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Abstract - The Earth’s timing of accretion and acquisition of moderately volatile compounds is uncertain.  Hafnium-W and Mn-Cr isotopic data can bracket the timing of early planetary differentiation and core formation. The Ag-Pd system has also been utilized but its application has been limited by a lack of high pressure and temperature metal-silicate partitioning for Pd and Ag.  Because Ag (and Bi) are volatile chalcophile siderophile elements, understanding their early distribution can constrain the origin of volatile elements in differentiated bodies and planets. Unfortunately, neither Ag or Bi have been studied across the wide range of pressure and temperature conditions that are relevant to accretion and core-mantle differentiation.  Here, new high-pressure and temperature multi-anvil metal-silicate equilibrium experiments for Bi and Ag have been carried out at conditions relevant to planetary accretion and metal silicate differentiation that allow a more refined and complete understanding of element partitioning during core formation.  The new metal-silicate partitioning data are combined with previously reported data, and utilized to predict the distributions of Bi, Pd, and Ag at conditions of accretion relevant for Earth and Mars. Application of the new partitioning results to Earth shows that D(Bi) and D(Ag) (D = metal/silicate concentration ratio) are lowered due to the effect of pressure and Si alloyed in the metallic liquid, resulting in higher predicted mantle Bi and Ag abundances than in the bulk silicate Earth (BSE), as well as high and variable Pd/Ag.  The unradiogenic Ag isotopic composition of the BSE could have been generated by early accretion of volatile-poor (high Pd/Ag) pre-cursors, followed by later accretion of volatile–rich (low Pd/Ag) material, in agreement with earlier studies of Pd-Ag and Mn-Cr (Schönbächler et al., 2010).  However, these main accretion phases would have to be followed by segregation of a sulfide liquid (at least 1.5% of magma ocean) at high pressures (>30 GPa), to explain the primitive upper mantle (PUM) Bi, Pd, and Ag, as well as Au, Pt, Cu and Ni concentrations as proposed previously.  If the early accreted bulk Earth was volatile depleted with high Pd/Ag ratios, portions of the mantle may contain ancient domains that developed positive 107Ag isotopic anomalies (as also argued by noble gases, Nd, W, and Os isotopes).  In comparison, Bi, Pd, and Ag concentrations in the martian mantle could have been set by simple metal-silicate equilibrium. Mars accreted and differentiated relatively rapidly, while also developing a deep magma ocean with a high Pd/Ag ratio that could have evolved positive 107Ag anomalies, in contrast to Earth.  Measurements on shergottites may reveal these predicted Ag isotopic anomalies.
1.0 Introduction
Sources of compounds that are moderately to highly volatile (condensation temperatures <1000 K) are of great interest in planetary science because they advance our understanding of planetary origins.  Also of great interest is the origin of volatile compounds and how and when  sources include nebular volatiles and volatile-bearing material that participated in accretion of protoplanets and planets (e.g., Greenwood et al., 2018).  These reservoirs are available relatively early in the solar system (e.g., 0 to 40  Ma after T0).  Other potential sources include comets and icy bodies, delivered late such as in a period of late accretion (e.g., 80-100 Ma after T0), or late veneer after core formation is complete (>100 Ma after T0).  These sources may have specific chemical and isotopic traits that can allow assessment of their relative magnitude of contribution.  

The timing of planetary accretion or volatile compound addition can be constrained using several short lived isotopic systems such as 182Hf – 182W (t1/2 = 9.0 x 106 yrs) or 53Mn – 53Cr (t½ = 3.7 x 106 yrs).  These systems have been applied to constrain the timing of accretion of small differentiated bodies as well as planets (Kleine et al., 2009; Trinquier et al., 2008; Lugmair and Shukolyukov, 1998).  Of lesser application has been the decay of 107Pd to 107Ag (t½ = 6.5 x 106 years), which gives this isotope system a ~40 Ma (i.e., 6 half-lives of decay) window before Pd/Ag fractionations cannot result in detectable anomalies in 107Ag abundances.  This system is useful in that Pd is highly siderophile and is thus partitioned strongly into the metallic core, while Ag is moderately siderophile (e.g., D(Pd) > 10,000 and D(Ag) = 10-10,000, at ambient pressure, 1673 K and IW-2) and also volatile with a T50%cond = 996 K.  Thus, they offer potential constraints on the timing of core formation as well as addition of moderately volatile elements (Schönbächler et al., 2010).  Previous modelling has shown that the Ag isotopic composition of the bulk silicate Earth (BSE) can be explained if accretion occurs with late volatile addition during the main accretion phase (Schönbächler et al., 2010). These arguments were tested for sensitivity for pre-cursor Pd/Ag contents, and for a fixed Pd/Ag ratio of the BSE of 0.1 (i.e., fixed D(Pd) and D(Ag) for core formation), and it was concluded that the Ag isotopic compositions in the PUM must be due to addition of low Pd/Ag material during later stages of accretion.  

The last decade has seen an increase in experimental studies of volatile siderophile elements (VSE) in general (Sb, As, Cu, Cd, In, Zn, Ga, Ge, Ag and Bi) with more detailed understanding of the effects of S, C, and Si, and the effect of high temperature and pressure on D values.  New VSE partitioning data (Li and Audetat, 2015; Kiseeva and Wood, 2013; Wood et al., 2014; Wheeler et al., 2011; Righter et al., 2015; Righter et al., 2018a,b) across a wide range of conditions has allowed a better understanding of their partitioning behavior during core formation.  In addition, accretion scenarios for Earth have become specific with early reduced and late oxidized, high PT scenarios satisfying many isotopic and elemental constraints.  The main stage of accretion may have been followed by late accretion and/or sulfide segregation based on constraints from highly siderophile and chalcophile elements such as Cu, Sn, W, Mo, and platinum group elements (e.g., Ballhaus et al., 2017; Wade et al., 2012; Righter et al., 2018a).
Two elements in particular – Bi and Ag - have not been studied at high pressures, thus limiting the modelling and application to understanding planetary core formation, and their role in accretion and late sulfide segregation. Bi and Ag are both siderophile, chalcophile, and volatile elements and the ability to include them in detailed modelling is thus very important. Here we examine the effect of high pressures on the metal/silicate partitioning of P, Bi and Ag, from 0 to 20 GPa. These new experiments are combined with existing partitioning and activity data for Bi, Pd, and Ag, and used to model the Bi, Pd, and Ag contents and the Ag isotopic composition of bulk silicate Earth and Mars.  
2.0 Experimental and analytical methods

