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Introduction:  Siderophile element concentrations 

in planetary mantles record the conditions of metal-

silicate equilibrium [1,2].  Many moderately sidero-

phile elements have been used to constrain the condi-

tions of Earth’s core formation to be 40-60 GPa and 

3500-4000 K [3-5].  Several siderophile elements are 

also chalcophile, and could provide constraints on the 

S-content of the terrestrial and martian cores.  

Knowledge of these elements at pressures higher than 1 

GPa however, is sparse and therefore application to 

larger bodies like Earth and Mars has been hindered 

and limited.  In this work we focus on the effect of high 

P-T conditions on the partitioning of Ag and Bi, specif-

ically to allow application to these larger bodies. 

Experimental methods:  Mixtures of Ag and Bi 

doped Fe metal and basaltic silicate were loaded into 

single crystal MgO capsules.  The capsules were then 

loaded into 14/8 or 10/5 COMPRES multi-anvil as-

semblies [6] with Re furnaces, pressurized to the de-

sired temperature (Table 1).  Temperature was meas-

ured with a Type C W/Re thermocouple and held at run 

conditions for ~ 1 to 5 min before power quenching 

which resulted in cooling rates >200 °C/s.  The MgO 

capsule reacts with the silicate melt to form more 

MgO-rich liquids that have 22-30 wt% MgO (Fig. 1).  

The recovered run products were then mounted in 

epoxy, cut and polished for further analysis.   

 

 
Figure 1: Back scattered electron image of 10 GPa 

experiment showing quenched textured silicate melt 

(light and dark gray) surrounding quenched metallic 

liquids spheres (white).  Note 100 micron scale bar in 

bottom header of image. 

 

Analytical approach:  Metals (Fe, Ag, Bi, P, S, 

and Si) and silicates (major elements) were analyzed 

using a JEOL 8530 FE electron microprobe at NASA-

JSC utilizing a variety of mineral and glass standards 

with 15 kV and 20 nA conditions.  Bi and Ag were 

measured in the silicate portion (where suspected to be 

below the detection limit of electron microprobe of 

~100 ppm) using Varian LA-ICP-MS (e.g., [7]) at the 

Univ. of Houston (Table 1). 

Results: The chemical analysis of the metal and sil-

icate phases were used to calculate the oxygen fugacity 

based on the equilibrium Fe (metal) + 0.5 O2 = FeO 

(silicate).  fO2 varied from IW-2.2 to IW-2.6.  To avoid 

variations in  partition coefficients due to changes in 

fO2, one can use instead the exchange coefficient Kd.  

The experimental results were used to calculate metal 

(met) - silicate (sil) exchange Kd according to the equa-

tion, MOn/2sil + (n/2)Femet = Mmet + (n/2)FeOsil where n 

is the valence of the element M of interest (where M is 

Ag, P, or, Bi, and their valences are 2+, 5+, and 3+, 

respectively).  The exchange coefficients for P and Ag 

do not change outside of the error of the values across 

this pressure range.  The exchange coefficient for Bi, 

however, increases by an order of magnitude across 

this pressure range (Figure 2).  Pressure clearly must be 

included in predictive expressions for partition coeffi-

cients.     

 
Figure 2: lnKd (Fe-P), lnKd (Fe-Bi), lnKd (Fe-Ag) ver-

sus pressure (GPa). 

 

Application to Earth and Mars: If a differentiated 

body is experiencing metallic core formation, the 

mantle concentration of each element ( i

LSC ) can be 

calculated using the expression 
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ln i

LSLMD /
=alnfO2+b/T+cP/T+d(nbo/t)+e+ln(i)met,   (2) 

with constants a through e are derived by multiple li-

near regression of experimental data, x is the fraction 

of silicate, p is the fraction of molten silicate, i

bulkC  is 

the bulk concentration of siderophile element, and 
i

LSSSD /
 is the partition coefficient between solid silicate 

and liquid silicate [8].  Experimental data for Ag in-

clude [9-12] and for Bi include [10-11], and have been 

used together with our new data to calibrate the regres-

sion coefficients in equation (2).  Calculated mantle 

[Bi] and [Ag] using equation (1) are shown for accre-

tion scenarios for Earth [8] (Fig. 3).   At the P-T-fO2 

conditions argued for metal-silicate equilibrium in the 

early Earth (e.g. 40-60 GPa, 3500-4000 K), concentra-

tions of Ag and Bi both become higher than the PUM 

levels.  Because both elements are chalcophile, and 

among the most chalcophile elements with D >500, an 

effective way of removing Ag and Bi could be a late 

Hadean matte as argued by [13,14] to explain  

 

Table 1: Metal and silicate compositions and partition 

and exchange coefficients for Ag and Bi 
 374 376 377 378 

P (GPa) 5 10 15 20 

T(°C) 2000 2000 2000 2200 

silicate         

SiO2 26.7 34.9 35.9 38.9 

TiO2 1.83 2.53 1.82 1.93 

Al2O3 5.9 10.1 16.2 13.3 

FeO 9.16 8.75 7.84 6.4 

MnO 0.08 0.13 0.11 0.12 

MgO 48.0 32.0 28.0 25.0 

CaO 6.83 9.68 9.99 10.1 

Na2O 1.7 1.5 0.4 1.3 

K2O 1.05 1.13 0.69 2.14 

P2O5 0.11 0.27 0.26 0.15 

Bi ppm 493 62 260 307 

Ag ppm 1120 475 1014 1166 

Total 101.35 100.92 101.18 99.38 

metal         

S 0.01 0.019 0.012 0.055 

Si 0.008 0.008 0.015 0.01 

P 0.557 0.478 0.662 1.404 

Bi 0.026 0.09 0.255 0.95 

Ag 0.052 0.045 0.049 0.214 

Fe 98.31 97.63 96.35 95.64 

Total 98.97 98.78 97.35 98.27 

     

 IW -2.28 -2.31 -2.40 -2.57 

D(P) 5.06 1.95 2.55 9.36 

D(Bi) 0.53 14.52 9.81 30.94 

D(Ag) 0.46 0.95 0.48 1.84 

Kd (Fe-Bi) 2.21E-08 2.21E-06 3.35E-06 2.31E-05 

Kd (Fe-Ag) 0.034 0.066 0.031 0.096 

 
Figure 3: Concentration of Bi in the terrestrial primi-

tive upper mantle (PUM) compared to calculated val-

ues post-core formation (open circles) and for core 

formation plus late sulfide matte segregation. 

 

many of the HSE. The implications of this scenario will 

be discussed in more detail.  Calculations for Mars also 

indicate higher concentrations of both elements than 

those of the primitive martian mantle, thus suggesting 

the need for a martian late sulfide matte. 

Conclusions: Pressure has minimal effect on the 

lnKd (Fe-P) and lnKd (Fe-Ag), but more significant 

effect on lnKd (Fe-Bi).  Predictive expressions includ-

ing the new high pressure data show that mantle Bi and 

Ag concentrations are higher than PUM values, and 

thus require a removal mechanism such as a late sulfide 

segregation from the magma ocean. 
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