 

D(Ru) is much higher for wadsleyite/melt with values near 0.6 (Figure 4B). The greater 

compatibility in spinel-structured wadsleyite is perhaps not unexpected given the 

compatibility of Ru in magnesioferrite and chromite (Righter and Downs, 2001; Righter 

et al., 2004). 

Rhodium and Pd exhibit similar partitioning behavior to Ru and both are 

incompatible in garnet and olivine, with values all < 0.25.  Both D(Rh) and D(Pd) 

wads/melt are slightly higher with values of 0.29 and 0.41, respectively.  Rhenium is 

largely incompatible in all phases, with garnet/melt = 0.31 being the highest value.  These 

relatively low values compare with the mildly incompatible values for Re partitioning in 

many common magmatic minerals (e.g., Righter et al., 2004; Mallmann and O’Neill, 

2007).  Osmium is more compatible than Re in every phase, with values from 0.76 in 

garnet, 2.4 in olivine, and 0.33 in wadsleyite.  D(Ir) values are similar to those for Os.  

D(Pt) garnet/melt = 1.78, but lower and all near 0.1 for other phases.  Finally, D(Au) is 

Page 14 of 61Meteoritics & Planetary Science



15

low between 0.01 (oliv) to 0.13 for all other phases.  Although one might argue that the 

high D(oliv/melt) for Os, Ir, and Ru might be due to micronugget inclusions, all three of 

these elements are known to be compatible to mildly incompatible in basic systems.  For 

example, analysis of Puchtel et al. (2001) on separated olivine from a komatiitic basalt 

lava lake revealed that Ru, Os, and Ir were slightly compatible to moderately 

incompatible in olivine (D= 1.7–0.8), in general agreement but also indicating a slight 

increase in compatibility with pressure for Os.

Discussion

Potential for HSE, Sc, and V fractionation in magma ocean setting

Magma oceans are thought to have been common on early solar system bodies, 

for thermal (Tonks and Melosh, 1993) and chemical (Righter, 2003; Righter and Drake, 

1996) reasons, and are part of the current paradigm for differentiated bodies (Elkins-

Tanton, 2012; Greenwood, et al., 2005).  As a magma ocean cools and crystallizes, there 

is potential for fractionation of HSE as mantle phases crystallize out of the molten 

mantle.  HSE are highly compatible in metal and sulfide and thus if either of these phases 

crystallizes out of a magma ocean, the HSE concentrations will be substantially effected.  

Metal segregation from a magma ocean is efficient and metal is not likely to saturate and 

fractionate in the magma ocean stage once a core has formed (Rushmer et al., 2000). 

Sulfide fractionation has been proposed for the early Earth (O’Neill, 1991) and can occur 

in the deepest part of the terrestrial magma ocean if S levels reach those of sulfide 

saturation (SCSS) (e.g., Righter et al., 2018).  Therefore, it is not unreasonable to 
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consider sulfide fractionation from a martian magma ocean.  However, sulfide saturation 

represents a challenge for several reasons.  First, the FeO-rich martian mantle (18 wt% 

FeO) means that it will have a very high SCSS, estimated to be 2200 ppm at 15 GPa 

ranging up to 4300 ppm at 2 GPa based on the appropriately high FeO melt compositions 

of Li and Agee (1996, 2001).  These values are higher than estimates of the S content of 

the post-core formation mantle.  For example, using the core mass fraction of 0.21 

(Longhi et al., 1992), bulk S content of 2.2 % (Lodders and Fegley, 1997), and a D(S) 

metal/silicate partition coefficient of 94 (calculated using the predictive expression of 

Boujibar et al. (2014) for a Wänke and Dreibus (1988) primitive mantle composition, 15 

GPa, 2400 °C, and IW-1.5), results in S content of 975 ppm.  Even if the bulk 

composition was increased to 3 wt% S, the corresponding S content of the magma ocean 

would be 1400 ppm.  These values are in the same range as estimates of 390 ppm 

(Sanloup et al., 1999), 900 ppm (Lodders and Fegley, 1997), <700-1000 ppm (Ding et al., 

2015), and 1050 ppm (Yang et al., 2020).  Even with a substantial amount of 

crystallization and the S content of the magma ocean increasing, the depth (and pressure) 

of the magma ocean will decrease which causes the SCSS to increase to even higher 

values.  For these reasons, sulfide saturation and fractionation in a martian magma ocean 

is unrealistic.    