2.1 Experimental methods

The starting materials comprised mixtures of natural basaltic silicate (30% by mass; Knippa basalt; Righter et al., 2010) mixed with metallic Fe +2% Bi and +2% Ag (70% by mass), which were then loaded into single crystal MgO capsules.  Bi and Ag doping levels were chosen knowing that experiments would likely be saturated with Bi or Ag rich liquids, but ample concentrations of each trace metal would be dissolved in the Fe metallic and silicate liquid portions in the experiments (see also Righter et al., 2019).  The natural basalt contains ample concentrations of P, such that we could also include P in the study.   The capsules were then loaded into 14/8 or 10/5 COMPRES multi-anvil assemblies (Leinenweber et al., 2012).  The 10/5 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), and utilizes pre-cast octahedra, pyrophyllite gaskets, Re foil furnaces, and type C Re/W thermocouples (Righter et al., 2008).  Uncertainty in pressure and temperature are ±0.5 GPa and ±15-20 °C, respectively, based on temperature gradients no larger than 25 °C; thermocouple electromotive force (emf) has not been corrected for pressure.  Samples were compressed to the desired pressure and then heated to ~2000 °C.  Temperature was measured with a Type C W/Re thermocouple; temperature was held at run conditions for ~5 min and then power quenched which resulted in cooling rates near 1000 °C/min.  The MgO capsule reacts with the silicate melt to form more MgO-rich liquids (22-26 wt% MgO; Fig. S1), which did not quench to a glass, but instead to several quench phases including glass and olivine (see below for analytical conditions).  The quenched samples were mounted in epoxy, cut and polished and examined by reflected light microscopy, as well as scanning electron microscopy, electron microprobe analysis, and laser ablation ICP-MS analysis.  
2.2 Analytical methods

Experimental metals (Fe, Bi, Ag, P, S) and silicates (major elements) were analyzed for major and minor element composition using a JEOL 8530 FEG electron microprobe (EPMA) at NASA-JSC.  For metals 15 kV accelerating voltage and 30 nA sample current was used during analysis; for silicates (glass and olivine) a sample current of 20 nA was used.   A variety of natural and synthetic standards were used; Fe, Ni, Bi, Ag, FeS, GaP.   For both the metal and the glasses with coarse-grained quench texture, a defocussed 20-30 μm beam was used for analysis, and typically 30 to 40 points were analyzed and averaged to obtain a representative composition of the metallic and silicate melts (see also Righter et al., 2018, 2019, for a description of this analytical approach).  Traverses in the quenched metallic liquids reveal a homogeneous pre-quench composition.  Analyses are reported in Table 1, and typically have 2 error ~2% for most elements and ~5% for Si, Mg, and Al.  

In silicate-bearing samples, most of the Bi and Ag contents of the glass were lower than the detection limit of the EMPA (<100 ppm); therefore, the silicate samples were analyzed for trace element composition using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) performed at University of Houston using a Photon Machines Analyte. 193 ArF laser ablation system coupled to a Varian 810-MS ICP-MS. During LA-ICP-MS, we measured 25Mg, 29Si, 43Ca, 107Ag, 109Ag, and 209Bi.  25Mg and 29Si, were included so that overlap with experimental MgO capsules and/or silicate melt could be monitored.  For the analysis of these experiments, we used a round ~60 m diameter laser spot at the sample surface, a repetition rate of 8 Hz, and a laser power setting of 2.99 J/cm2. The carrier gas used to carry ablated material to the detector was He at a flow rate of 500 ml/min.  The He carrier gas and plasma gas flow rates were adjusted to minimize oxide production (as monitored with the UO/U ratio measured during instrument tuning) and thus oxide interferences that can otherwise affect the isotopes of interest.  For each analyzed point, we measured a 20 second gas blank prior to sample ablation, followed by ~30 s ablation on the sample. Standards used included NIST 610 and 612 glasses, and BHVO-2G, and BCR-2G glasses.  All trace element data were corrected for laser and ICP-MS elemental fractionation with NIST 612, and 43Ca as an internal standard.   NIST 610, BHVO-2G, and BCR-2G were used as check standards.  Data were reduced using the Glitter software (van Achterbergh, et al., 1999).  Analyses are reported in Table 1, along with 2 error.
3.0 Results
The chemical analysis of the metal and silicate phases were used to calculate the oxygen fugacity based on the equilibrium 2Fe + O2 = 2FeO.  Oxygen fugacity was calculated relative to the iron-wüstite (IW) oxygen buffer using the expression ∆IW= -2log [XFe/XFeO], where XFe is the mole fraction of Fe in metallic liquid and XFeO is the mole fraction of FeO in the silicate melt.  The ∆IW values calculated using this approach varied in all experiments from IW-2.2 to IW-2.6.  The range of IW values for these experiments falls in the range typically considered during Earth’s accretion and core formation.  

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 this equation: 

MOn/2 sil + (n/2)Femet = Mmet + (n/2)FeOsil  
where n is the valence of the element M of interest (where M is Bi or Ag).  Because P was measured in both the metallic and silicate quenched liquids, it was also included in the detailed assessment with Bi and Ag.  The exchange coefficients for P and Ag do not change outside of the error of the values across this pressure range (Figure 1).  The exchange coefficient for Bi, however, increases by several orders of magnitude across this pressure range (Figure 1), and thus pressure clearly must be included in predictive expressions for Bi partition coefficients.    

4.0 Discussion

4.1 Predictive expressions for metal/silicate partitioning  
Metal/silicate partitioning can also be predicted for siderophile elements using the partition coefficient D(i) , which is the ratio of wt% i in metal / wt% i in silicate.  The partition coefficient can be predicted with the following expression which has been derived elsewhere (e.g., Righter et al., 2017):
lnD(i) = alnfO2 + b/T + cP/T + lni + g[nbo/t] + h  


