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Introduction: Core formation in planetary bodies 

profoundly affects planetary mantle geochemistry. 

Volatile elements may exhibit siderophile and/or chal-

cophile tendencies, depending on the redox state, pres-

sure (P), temperature (T) and composition during core 

formation. Several previous studies were focused on 

the possibility of volatile siderophile element (VSE) 

storage in planetary cores, including that of the Earth 

[1,2], the Moon [2,3], Mars [2,4], Vesta [5], Mercury 

[6,7] and the aubrite parent body [8]. In case of the 

Earth, Moon and Mars, modeled T effects on metal-

silicate partition coefficients (Dmet/sil) of many volatile 

elements (e.g. Se, Te, Cd, Sb) are mainly based on 

extrapolations of the low-T dependencies. Here, we 

performed a systematic set of experiments to better 

constrain the effect of high T on the Dmet/sil of VSE.  
 

Methods: High P-T experiments were performed in 

a 1500-ton multi-anvil apparatus at the Geophysical 

Laboratory, using 18mm edge length Cr-doped MgO or 

ZrO2 octahedra. Outer ZrO2 sleeves were used as ther-

mal insulators in the MgO+Cr assemblies. Experiments 

were conducted at 3.5-5 GPa between 1973–2873 K. 

All experiments were conducted using C heaters, MgO 

spacers, and MgO capsules (1 or 1.6 mm I.D.). Tem-

peratures were measured up to 2473 K with a type C 

thermocouple and higher run T were constrained by 

linearly extrapolating power-T curves obtained at 4 

GPa. Starting compositions consisted of a synthetic 

equivalent of the A15 green glass [5] and Fe(S) powder 

doped with trace elements including volatile sidero-

phile elements (VSE) P, Zn, Ga, Ge, As, Se, Cd, In, 

Sn, Sb, Te and Pb. Run times, which varied between 15 

min at 1873 K to 20 s at 2873 K, are sufficient for met-

al-silicate equilibrium [9]. Polished experimental run 

products were analysed using EPMA and LA-ICP-MS 

at Münster University. Matrix effects arising from the 

use of silicate calibrants for LA-ICP-MS metal meas-

urements were addressed using the model of [10].  
 

Results: Run products are characterized by S-rich 

metal blobs in quenched silicate melts. Both phases 

show various quench textures including spinifex and 

metallic liquid immiscibility (Fig. 1). After normaliza-

tion of Dmet/sil values to a common fO2 or FeO reference 

value (S, Se, Te [3]), results show that the siderophile 

behavior of S, Cu, Ge, Se, Sn, Te decreases with T 

(Fig. 2). The siderophile behavior of Ga, Cd, Zn, Pb 

increases with T, consistent with previous observations 

[12-14]. The metal-silicate partitioning behavior of In 

is unaffected by changes in T.  

 
Fig. 1 Backscattered electron images of typical experimental 

run products.  

 
Fig. 2: Dmet/sil values for S, Se, Te corrected to lunar relevant 

fO2 [3] and 5 GPa as a function of T. Triangles and circles 

represent Dmet/sil values obtained in S-rich and S-free sys-

tems, respectively. Dashed lines represent derived T depend-

encies of Dmet/sil. Shaded bars represent required Dmet/sil 

range for explaining lunar mantle depletions. Letters denote 

different metal compositions, see [15]. 
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Discussion: The new experimental results are ap-

plied to re-assess the nature of VSE depletions in the 

lunar and martian mantle. In case of the Moon, we con-

sider three core formation scenarios: cold and shallow 

= 2.8 GPa, 1850 K; deep and hot = 5 GPa, 2200 K and 

deep and super-liquidus T = 5 GPa, 3100 K. To calcu-

late lunar VSE mantle depletions, we assume a core 

mass of 1-2.5 %, a BSE bulk Moon composition 

[16,17] and mantle VSE abundances from [18]. For 

Mars, we use bulk Mars estimates from [19-20], mantle 

abundances of [21-24] and core masses of 21-28 %.  

Moon: Results for the Moon confirm our earlier 

hypothesis that S, Se and Te lunar mantle depletions 

can be the result of their partitioning into the lunar core 

[3] (Figs. 2, 3). Results for several other elements (Zn, 

Ga, In, Cd, Pb) suggest that additional devolatilization 

is required either during or after the Moon-forming 

event (Fig. 3). This is consistent with measured Zn and 

Ga isotopic compositions of primitive lunar lithologies 

[25,26]. However, the extent of partitioning of these 

elements in the lunar core is still significant and should 

not be ignored in interpretations of lunar mantle vola-

tile element depletions. It should also be noted that, 

although unlikely from current constraints on S abun-

dances and chalcophile element systematics, segrega-

tion of FeS liquids during lunar differentiation would 

have additionally depleted most of these elements [6].  

 
Fig. 3: Calculated percentages of lunar mantle VSE deple-

tions due to core formation for the different P-T scenarios as 

a function of 50% condensation T [11] 
 

Mars: In case of Mars core formation is also im-

portant for establishing mantle depletions of several 

volatile elements (Fig. 4). Although the effects of P at 

>5 GPa on their Dmet/sil are not well constrained yet, 

preliminary results show that their depletions can be 

largely if not completely reconciled with formation of a 

S-bearing Martian core (Fig. 4). Similar results were 

found for S, Se and Te in an earlier study [4], suggest-

ing that core formation in Mars has a profound effect 

on mantle abundances of many volatile elements. As in 

case of the Moon, segregation of sulfide liquids during 

Martian would likely also additionally deplete many of 

the elements considered, especially Cu, In, Cd and Sn 

[6].  

 
Fig. 4: Comparison between experimental Dmet/sil  for S-rich 

alloys (13±1 wt% S) at 2550 K - 4 GPa and calculated 

Dmet/sil values required for explaining Martian mantle deple-

tions by core formation. Dmet/sil values were normalized to 

ΔIW = –1 [4] assuming Cu1+, Cd2+, Sn2+, Zn2+, In3+, Ga3+.  
 

Outlook: To definitely constrain the effects of 

Martian core formation and sulfide segregation on 

mantle VSE abundances, more experiments at higher 

pressures (>5 GPa) are required given the inferred 

Martian core-mantle equilibrium P of ~15 GPa.  
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