Because metal and sulfide are not reasonable fractionating phases in a martian 

magma ocean, the role of silicates becomes central to understanding possible 

fractionation of HSEs.   Because silicate liquids are compressible compared to mantle 

minerals such as olivine and garnet, there can be density crossovers in deep magma 

oceans that lead to fractionation of a phase such as olivine or garnet (Agee, 2008).  As a 
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magma ocean cools and crystallizes, there is potential for further fractionation of mantle 

phases as they crystallize out of the molten mantle.  The new results here enable 

examination of these two portions of the early history of Mars – we look at the potential 

for garnet or olivine fractionation on specific HSE ratios, and then model the 

crystallization of a martian magma ocean, looking at the concentrations of HSE in the 

cumulate solids and liquids as crystallization proceeds.   Examining Re/Os and Pt/Os 

ratios, combined with other lithophile isotopic systems such as Lu/Hf, Sm/Nd, and Rb/Sr, 

will allow evaluation of how super– and sub-chondritic early martian Os isotopic 

reservoirs were generated.

Sc and V are both refractory elements not affected by volatilization processes.  

Because mineral/melt V partitioning is sensitive to fO2 variation, and Sc is not, V/Sc 

ratios in mantle melts have been used to calculate the fO2 of terrestrial mantle sources (Li 

and Lee, 2004; Mallmann and O’Neill, 2009).  Application to martian mantle is hindered 

due to a lack of direct samples of the martian mantle.  However, there is general 

agreement that the martian mantle experienced a deep magma ocean that could have 

fractionated Sc and V.  Our new results can be used to place some limits on the extent of 

fractionation.  

Estimates of bulk silicate Mars (BSM) include Sc = 11 ppm and V = 60 ppm, 

yielding a V/Sc ratio of 5.5.  Our results show that Sc is compatible in majoritic garnet, 

and wadsleyite, whereas V is compatible in garnet but incompatible in wadsleyite.  This 

results in deep mantle melting partition coefficients of D(Sc) = 1.25; D(V) = 0.24 (25% 

majoritic garnet, 5% clinopyroxene, and 60% wadsleyite; see modelling section below).  

Deep mantle fractionation will thus make a magma ocean richer in V and poorer in Sc, 
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and thus increase V/Sc compared to bulk silicate Mars.  This would change V/Sc from 

5.5 to 8.1 if the mantle were 65% molten with the solid mantle comprised of 25% 

majoritic garnet, 5% clinopyroxene, and 60% wadsleyite.  This range of V/Sc 

corresponds to approximately 1 log fO2 unit for the V/Sc barometer of Li and Lee (2004), 

so there is some uncertainty in application to the martian mantle.  However, relative 

differences in V/Sc between martian basalts could nonetheless be useful, and it is 

interesting to note that the most reduced and depleted shergottites – QUE 94201 and 

NWA 5990 – both have very low V/Sc ratios (2.5-2.8; Warren et al., 1999; Yang et al., 

2015) that would be expected of reduced mantle melts (~FMQ-3).  Furthermore, the most 

oxidized and enriched shergottites – LAR 06319 and NWA 1068 – also have higher V/Sc 

ratios of 6.7 to 7.6 (Barrat et al., 2002; Sarbadhikari et al., 2009) as would be expected in 

oxidized melts (~FMQ-1).  It seems that this barometer could be calibrated for 

application specifically to Mars and has not been compromised by deep mantle 

fractionation.  