(1)

where i is the activity of element i in Fe metallic liquid, nbo/t is the ratio of non-bridging oxygens to tetrahedrally coordinated cations and is a gauge of silicate melt compositional variation, and the coefficients a, b, c, g, and h are derived by multiple linear regression of various datasets. i for Bi, Pd, and Ag are calculated using an activity model based on interaction parameters (Supplementary Information, Part 1; Fig. S2; Righter et al., 2018a, 2019).  Bi partitioning data (Li and Audetat, 2012, 2015; Righter et al., 2018b, 2019; this study) have been combined with Bi activities (Righter et al., 2019) to derive new regression coefficients for Bi.  Pd partitioning data was compiled by Righter et al. (2015). Ag partitioning data (Li and Audetat, 2015; Kiseeva and Wood, 2013; Wood et al., 2014; Wheeler et al., 2011; Jones and Drake, 1986; Li and Audetat, 2012; this study) have been combined with Ag activities (Righter et al., 2019) to derive new regression coefficients for Ag metal-silicate partitioning (Righter et al., 2018b and Table S1). 
Pd, and Ag have low valence (1+) in silicate melts and exhibit only weak dependence on fO2 and, in addition, Bi, Pd, and Ag are typically only weakly dependent upon silicate melt composition (Righter, 2015). With increasing temperature, D(Bi), D(Pd) and D(Ag) become less siderophile (Figure S4), as is evident in the datasets of Wheeler et al. (2010), Mann et al. (2012) and Righter et al. (2018a,b; 2019). All these effects are included with the regression coefficients that can be used to model the Bi, Pd, and Ag contents of an evolving magma ocean.   
4.2 Siderophile elements in liquid silicate after core formation 
The mantle concentrations of a siderophile element after core formation can be calculated using the expression (e.g., Righter et al., 2017):
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Where Cbulk is the concentration in the bulk planet or body, p is the fraction of the mantle that is molten, x is the fraction of mantle, D(SS/LS) is the solid silicate/liquid silicate partition coefficient (for mantle solid silicates such as olivine, pyroxene, garnet, and perovskite), and D(LM/LS) is the liquid metal/liquid silicate partition coefficient.  The latter can be modelled using equation (1), whereas the other parameters are fixed or set according to the planet or body under consideration (see below).

4.3 Comparison of Pd/Ag fractionation to other short-lived isotope pairs
To illustrate the degree to which certain elements with short-lived parent nuclides can be fractionated during core formation, calculations are presented for Mn/Cr, U/Pb, Pd/Ag, and Hf/W, for a terrestrial accretion scenario previously reported by Righter et al. (2017) including a number of volatile siderophile elements (see Supplementary Information, Part 2; Figure S3).  Using regression coefficients for Pd, Ag, Mn, Cr, U, Pb, and W (see Supplementary Information, Part 3 and Table S1, S2), activity coefficients calculated using the variable fO2 model of Righter et al. (2017, 2018a, 2019), and equations (1) and (2), the mantle Mn/Cr, U/Pb, and Hf/W values are calculated over time during accretion and core formation (Figure 2).  These values are compared directly to those for Pd/Ag, and show that Pd/Ag experiences the largest amount of fractionation during accretion and core formation and might therefore indicate potential for developing Ag isotope anomalies.  On the other hand, fractionation in the Mn-Cr system is essentially unchanged across this same P-T-fO2 range, which strengthens the conclusions of Schönbächler et al. (2010) based on Mn-Cr system that Earth required accretion of early volatile depleted material as well as the later volatile-enriched. 
4.4 Modelling Bi, Pd, and Ag in mantles of Earth and Mars
4.4.1 Earth modelling parameters
Using previous work on terrestrial core formation and accretion as a guide (e.g., Righter et al., 2017; 2018), we use Equation (2) to calculate the mantle concentrations of the siderophile elements of interest (i), and Equation (1) to calculate the Di(LM/LS).   For Earth, parameters in Equation (2) are set as follows: the mass fraction of the core is x = 0.32, and p = 0.6, consistent with various models of siderophile elements in which the extent of melting is approximately 60% (Wood et al., 2008; Siebert et al., 2011; Righter et al., 2017).  The solid/liquid silicate partition coefficients for Bi, Pd, and Ag are all <0.1 (Righter et al., 2004, 2018b) and thus we set Di (SS/LS) = 0.1.  
CI chondritic concentrations of Bi, Pd, and Ag are included in our calculations for the bulk Earth, or Cbulk, and are 110, 560, and 200  ppb, respectively.  However, because Bi and Ag are volatile elements, and there is some uncertainty in the volatile depletions in terrestrial building blocks, therefore a range of values are included in the modeling.  This is particularly important for Ag and the Ag isotope modelling in section 4.6, because variably depleted Ag leads to a range of Pd/Ag in the bulk Earth (similar to those values employed by Schönbächler et al., 2010).  For our calculations, we use CI, CI/5 and CI/10 for Bi, and CI, CI/3 and CI/5 for Ag, the latter of which leads to Pd/Ag = 2.8 (CI), 8.4 (CI/3), and 14 (CI/5) (compare to 2.8 (CI), 8.5 (CV), and 12.9 (BSE) used by Schönbächler et al., 2010).  
To calculate Di(LM/LS) using Equation (1), P, T, fO2, silicate melt composition, and activity coefficient for element (i) in metallic liquid must be known.  The oxygen fugacity during accretion and core formation evolves from an early reduced period (IW-4) to a later more oxidized period (IW-1.6) consistent with recent modelling efforts (Wood, 2008; Fischer and Ciesla, 2014; Righter et al., 2017) (Figure 3a).  The pressure and temperature corresponding to this extent of melting (p=0.6; e.g. Wood et al., 2006, Righter et al., 2017) are based on the mantle melting curve provided by Andrault et al. (2011) (Figure 3b).  These P-T-fO2 conditions are then used to calculate the Ni, S, C, and Si content of the core-forming metal, using the partitioning studies of Righter (2011), Boujibar et al. (2014), Chi et al. (2014), and Ricolleau et al. (2011), respectively (approach outlined in Righter et al., 2018a).  The metallic liquid composition changes during accretion and re-equilibration, but the final metallic liquid composition is 9% Ni, 10.2% Si, 2% S, and 1.1% C (Righter et al., 2019).  The metal compositions are then used to calculate the activity coefficients for Bi, Ag, and Pd in Fe-Ni-S-C-Si liquid for the modelling (used in Equation 1; activity model of Righter et al., 2019).  Our recent data shows that activity coefficients are not pressure dependent and thus can be applied to modelling across the pressure range of planetary accretion (Righter et al., 2020).  Silicate melt compositional effects are calculated for the evolving magma ocean using the nbo/t value of 2.7 for the terrestrial magma ocean. Finally, for these calculations, equilibrium is assumed, consistent with short timescales of equilibration in metal-silicate systems (Kendall and Melosh, 2016; Lherm and Deguen, 2018).  Although disequilibrium scenarios can influence concentration and isotopic calculations, our equilibrium scenarios represent a lower limit on the magnitude of an isotopic anomalies which could be even higher in dis-equilibrium scenarios (e.g., Rudge et al., 2010; Schönbächler et al. 2010). Moreover, metal-silicate disequilibrium affects the ingrowth of 107Ag  much less than the 182Hf- 182W system because of the lower initial 107Pd abundance of the solar system combined with similar Pd-Ag and Hf-W fractionation during metal-silicate separation.
4.4.2 Mars modelling parameters

Using previous work on martian core formation and accretion as a guide (Righter and Chabot, 2011; Yang et al., 2015), we use Equation (2) and set the mass fraction of the core to x = 0.21, and again set p = 0.6, consistent with various models of siderophile elements in which the extent of melting is approximately 60% (Righter and Chabot, 2011; Yang et al., 2015).  The solid/liquid silicate partition coefficients for Bi, Pd, and Ag are all <0.1 and thus we assume D(SS/LS) = 0.1 (Righter et al., 2004, 2018b).  Finally the bulk concentrations of Bi, Pd, and Ag in Mars, Cbulk, are from Lodders and Fegley (1997) and are 60, 860, and 400 ppb, respectively.  Because volatile depletion is less than that for Earth, and the volatile correction is therefore smaller for Mars, our modelling only includes a single bulk concentration of Bi and Ag for Mars (and therefore one Pd/Ag), instead of the three values as employed for Earth.  As for Earth, to calculate Di(LM/LS) using Equation (1), P, T, fO2, silicate melt composition, and activity coefficient for (i) in metallic liquid must be known.  The oxygen fugacity during accretion and core formation is fixed at IW-1.5, consistent with many siderophile element modelling studies (Righter and Chabot, 2011; Yang et al., 2015) (Figure 3a).  The pressure and temperature corresponding to this extent of melting (p=0.6) are based on the Mars mantle melting curve provided by Elkins-Tanton et al. (2005) (Figure 3b).   The metallic core S, C, and Si content are calculated as for the Earth (11 wt% S and 1 wt% C; Righter et al., 2019), and then used to calculate the activity coefficients for Bi, Pd, and Ag, and silicate melt compositional effects are calculated using the nbo/t value of 2.5 for the martian magma ocean.  Finally, as with the Earth mantle calculations (section 4.4.1), equilibrium is assumed, consistent with short timescales of equilibration in metal-silicate systems (Kendall and Melosh, 2016; Lherm and Deguen, 2018).  
4.5 Bi, Pd and Ag contents of post-core formation mantles of Earth and Mars 

Using the new data and regressions for Bi and Ag (Table S2), and previously published data for Pd (Righter et al., 2018a), the post core formation mantle concentrations of Bi, Pd, and Ag can be calculated for accretion scenarios for Earth and Mars described in the previous section.   
4.5.1 Earth mantle

As Earth accreted, and heating was sufficient to keep Earth molten, metal-silicate equilibrium likely was achieved over a wide P-T-fO2 range, starting at low fO2 and low PT conditions, gradually increasing to higher fO2 and higher PT conditions (see, Righter et al. (1997, 2017; Wade and Wood, 2005; Rubie et al., 2015).  As the P-T-fO2 conditions argued for metal-silicate equilibrium in the early Earth are approached (~40-60 GPa and ~3500-3800 K), metal/silicate partition coefficients for all three elements decrease (Figure 4a) and therefore concentrations of Bi, Pd, and Ag all become increasingly higher in the silicate.  In fact, the concentrations of all three elements become higher than the PUM levels (Figure 5a,b,c).  Even for scenarios that start with volatile (Bi and Ag) depleted pre-cursors the values become higher than PUM. In addition, regardless of the specific precursor starting material, the Pd/Ag ratio of the mantle changes substantially from values as low as 0.001 to near ~10 during accretion (Figure 5d). The low Pd/Ag ratio during early accretion reflects high D(Pd) and relatively low D(Ag) metal/silicate. As accretion proceeds, D(Pd) decreases more than D(Ag) due to the stronger effect of pressure and metallic liquid Si content on Pd. This relative decrease in D(Pd), thus causes an overall increase in mantle Pd/Ag.    
These high levels require some sort of removal mechanism to get to values as low as the PUM.  A removal mechanism of late reduction and metal removal was proposed as a possibility for removing HSE such as Au, Pd and Pt (Righter et al., 2018a), but will not be an effective mechanism for Bi or Ag because they are only moderately siderophile and their concentrations would be difficult to decrease by metal segregation (compared to sulfide since these are both chalcophile elements).  Because both elements are among the most chalcophile elements with D >500, an effective way of also removing Bi and Ag could be a late Hadean sulfide matte, as argued by (Righter et al., 2016; 2018a; Rubie et al., 2016) to explain many of the HSE concentrations. 
As demonstrated by Righter et al. (2018a), for this mechanism to work, sulfide saturation could occur at the base of a magma ocean, where the sulfur content at sulfide saturation (SCSS) becomes lower than the amount of S in the magma ocean.  Magma may be saturated with sulfide at great depth, but stay under-saturated at shallower depths until there has been sufficient silicate crystallization to drive the S contents to higher values.  A convecting magma ocean might thus experience cyclical saturation and under saturation as a S-bearing packet of magma ascends and descends in a convective cell, and sulfide saturation – if it occurs – will be at the deeper portion of the magma ocean.  
We can calculate the effect of sulfide segregation on Bi and Ag contents of a volatile depleted magma ocean (for Bi=CI/10 and Ag=CI/5 bulk compositions). Using D(Ag) = 2000, and D(Bi) = 500 and removing up to 1.5 % sulfide can lower the Pd, Bi and Ag contents to values near the terrestrial BSE (Figure 5), as also proposed by Righter et al. (2018a) for Au, Pt, and Pd.   For the other bulk compositions that are more volatile-rich, and have higher Bi and Ag concentrations, even more sulfide would have to be removed to lower the concentrations to PUM levels.  For other chalcophile elements Co, As, Mo, Zn, Sn, Sb, Cd, In, Mn, Cr, all of which have D(sulfide liquid / silicate liquid) < 100 (Li and Audétat, 2015; Kiseeva and Wood, 2013), a late sulfide matte would not significantly change the concentrations in the magma ocean, and so these elements are not sensitive indicators of a matte despite their chalcophility.  Because sulfide/silicate liquid partition coefficients have only been measured at relatively low pressures, future effort must be made to determine D(sulfide/silicate) for Ag and Bi at the high pressures directly relevant to deep magma ocean sulfide saturation.  
4.5.2 Martian mantle

Calculations for Mars, which has a higher S-content core, and thus higher D(Bi) and D(Ag) metal/silicate partition coefficients (Figure 4b), result in calculated Pd, Bi, and Ag concentrations that are closer to mantle estimates based on sample analyses (Figure 6). This suggests no need for a martian late sulfide matte, which is also consistent with the higher S content at sulfide saturation (SCSS) for the martian magma ocean due to its higher FeO content than the terrestrial magma ocean. The higher FeO content will increase the SCSS and thus it is more difficult to saturate a sulfide in a deep martian magma ocean. These results also support the conclusions of Righter et al (2015) for HSE, and Righter et al. (2019) and Yang et al. (2015) for a large number of volatile elements (As, Cu, Zn, Sb, Sn, Ga, Ge, In, Cd), showing that core formation was the primary control on volatile and highly siderophile element content of bulk silicate Mars.   