Fractionation of HSEs in a floatation layer 

Because of the FeO-rich nature of martian mantle and thus melts derived 

therefrom, martian mantle melts will be relatively dense and crystallizing silicates will be 

buoyant at shallower depths than for Earth, for example (Stolper et al., 1981).  This has 

allowed the possibility of olivine or garnet floatation layers in the crystallizing martian 

magma ocean, which could in some scenarios lead to major and trace element 

fractionation of the residual melts.  Ratios of incompatible HSE (IHSE - Re, Pd, Au) vs. 

compatible HSE (CHSE - Ir, Os) may be sensitive to fractionation of garnet or olivine 

from a molten mantle.  We will use our results to evaluate the extent of elemental 
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fractionation of HSE (IHSE/CHSE ratios) if garnet or olivine is segregated from the 

magma ocean.   

Garnet is well known to cause fractionation of some lithophile elements such as 

Sc and light REE (Sm) or heavy REE (Yb). This is due to the regular behavior of REE in 

garnet/melt partitioning (van Westrenen and Draper, 2007). Walter et al. (2004) 

demonstrated the effect of garnet fractionation on the primitive terrestrial mantle ratios of 

some of these elements.  Re/Os and Pd/Ir are common indicators of fractionation amongst 

the HSE (Righter et al., 2000).   It is clear from our results that all four of these elements 

have similar degrees of incompatibility, so that the ratios are not fractionated 

substantially by olivine or garnet crystallization.  Pd/Ir and Re/Os both exhibit very small 

changes with garnet or olivine fractionation, indicating that fractionation of either of 

these phases will not change the ratios significantly (Figure 5a,b).  Because Pt is mildly 

compatible in garnet, the Pt/Os ratio can be fractionated by ~5% after 20% garnet 

fractionation from a magma ocean, but this is also relatively small because Os is also 

compatible in garnet.   Olivine fractionation, on the other hand, will not cause significant 

fractionation in Pt/Os in an olivine flotation layer (Figure 5c).

The survival of such elemental fractionations is a different question.  During 

equilibrium crystallization, and rigorous convection, there may be limited exchange 

between such a floatation layer and the melts above and below (Reese and Solomotov, 

2006).  However, when the mantle becomes fully crystalline, other processes may ensue 

such as solid state convection (Jacobsen and Yu, 2015) and even mantle overturn due to 

density differences (Scheinberg et al., 2014).  We will not evaluate these processes, but 
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simply show that there is limited IHSE/CHSE fractionation with olivine segregation, and 

only slightly more potential with garnet segregation. 

Evolution of Re/Os in martian magma ocean and generation of mantle reservoirs 

A deep martian magma ocean was proposed as a possibility by Righter and Drake 

(1996), and subsequently re-evaluated by Righter et al. (1998), Righter and Drake (2000), 

Righter and Chabot (2011), Rai and vanWestrenen (2013), Yang et al. (2015), and 

Righter et al. (2015).  These studies have narrowed the pressure-temperature range of the 

base of the magma ocean to 14+/-3 GPa, and 2300 +/- 200 K.  Independently, Lu-Hf and 

Sm-Nd isotopic data for martian meteorites suggests that an enriched martian mantle can 

be produced by mixing of trapped magma ocean melt and depleted cumulates (Debaille et 

al., 2008).  The best fit to the elemental and isotopic data is for deep mantle mineralogy – 

with a pressure near 15 GPa.  So, there is evidence from both lithophile and siderophile 

elements for a major mantle differentiation event at this PT range or depth in the early 

martian mantle.  This is an interesting PT range because it is close to the transformation 

of a shallow garnet-pyroxene-olivine mantle to that of a majorite-wadsleyite dominated 

mantle near 13-14 GPa (Bertka and Fei, 1998; Khan and Connolly, 2008, Khan et al., 

2018).  Thus our partitioning results can be used to calculate the Re/Os and Pt/Os (and 

other HSE ratios) of an evolving liquid during crystallization of a deep magma ocean.   