4.6 Ag isotopic modelling of mantles of Earth and Mars 
The utility of the Pd-Ag short-lived chronometer depends on how quickly a planet accretes and thus on the mass accretion function.  Using mass accretion functions for Earth and Mars, respectively (Supplementary Information Part 4, Fig. S5), together with the mantle Pd, Ag, and Pd/Ag ratios calculated for the detailed accretion modelling for Earth and Mars (using the parameters in equations (1) and (2) and presented in Figures 5 and 6), we can model the Ag isotopic evolution of the mantles of Earth and Mars.
The 107Ag/109Ag isotope composition of a mantle is calculated using the following:
107Ag mantle = Q {[108Pd⁄107AgBSE]/[108Pd⁄107Agprecursor]-1} [107Pd/108Pd]0 exp(-*t)
(3)
where: Q = 10000*[108Pd⁄109Agprecursor], [107Pd/108Pd]0 = 5.9 x 10-5 and  = 1.06638 x 10-7 yr-1 (Schönbächler et al., 2010). The 107Ag/109Ag  ratio is usually normalized to the value of a standard using the epsilon notation where 107Ag = [(107Ag⁄109Ag)sample ⁄(107Ag⁄109Ag)standard) – 1] x 10, 000.    The initial Pd isotope ratio [107Pd/108Pd]0, is not precisely defined, but the value we chose here is within the range (3.5 to 6.6 x 10-5) highlighted by Matthes et al. (2018). Modelling parameters for Earth and Mars are summarized in Table S3.
4.6.1 Earth

Using the partitioning expressions (Equation (1)), the simple model of continuous core formation and core-mantle equilibration (Equation (2)) developed in Sections 4.4 and 4.5, and the above modelling parameter for Pd-Ag isotopes, we calculate the 107Ag in the mantle during Earth accretion.  If the Earth is made of volatile-rich material like CI chondrite with a low Pd/Ag of 2.8, the mantle does not develop significant radiogenic Ag.  If the Earth grows in a 70 Ma timeframe, the model yields a peak value of 107Ag -2 (Figure 7a), compared to BSE values which are -2.2 ± 0.7 (Schönbächler et al., 2010). If the bulk Earth had a Pd/Ag value as low as 2.8, the BSE 107Ag value could have been achieved simply by prolonged core formation and the presence of Ag during accretion.  However, it is widely accepted that Earth accreted from material that is depleted in volatile elements (Palme and O’Neill, 2014).  Consideration of curves with a higher Pd/Ag ratios between 2.8 and 14 (which also brackets the values of 8.5 and 12.9 used by Schönbächler et al., 2010) shows that the mantle can become quite radiogenic within 40 Ma (Figure 7a).  
If the bulk Earth had a higher Pd/Ag ratio, such as 8.4 or 14 (representing 3x and 5x depletion of Ag relative to CI) the BSE 107Ag value could become as high as ~ 0.  It is also unlikely, however, that the Earth accreted from homogenous volatile-depleted material with a constant Pd/Ag ratio.  Consideration of a more realistic scenario in which the accreting material changes in time from volatile-poor (Pd/Ag = 14) to volatile-rich (Pd/Ag = 2.8), results in an 107Ag curve that peaks near 0 at 20 Ma after T0, but then decreases to values near -2 by the end of accretion (Figure 7a).  In this scenario, the Ag isotopic value settles on a lower value due to the increasing contributions of the volatile-rich (lower Pd/Ag and low 107Ag) material in the later stages of accretion.  A final scenario (Figure 7a) consists of accretion of largely volatile-poor material to form Earth with an associated 107Ag value near +1, but then are truncated by a large impact of volatile-rich material that causes lower 107Ag values near -1.5.  In both of these last two scenarios, the BSE 107Ag value could have been achieved in the later parts of Earth accretion when lower 107Ag material was accreted moving the BSE 107Ag values to near -2.  These scenarios where the late accreting material is volatile-rich are in agreement with dynamic modelling of O’Brien et al. (2006) and Mo isotopic data of Budde et al. (2019).
These results are similar to those of Schönbächler et al. (2010), with one significant difference that we will highlight here. Schönbächler et al. (2010) demonstrated that Mn-Cr isotopic systematics required early volatile depleted material (Pd/Ag = 8.5-12.9), while the Pd-Ag systematics required late volatile-bearing material (Pd/Ag = 2.8). Our modelling in Section 4.3 showed that the Mn/Cr ratio is not significantly affected by changing P-T-fO2 conditions during the growth of the Earth, and so the conclusions of Schönbächler et al. (2010) are unchanged in that respect.  On the other hand, their modelling utilized fixed values of D(Pd) and D(Ag) metal/silicate throughout the calculations, whereas the current work shows that the partition coefficients can be quite variable during accretion.   Because this variation can occur early, within the timeframe of “live” 107Pd, raises the possibility of early mantle material with high Pd/Ag ratios and thus potential to develop Ag isotopic anomalies.  107Ag values as high as 0 to +0.5 might be generated early, if the bulk Earth grew initially from volatile depleted (high Pd/Ag) material (Figure 7a).  If portions of the deeper mantle were isolated early, 107Ag anomalies may have developed and been preserved in portions of the mantle.  There is some evidence for possible ancient portions of the mantle.  Mundl et al. (2017) found W and He isotopic data from a suite of OIBs suggesting that material beneath some hot spots formed in the first 60 million years of solar system history. Similarly, Rizo et al. (2016) found W isotopic anomalies in Isua (Greenland) mafic and ultramafic rocks that are most easily explained by derivation from a mantle with variable Hf/W ratios dating back to the first 50 million years of the solar system.  Jackson et al. (2018) argue that early metal-silicate fractionation of I and Pu at high pressure can explain aspects of the Xe isotopic signature in plume (hot spot) basalts and also suggest the presence of ancient mantle domains that are being sampled by some hot spot basalts.  Using evidence from Nd, Hf, W, and Os isotopes, Puchtel et al. (2018) demonstrate that portions of the mantle sampled by the Abitibi greenstone belt, Canada, komatiite liquids were also isolated from the main convecting mantle early.  Finally, Tucker and Mukhopadhyay (2014) argue that preservation of a low 3He/22Ne ratio in a primitive reservoir sampled by plumes suggests that the later giant impacts, including the Moon-forming giant impact, did not generate a whole mantle magma ocean, and thus that portions of the mantle formed early and remained isolated over significant periods of geologic time.  Taken together all these studies provide evidence for the formation of early distinct mantle domains that could have remained isolated over time.  This suggests that Ag isotopic anomalies could also be preserved in some mantle domains – the Pd-Ag system has only a slightly shorter half-life (and thus applicable lifetime of ~ 40 Ma) than the Hf-W system (~ 55 Ma). 
4.6.2 Mars
For Mars, Ag isotopic anomalies might develop rather easily for several reasons.  First, the timescale of accretion and differentiation is much shorter than for Earth, with estimates ranging from 5 to 10 Ma (Dauphas and Pourmand, 2011).  Second, previous work has shown that metal-silicate equilibrium was established during continuous accretion where a magma ocean deepens to 14 GPa, and leads to a good fit to many moderately and volatile siderophile elements (Righter and Chabot, 2011; Righter et al., 2015; Yang et al., 2015; Righter et al., 2019).  Therefore, a high Pd/Ag ratio may have developed in the martian mantle early, still within the timeframe of “live” 107Pd.  Our calculations indeed show that decay of 107Pd would form a high 107Ag value in the martian mantle (as high as +3), and could be distinct from BSE by as much as an 107Ag value of +5 at T0 +40 My (Figure 7b).  Martian meteorites may thus have preserved this high Ag isotopic signature; although challenging, a Ag isotopic measurement on shergottites could offer some additional insight into this possibility.
4.7 Importance of bulk composition and pre-cursors in planet building
Our Pd/Ag and Ag isotope modelling has identified periods of terrestrial and martian accretion history that may have influenced the chalcophile and volatile element content of the mantle, and record Ag isotopic anomalies.  The nature of building blocks and pre-cursor materials, as well as core formation and metal-silicate fractionation, have controlling influence on the final chemical and isotopic composition of the mantle.   

There is debate about the bulk composition of the Earth and whether it was made of enstatite chondrite or carbonaceous chondrites, or a mix (e.g., Burkhardt et al., 2017; Allegre et al., 2001). Several studies proposed that the majority of the terrestrials building block are not sampled in our meteorite collections (e.g. Drake and Righter, 2002; Schönbächler et al. 2010, Akram et al. 2015, Burkhardt et al., 2017).  There are significant differences in the isotopic and elemental composition of enstatite and carbonaceous chondrites.  Although such differences are important to document and test in modelling exercises, our results show that either EC or CC bulk composition yield similar results.  The more important variables are the roles of volatile element depletion, and elemental fractionation due to core formation.
The most important control on elemental fractionation is core formation, which can, for example, fractionate Pd/Ag ratio by a factor of 100 for Earth and ~50 for Mars, during growth of the planet.  If these variations in Pd/Ag occur before the 40 Ma window of” live” 107Pd, then there is potential for deriving radiogenic 107Ag anomalies.  

The second most important variable is the extent of volatile element depletion in the pre-cursor or building block material.  Depletions in volatile elements can be up to 10x compared to refractory elements, and can thus lead to substantial Pd/Ag fractionations (Lodders, 2003; Norris and Wood, 2017).  Again, if such high Pd/Ag ratios accreted during the first 40 Ma of “live” 107Pd, then there is potential for deriving radiogenic 107Ag anomalies. Volatile depletion may also be accompanied by isotopic fractionation. Evaporation has been debated as a cause of volatile element depletion (Norris and Wood, 2017; Sossi et al., 2019), and thus may have potential to cause Ag isotopic fractionation.  However, other moderately volatile elements (e.g. Zn; Pringle et al., 2017; Ga; Kato and Moynier, 2017; Sn: Creech and Moynier, 2019 Rb; Nebel et al., 2011) show no evidence for significant and systematic evaporative processes in chondrites (terrestrial mantle is actually contrary to what is expected for evaporation) and would thus also argue against isotopic effects on even more refractory elements like Mg (Hin et al., 2017).  Thus, the idea of Ag isotope variation being established in part by mixing between two isotopically distinct solar system reservoirs (volatile-rich and volatile-depleted) seems consistent with constraints from other moderately volatile elements (and more volatile than Ag with lower 50% condensation temperatures than ~1000 K). 
4.8  Hadean Matte effect on Bi, Pd, Ag, and Ag isotopes 
Sulfide removal would lower the Bi, Pd, and Ag contents of the primitive mantle, but whether this process would change the Ag isotopic composition of the mantle remains an open question.  Copper isotopes may be fractionated by sulfide segregation to the core (e.g., Savage et al., 2015; Xia et al., 2020), and since Ag is also chalcophile Ag isotopic fractionation might also be expected.  There is currently no direct data to constrain this potential effect, but several facts help to frame this discussion. For example, in contrast to Cu, sulfides in iron meteorites show no evidence for systematic enrichment of light Ag isotopes in sulfides (Woodland et al. 2005; Carlson and Hauri, 2001). Moreover, Ag has been shown to be 3-4x less chalcophile than Cu (e.g. Li and Audetat, 2015), which would make the mantle rocks less susceptible to fractionation by sulfide segregation.  On the other hand, Kiseeva et al. (2013) have shown that in some cases Ag is more chalcophile than Cu.  The relatively chalcophility of Cu and Ag needs to be resolved.   In addition, a Hadean Matte would occur at high pressures (e.g., Righter et al., 2018a) where we currently lack sulfide/melt partitioning data for both Cu and Ag.  There is clearly more work to be done defining the partitioning behavior and potential for Ag and Cu isotopic fractionation at the specific conditions of sulfide segregation in the deep mantle.  Until then, quantitative modelling is not possible or meaningful.
4.9  Late veneer effect on Bi, Pd, Ag, and Ag isotopes