The results can then be used to evaluate if such a deep magma ocean cumulates and 

residual liquids are consistent with the Re-Os systematics of martian shergottites and 

postulated sources.  
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The Re, Pt, and Os concentrations of the post core-formation magma ocean can be 

calculated using metal-silicate equilibrium partitioning (Righter et al., 2015).  Although 

the post core-formation mantle is similar in Re, Pt, and Os content to estimates of 

primitive martian mantle (PMM), and Righter et al. (2015) argue the PMM may hold a 

record of core formation (rather than a late veneer or late accretion), the uncertainty in the 

values calculated from experimental data is high.  Even though Tait and Day (2018) 

argue that the high pressure calculated mantle has an unreasonable sub-chondritic Re/Os 

ratio, the uncertainty in these calculated Re and Os contents is higher than those from 

isotopic constraints.  Furthermore, the crystallization of the magma ocean is likely to 

create sub- and super-chondritic reservoirs.  Deviations from that mantle must be present, 

to explain all isotope data, and thus crystallization and melting of martian mantle should 

be evaluated as a mechanism for Re/Os and Pt/Os fractionation.

The magma ocean will undergo equilibrium crystallization including entrainment 

of crystals in convective flow throughout much of the crystallization sequence, until 

convective lock-up is attained at a small % of residual liquid.  Thus, we can use the phase 

relations of the modeled martian mantle composition at low P (30%gt-10%cpx-60%oliv) 

and high P (35%maj-5%cpx-60%wads) from Khan et al. (2018), in combination with 

HSE partitioning data from our study and tabulated and compiled by Righter et al. (2015) 

and Sharp et al. (2015), to calculate the HSE content of the evolving liquid.  Using a 

simple modal crystallization model, bulk D that is an average of the low and high 

pressure mantle minerals (from this work and Table 3), and the HSE content of the 

magma ocean as initial mantle concentrations (from Righter et al., 2015), the HSE 

concentrations of liquids and solids can be calculated as crystallization proceeds.   The 
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Os, Pt, and Ir contents of the liquids stay nearly constant due to the mildly incompatible 

or slightly compatible behavior of these three elements.  On the other hand, Re, Ru, and 

especially Au and Pd all increase substantially during crystallization by factors of 5-20 

(Figure 6).  These increases relative to the compatible HSE, will thus produce liquids 

with super-chondritic Re/Os, and higher Pd/Ir than the original magma ocean (or mantle).  

Such super-chondritic Re/Os liquids in the mantle will thus be available for incorporation 

into a shergottite reservoir and acquire positive Os.  Similarly, the solids would have 

sub-chondritic Re/Os and very low Pd/Ir and thus be capable of producing or contributing 

to reservoirs that acquire negative Os.  These results are similar to those of Brandon et 

al. (2012), except that those authors used mantle melting partition coefficients of D(Re) 

and D(Os) of 1.2 and 7.9, respectively (Table 3).  Although our results support the less 

compatible nature of Re compared to Os, ours clearly show that Re is incompatible and 

Os is mildly compatible. The values used by Brandon et al. (2012) were arbitrarily 

chosen to re-produce the shergottite data, but they are not consistent with available and 

new (this study) partitioning data for these elements.  

In summary, our new results predict the formation of super and sub-chondritic 

Re/Os portion of the martian mantle as a deep magma ocean crystallized; the crystallizing 

magma ocean is a process that can help to generate the positive and negative Os 

anomalies in the early martian mantle (Brandon et al., 2012; Tait and Day, 2018).  The 

success of such models depends on the ability to explain lithophile isotopic data and this 

will be evaluated below.
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Linking Os with Nd, Lu and Sr isotopes

Os isotopic values for shergottite source regions correlate with other long-lived 

and lithophile isotopic systems such as Sm/Nd, Lu/Hf and Rb/Sr (Figure 2).  