Because the Pd-Ag isotopic system is “live” within a 20-40 Ma window, it is insensitive to late accretion processes such as the late veneer, that would have occurred in the later stages of accretion, or after 60 Ma.  A late veneer has been invoked to explain high and chondritic relative concentrations of the highly siderophile elements and other siderophile and chalcophile elements in the BSE.  The late veneer is typically added after core formation, and thus at the very end of accretion, and representing 0.6-0.8% of Earth’s mass (Becker et al., 2006; Walker et al., 2015).  Historically and most commonly, the late veneer is argued to be volatile-rich (CI or other carbonaceous) material (Chou et al., 1978; Morgan, 1986; Walker et al., 2015; Fischer- Gödde et al., 2020), although some work also shows that the late veneer was perhaps EH-like (Fischer-Gödde and Kleine, 2017); both are thus considered in the following calculation.  If a late veneer contributed 0.8 mass% of EH material (Ag – 270 ppb, Pd – 790 ppb, Bi – 87 ppb; Newsom, 1995; Schönbächler et al., 2008; Laul et al., 1973) it could contribute a substantial amount of Pd (~6.3 ppb), but at most 0.7 ppb Bi and 2.0 ppb Ag.  If a late veneer contributed 0.003 mass% of CM material (Ag – 157 ppb, Pd – 640 ppb, Bi – 75 ppb; Newsom, 1995) it could contribute 1.92 ppb Pd, 0.23 ppb Bi, and 0.47 ppb Ag.   The Bi and Ag values would produce modest increases (8-30%) to the mantle concentrations but represent a minor fraction of the PUM values, which are 3 and 6 ppb, respectively.  The late veneer must be accounted for in any quantitative model, but core formation, metal-silicate equilibrium, and late sulfide removal appear to be the primary controls on the Bi, Pd, and Ag contents of the BSE , whereas the late veneer had a smaller and secondary role that helped to establish near chondritic relative ratios of the HSE (Righter et al., 2018).
5.0 Conclusions


Our study has demonstrated several important aspects of Bi and Ag partitioning that are relevant to the terrestrial and martian mantles: 

· Pressure has a minimal effect on lnKd (Fe-P) and lnKd (Fe-Ag), but a more significant effect on lnKd (Fe-Bi).  
· Predictive expressions including 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 terrestrial magma ocean. In contrast, the Bi and Ag concentrations calculated for a martian magma ocean more closely match the estimates for the martian mantle, indicating that Mars does not require post core formation processes such as late sulfide segregation or late veneer (Figure 8).

· Pd/Ag ratio of mantles can be variable during accretion and the variability can lead to measureable Ag isotopic anomalies.
· If accretion of the early Earth involved volatile depleted material (high Pd/Ag), portions of the mantle may have developed anomalies. They may have later been erased by impacts, or simply by prolonged core formation that allowed Ag isotopes to decay to low level, but there might also be portions of the mantle that were isolated and thus have a small Ag isotopic anomaly preserved. 

· Mars accreted quickly, and coupled with the mantle Pd/Ag variations may have recorded a  positive 107Ag value – as high as +3.
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Figure captions
Figure 1: lnKd (Fe-P), lnKd (Fe-Bi), lnKd (Fe-Ag) versus pressure (GPa).

Figure 2: Comparison of degree of fractionation of various short-lived isotopic pairs during accretion and core formation scenarios for Earth, using the model of Righter et al. (2017).  Shown are calculated mantle Mn/Cr, U/Pb, Pd/Ag, and Hf/W resulting from core formation as the Earth accretes.  Due to the large variation in D(Pd) and D(Ag) during accretion, Pd/Ag varies significantly and to much greater extent than the other short-lived pairs.  These calculation utilize CI concentrations for the bulk Earth; Mn = 1916 ppm; Cr = 2623 ppm; 0.16 ppm W, 0.301 ppm Hf, 560 ppb Pd, 201 ppb Ag, 8.1 ppb U, 2.62 ppm Pb.  For this illustrative exercise, Mn, Ag, and Pb are corrected for volatility by factors of 2, 3, and 12, respectively, as guided by the volatility trend of Palme and O’Neill (2014).
Figure 3: Illustration of aspects of modelling Earth and Mars accretion.  Figure 3A) equilibration pressure and temperature used in the modelling for Earth (based on liquidus and solidus data from Andrault et al. (2011)), and for Mars from Elkins-Tanton et al. (2005). These paths are established by the assumption of p=0.6;  Figure 3B) The relative fO2 path used for the modelling for Earth (early reduced and late oxidized after Wood, 2008; Fischer and Ciesla, 2014; Righter et al., 2017) and Mars.  Most modelling of core formation for Mars (e.g., Righter and Chabot, 2011) assumes fixed fO2 near IW-1.5, as we have done here.
Figure 4A: D(Bi), D(Pd), and D(Ag) metal/silicate changes during accretion and core formation of the Earth.  Also shown for reference are the D(Pd) metal/silicate = 500 and D(Ag) metal/silicate = 15 values used for modelling by Schönbächler et al. (2010).  Figure 4B: D(Bi), D(Pd), and D(Ag) metal/silicate changes during accretion and core formation in Mars.   Shown in all plots are examples of 2 error from the partition coefficient calculations (Table S1).  
Figure 5: Ag, Pd, Bi, and Pd/Ag (A through D, respectively) in the terrestrial primitive upper mantle (PUM) is compared to calculated values post-core formation (for various factors of volatile depletion for Ag and Bi) and for core formation plus late sulfide matte segregation (X).  Pd, Bi, and Ag mantle concentrations become too high during core formation, thus require a mantle removal mechanism. Segregation of a late sulfide matte can remove Ag and Bi to levels observed in the PUM using D(Ag) = 2000 and D(Bi) = 500 and Xsulfide of 0.015, where the latter is the mass fraction of sulfide removed from the mantle to the core.  These values are consistent with the idea of sulfide removal for Pd as well, with the numbers shown in the Pd panel corresponding to those from Righter et al. (2018a).  Horizontal shaded areas are the PUM values of Pd, Bi and Ag from Palme and O’Neill (2014).  For our calculated trends, we use several bulk Earth Bi and Ag contents to illustrate the effects of volatile element depletion.  For all, we used CI chondritic for one case and then with volatility corrections of 5 and 10 for Bi (i.e. CI, CI/5 and CI/10) and 3 and 5 for Ag (i.e., CI, CI/3 and CI/5), the latter of which leads to Pd/Ag = 2.8 (CI), 8.4 (CI/3), and 14 (CI/5) (compare to the similar range of 2.8 (CI), 8.5 (CV), and 12.9 (~BSE) used by Schönbächler et al., 2010).  Also shown are calculations for scenarios of accreting materials with variable degrees of volatile element depletion (open stars) and late accretion of volatile-rich material (solid stars); in some plots the solid stars are obscured by other symbols, but the lines can be seen.   Due to the large decrease in D(Pd) relative to D(Ag) as Earth accretes, the Pd/Ag for terrestrial magma ocean (mantle) varies over several orders of magnitude.  Shown in all four plots are examples of 2 error from the partition coefficient calculations that are propagated into the mantle abundance calculations; in some cases the error is smaller than the size of the symbols.  Also shown for reference is the Pd/Ag value of terrestrial mantle used in the modelling of Schönbächler et al. (2010). 

Figure 6: Ag, Pd, Bi, and Pd/Ag (A through D, respectively) in the mantle of Mars calculated during accretion, compared to the estimated mantle values from samples (grey hachured areas; from Taylor, 2013, Yang et al., 2015, Righter et al., 2019). For all three elements, calculated versus estimated overlap at the P-T-fO2 conditions of core formation (14 GPa, 2400 K, IW-1.5).  These results, together with similar results for other highly siderophile and chalcophile elements suggest that neither a late veneer nor a sulfide matte is required for Mars.  The latter is also consistent with the higher SCSS of Mars’ FeO rich mantle that would make sulfide saturation more difficult in a high pressure magma ocean (i.e., it would require an unreasonably high S content).
Figure 7A: Evolution of  107Ag during accretion of the Earth, and as magma ocean deepens as accretion proceeds, thus changing the Pd/Ag ratio. Although there is a significant  107Ag excess that likely develops in the early part of accretion, the protracted core formation process in Earth results in the Ag isotope values re-equilibrating to close to chondritic values by the later stages of accretion, especially for low bulk Earth Pd/Ag (2.8-5.6).  However, if Earth grew from volatile depleted material early (Pd/Ag = 11.2), and some of the early mantle liquids were trapped or became isolated during accretion, there may be some portions of the mantle with high  107Ag near 0.  Figure 7B: Same calculation for Mars, but using the values for Mars accretion, P-T-fO2 path. Pd/Ag is not fractionated as significantly in the martian mantle (Fig. 4b), but because of Mars’ rapid accretion relative to Earth, the martian mantle should acquire a  107Ag anomaly, perhaps as high as +3.  Error bars in Fig. 7A are shown for only one calculation to avoid clutter in the diagram; error bars are a combination of uncertainty in 107Pd half-life (Flynn and Glendenin, 1969), solar system initial 107Pd/108Pd, and calculated Pd/Ag ratio.
Figure 8: Contrasting accretion scenarios for Earth and Mars.  Earth experienced polybaric metal-silicate equilibrium as the Earth grew over nearly 100 Ma, followed by deep mantle sulfide removal, and late accretion.  Mars experienced relatively rapid growth combined with metal-silicate equilibrium to establish mantle concentrations of a wide range of siderophile and chalcophile elements, but did not experience sulfide removal or a late veneer as significant as Earth.   Black central portion is the metallic core, grey shaded shell is the solid lower mantle, white outer shell is the liquid upper mantle, and small black droplets represent packets of metal or sulfide moving through solid or liquid mantle.  Shown at the bottom are schematic diagrams of the Earth (black evolution curve and shaded grey are is BSE) and Mars (red evolution curve) accretion and differentiation, which also illustrate the terrestrial uncertainty of whether Ag isotopes are affected by late accretion and/or may be fractionated in a sulfide segregation (Hadean matte) phase.  Early isolation of anomalous Ag in the martian and terrestrial mantles may be preserved in the silicate portions of each planet. 
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Figure 8
Table 1: Metal and silicate compositions and partition and exchange coefficients
	Sample
	BiAg-5
	BiAg-10
	BiAg-15
	BiAg-20

	Pressure (GPa)
	5
	10
	15
	20

	Temperature (°C)
	2000
	2000
	2000
	2000

	
	
	
	
	

	silicate
	 
	 
	 
	 

	SiO2  (wt%)
	26.7(5)
	34.9(7)
	35.9(7)
	38.9(8)

	TiO2
	1.83(2)
	2.53(3)
	1.82(2)
	1.93(2)

	Al2O3
	5.9(1)
	10.1(2)
	16.2(3)
	13.3(3)

	FeO
	9.16(9)
	8.75(9)
	7.84(8)
	6.40(6)

	MnO
	0.080(1)
	0.130(1)
	0.110(1)
	0.120(1)

	MgO
	48.0(1.0)
	32.0(6)
	28.0(6)
	25.0(5)

	CaO
	6.83(7)
	9.68(10)
	9.99(10)
	10.1(1)

	Na2O
	1.70(3)
	1.50(3)
	0.40(1)
	1.30(3)

	K2O
	1.05(1)
	1.13(1)
	0.69(1)
	2.14(2)

	P2O5
	0.110(2)
	0.270(5)
	0.260(5)
	0.15(1)

	Bi ppm
	493(16)
	62(2)
	260(20)
	307(30)

	Ag ppm
	1120(36)
	475(18)
	1014(70)
	1166(32)

	Total
	101.35
	100.92
	101.18
	99.38

	Metal
	 
	 
	 
	 

	S (wt%)
	0.010(1)
	0.019(1)
	0.012(1)
	0.055(2)

	Si
	0.008(1)
	0.008(1)
	0.015(2)
	0.010(1)

	P
	0.557(6)
	0.478(5)
	0.662(7)
	1.404(14)

	Bi
	0.026(1)
	0.090(1)
	0.255(3)
	0.950(9)

	Ag
	0.052(1)
	0.045(1)
	0.049(1)
	0.214(2)

	Fe
	98.31(98)
	97.63(98)
	96.35(96)
	95.64(96)

	Total
	98.97
	98.78
	97.35
	98.27

	
	
	
	
	

	 IW
	-2.28(2)
	-2.31(2)
	-2.40(2)
	-2.57(3)

	
	
	
	
	

	D(P)
	5.06(15)
	1.95(13)
	2.55(7)
	9.36(30)

	D(Bi)
	0.53(2)
	14.5(6)
	9.8(1.0)
	30.9(3.7)

	D(Ag)
	0.46(3)
	0.95(5)
	0.48(5)
	1.84(6)

	
	
	
	
	

	Kd (Fe-Bi)
	2.21(13) E-08
	2.21(14) 

E-06
	3.35(22) 

E-06
	2.31(15)

E-05

	Kd (Fe-Ag)
	0.034(11)
	0.066(23)
	0.031(11)
	0.096(28)


2