Correlations between Nd-Hf-Sr isotopes can be explained by melting of mantle 

comprised of a mixture of residual liquids and solids from the martian magma ocean 

(DeBaille et al., 2008; Lapen et al., 2017).  Using the calculations from the previous 

section, our new results can be used to evaluate whether Re-Os isotopes are consistent 

with such a scenario.  We utilize partitioning data for Sm/Nd, Lu/Hf and Rb/Sr (Table 3), 

together with our crystallization modelling, to calculate Sm/Nd, Lu/Hf and Rb/Sr in the 

liquids and solids (Figure 7).  Sm/Nd and Lu/Hf of the solids start high (during 

crystallization) and end lower; the liquids have subchondritic Sm/Nd and Lu/Hf, whereas 

the solids have superchondritic Sm/Nd and Lu/Hf (Fig 7).  In contrast, Rb/Sr and Re/Os 

exhibit the opposite behavior due to the parent isotope having incompatible behavior 

relative to the daughter.  Therefore, liquids evolve to generally super-chondritic Rb/Sr 

and Re/Os and solids have subchondritic Rb/Sr and Re/Os.   This contrasting behavior 

leads to specific expected correlations in these isotopic systems.   As an example, we 

examine Nd-Os using our model results.  Residual solids from a magma ocean will have 

high Sm/Nd and low Re/Os, whereas the liquids will have low Sm/Nd and relatively high 

Re/Os (Figure 8).  Mixtures of these two end members can easily explain the range of 

Re/Os and Sm/Nd measured in shergottite suites.  Comparison of Sm-Nd and Re-Os 

shows that mixtures of liquids and solids remaining after 95-99% crystallization fall 

outside the field of enriched and depleted shergottites (Figure 8).  However, mixtures of 

25-45% solid with residuals liquids would be able to reproduce the range of values seen 
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in the shergottite suite.  These results are similar to the conclusions of Debaille et al. 

(2008) and would explain the range of Os isotopic values reported for shergottites by 

Brandon et al. (2012).

Future work

Particular emphasis on magnesiowüstite is deserved as it is already known that some 

HSE have a preference for oxide structures (e.g., Righter and Downs, 2001; Righter et al., 

2004a; Brenan et al., 2012). There has been some work on the relative compatibility of 

Re and Os in magnesiowüstite (Fortenfant et al., 2003), but silicate melt was notably 

absent from those experiments which consisted of magnesiowüstite-metal pairs. 

However, there is a clear preference for Re over Os in magnesiowüstite, which is 

opposite the behavior of many low pressure phases such as olivine and spinel (e.g., 

Righter et al., 2004; Mallmann and O'Neill, 2007).  Future efforts might also focus on 

ringwoodite and akimotoite partitioning to see if any phases can fractionate HSEs to the 

extent observed in post core-formation mantle, and to evaluate effects of cumulate 

overturn that might involve these phases.
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Figure Captions

Figure 1: Stages in differentiation of Mars, including a) the early magma ocean to a pressure of 

~ 14 GPa as suggested by siderophile element partitioning (Righter and Chabot, 2011; Rai 

and van Westrenen, 2013; Righter et al., 2015; Yang et al., 2015); b) crystallization of the 

magma ocean from nearly complete melting to low melt fraction (shown here 

schematically as 1%); c) trapping of residual liquid in the solid mantle at the end of magma 

ocean crystallization; and d) later melting of the heterogeneous mantle that is comprised of 

enriched and depleted portions created by the magma ocean crystallization.

Figure 2a: Correlations between lithophile isotope system Nd and the Os isotopic system ( 

Os) for martian meteorites, thought to be a result of early differentiation processes in the 

martian mantle (data from Brandon et al., 2012 and references therein).  Figure 2b:  

Crystallization-age corrected Sr versus Os isotope compositions for martian shergottite meteorites 

(data from Tait and Day, 2018, and references therein).  Models to explain these trends between 

Os-Sr-Nd isotopic values are currently hindered by lack of partitioning data for high 

pressure phases relevant to the deep martian mantle.

Figure 3: Back scattered electron images of experimental run products from this study.  A) 

Experiment #208, showing large garnet crystals and co-existing melt, along with analytical 

spots and tracks from the LA-ICP-MS analysis (100 m scale bar).  B) higher magnification 

image of a garnet-melt pair from experiment #207 (10 m scale bar).  C) Experiment #207, 

showing large olivine crystals and co-existing melt, along with analytical spots and tracks 

from the LA-ICP-MS analysis (100 m scale bar).  D) higher magnification image of an 

olivine-melt pair from experiment #207 (10 m scale bar). E) garnet-olivine-melt run 

product from experiment #258, with dark areas being the graphite capsule material (100 m 
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scale bar).  F) Enlarged image of the garnet and olivine portions of the run product from 

experiment #258 (50 m scale bar).  G) image of entire run product of experiment #266 

showing two triangular regions consisting of wadsleyite and melt (100 m scale bar).  H) 

Close-up image of a wadsleyite-melt pair from experiment 266 (10 m scale bar).  I) image 

of entire run product of experiment #368 showing large wadsleyite crystals and melt regions 

(100 m scale bar).  J) Close-up image of a wadsleyite-melt region from experiment 368 (10 

m scale bar).  In all experiments (and images), silicate melt regions did not quench to a 

glass, but rather fine-grained polyphase crystals.

Figure 4: Comparison of our partitioning results with several selected literature results A) Sc, V, 

Ga, and Cr D(majorite/melt) (with comparison to results from Righter and Drake, 2000; 

Yurimoto and Ohtani, 1992; Corgne et al. 2012; and van Westrenen and Draper, 2003).  B) 

D(Ru) olivine/melt and wadsleyite/melt from our study compared to olivine/melt results 

reported by Brenan et al. (2003), Righter et al. (2004), and Sharp et al. (2015). 

Figure 5: Demonstration of fractionation of several HSE ratios – Re/Os, Pd/Ir, and Pt/Os – by 

garnet and olivine removal, calculated using the results of experiments 207 and 208.  

Because the HSE are largely incompatible in olivine, these ratios are not significantly 

fractionated during olivine removal from (or addition to) the system.  Garnet shows slightly 

greater potential for fractionating Re/Os, Pd/Ir, and Pt/Os, but only the latter is significant 

with 5% change after 20% fractionation.

Figure 6: Calculated HSE content of the martian mantle after core formation.  Comparison is 

made to the terrestrial mantle.  Also calculated are liquids and solids after 80% (20% liquid) 

and 99% crystallized (1% liquid).  Note that the Re, Au, Pd, and Ru contents all increase by 
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5-20x during crystallization, whereas Os, Pt, and Ir all increase by a smaller amount.  This 

will lead to portions of the mantle with higher Re/Os and Pd/Ir ratios, for example.

Figure 7: Fractionation of Re-Os, Rb-Sr, Sm-Nd, and Lu-Hf during crystallization of a magma 

ocean, using shallow and deep mantle phases.  The calculations for shallow crystallization 

used the D(Re) and D(Os) values determined for experiment 208, and for deep 

crystallization used  experiment 258 for the deep conditions; a deep magma ocean will be 

convecting and thus minerals crystallizing over a wider pressure range (Table 3), and thus 

the average of shallow and deep was used for modelling deep magma ocean crystallization.   

Figure 8: Evolution of 187Re/188Os and 147Sm/144Nd of modelled liquids and solids during 

equilibrium crystallization of a martian magma ocean, using partition coefficients from 

Table 3 and for the deep melting and crystallization scenarios of Figure 7.  For comparison 

are the 187Re/188Os and 147Sm/144Nd of shergottites from Brandon et al. (2012).  The 

shergottites can be explained by mixing of liquids with cumulate solids across a range of 

ratios between 25:75 and 45:55 (liquid:solid).    
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Table 1: Run conditions

Exp# P (GPa) T (°C) Duration (min) Result

207 13 1730 10 oliv, liq
208 14 1730 10 garnet, liq
258 15 1770 35 garnet, oliv, liq
266 15 1770 10 wadsleyite, liq
368 17 1880 30 wadsleyite. liq
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 208    207    258      266    368   

Wt%
EMPA Grt melt D (gt/

melt)  oliv melt
D 

(oliv/
melt)

 Grt* oliv melt
D 

(Grt/
melt)

D 
(oliv/m

elt)
 wadsl melt

D 
(wadsl
/melt)

 wadsl melt
D 

(wadsl/m
elt)

SiO2 59.3 45.9 1.29  41.83 42.85 0.98  48.1 40 25 1.91 1.59  40.21 35.86 1.12  43.18 29.73 1.452

TiO2 0.01 0.12 0.1  0.001 0.13 0.005  0.008 - 0.173 0.049  -  - 0.12  -  - 0.16 - 

Al2O3 1.12 2.08 0.54  0.51 3.04 0.17  14.7 0.21 2.3 6.25 0.089  0.14 2.52 0.054  0.12 2.12 0.054

Cr2O3 0.33 0.5 0.67  0.25 0.76 0.32  1.5 0.09 0.62 2.34 0.15  0.091 0.58 0.16  0.09 0.5 0.171

FeOT 6.69 15.8 0.42  7.43 14.04 0.53  9.6 5.2 13 0.74 0.4  5.33 12.96 0.41  4.16 10.11 0.412

MnO 0.25 0.56 0.44  0.19 0.47 0.41  0.4 0.1 0.44 1.02 0.23  0.098 0.32 0.31  0.11 0.44 0.241
MgO 31.2 31.8 0.98  49.62 33.9 1.46  23.3 54 52 0.45 1.03  53.77 44.05 1.22  52.13 50.39 1.034
CaO 0.53 2.09 0.25  0.09 2.7 0.03  0.9 0.15 3.66 0.25 0.04  0.073 2.1 0.035  0.06 3.38 0.018

Na2O 0.54 1.21 0.44  0.09 2.13 0.04  0.63 0.45 1.6 0.41 0.29  0.16 0.57 0.29  0.08 1.67 0.048

K2O  -  - -   -  - -  0.4 0.16 0.2 2.12 0.81  0.049 0.043 1.14   - - - 

P2O5  -  -  -   -  -  -  0.32 0.03 0.9 0.35 0.03  0.079 0.87 0.09  0.07 1.43 0.049

(ppm) LA-ICP-MS                   
B  -  -  -   -  - -  - 6 54 - 0.11  10 35 0.30  4 64 0.061
S  - -  -   -  -  -  0.05  - 0.01 3.5  -  0.03 0.03 1.0  0.002 0.03 0.08
Sc 2.2 1.0 2.2  0.03 2.0 0.02  15 5.6 4.5 3.4 1.2  1.8 2.0 0.9  3.0 6.5 0.5
V 1.9 10 0.19  1.0 13 0.08  6.7 1 16 0.42 0.06  0.59 10 0.06  0.6 12 0.05
Co 14 23 0.6  19 20 0.94  9.2 14 16 0.59 0.87  13 17 0.757  4.21 3.54 1.19
Ni 23 36 0.6  18 43 0.4  47 72 47 1.0 1.5  168 206 0.8  10 1.4 7.6
Cu - - -  - - -  3 8 41 0.06 0.2  22 22 1.0  4 39 0.1
Zn - - -  - - -  4.4 9.4 26 0.17 0.36  19 33 0.56  10 27 0.39
Ga - - -  - - -  1.3 0.17 0.5 2.8 0.36  0.47 0.34 1.38  0.18 1.54 0.11
Ge - - -  - - -  - - - - -   - 0.1 -  0.3 0.7 0.5
Sr - - -  - - -  1.29 0.98 27 0.047 0.036  0.47 17 0.027  - 46 - 

Table 2: Electron microprobe and laser ablation analyses of crystals and quenched liquids 
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Y - - -  - - -  0.66 - 23 0.029  -  0.25 13 0.019  0.09 61 0.0014
Zr - - -  - - -  9.27 0.14 332 0.028 0.0004  1.59 53 0.03  0.39 1120 0.00035
Nb 0.05 0.4 0.12  0.02 0.62 0.03   - 0.03 1.33 - 0.019   - 0.46 -  0.04 43 0.00098
Mo 0.9 14 0.07  0.4 78 0.01  4.2 4.5 268 0.016 0.017   - 116 -   - 75 -
W 0.71 10.6 0.07  2.68 1590 0  61 0.67 5240 0.012 0.00013  2.63 35 0.075  0.41 6040 0.00007
Ru 0.4 3.0 0.14  0.08 2.5 0.03  83* 0.5 3.3 25* 0.13  11 18 0.6  - 9 - 
Rh 0.8 3.1 0.25  0.2 3.5 0.07  17* 0.17 2.5 6.9* 0.068  23 81 0.29   - 6.3  -
Pd 8.7 87 0.1  1.6 75 0.02  80* 1.05 99 0.8* 0.01  123 303 0.4   - 6.9  -
Ba - - -  - - -  7.49 0.71 1677 0.004 0.00042  16.2 1129 0.014   - 4569  -
La - - -  - - -  84 0.68 19700 0.004 0.00003  3.7 129 0.029   - 3387  -
Re 27 245 0.11  3.5 243 0.01  320 5.3 1020 0.32 0.005  590 3030 0.20  5 333 0.016
Os 1.64 2.17 0.76  <0.02 0.31 <0.05  335* 0.13 0.06 5970* 2.4  42 128 0.328   - 2.4  -
Ir 0.027 0.09 0.3  <0.01 0.08 <0.17   - - 0.03 - -  2.5 0.71 3.57  0.07 0.45 0.16
Pt 5.2 2.9 1.8  <0.02 0.4 <0.04  76* 0.04 0.3 240* 0.13  35 349 0.1   - 0.23  -
Au 1.5 16 0.09  0.07 14 0.01  30*  - 13 2.3*  -  40 320 0.13   - 12  -
Pb - - -  - - -  - 0.06 3.53  - 0.017  0.072 0.63 0.12   - 21  -
Th - - -  - - -  - - 0.39  - -  - 0.18 -   - 8.3  -
U - - -  - - -  - - 0.69  - -  - 0.37 -   - 6.0  -

(* - affected by HSE nugget and D for Ru, Rh, Pd, Os, Pt, Au)
“-“ indicates no data or below detection limit.
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Table 3: Summary of partition coefficients from this study and those used in modelling (see text) 

oliv cpx gt shallow majorite cpx wads deep mix/average
Brandon et 

al. 2012
% 65 10 25 35 5 60

D Re 0.03 0.2 0.50 0.16 0.2 0.2 0.2 0.20 0.18 1.2
D Os 2.75 0.4 0.76 2.02 0.76 0.4 0.33 0.48 1.25 7.9
D Pd 0.02 0.05 0.1 0.04 0.1 0.05 0.41 0.28 0.16
D Pt 0.04 1.5 1.78 0.62 1.78 1.5 0.1 0.76 0.69
D Ru 0.08 2 0.14 0.28 0.14 2 0.58 0.50 0.39
D Au 0.12 0.05 0.09 0.11 0.09 0.05 0.13 0.11 0.11

D Sm 0.001 0.17 0.1 0.063 0.1 0.17 3E-05 0.052 0.058
D Nd 0.001 0.11 0.04 0.037 0.04 0.107 3E-05 0.018 0.027 0.025
D Rb 0.001 0.011 0.001 0.0036 0.001 0.011 0.002 0.0015 0.0025
D Sr 0.001 0.12 0.001 0.036 0.001 0.12 0.0003 0.0007 0.018
D Lu 0.001 0.28 1.93 0.28 1.93 0.28 0.002 0.97 0.63
D Hf 0.001 0.23 0.32 0.11 0.32 0.233 0.002 0.16 0.14

Sources: D(Re, Os, Pd, Pt, Ru) oliv/melt, cpx/melt, and garnet/melt from Mallmann and O’Neill (2007), Sharp et al. 
(2015) and references therein;  other mineral/melt D from studies of Draper et al. (2003), Corgne et al. (2012), Yurimoto 
and Ohtani (1992) and Mibe et al. (2006).
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