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EVIDENCE FOR A DEEP TERRESTRIAL MAGMA OCEAN: 
PREDICTION OF SIDEROPHILE ELEMENT METALISILICATE PARTITION 
COEFFICIENTS AT P, T,  f 0 2  AND METALLIC AND SILICATE MELT 
COMPOSITION. K. Righter and M.J. Drake, Lunar and Planetary Laboratory, Univ. of Arizona, 
Tucson, AZ 85721. 

Expressions of the form, lnD(M) = a Info2 + b/T + cP/T + dln(1-XS) + e(nbo/t) + f, have 
been derived to predict D(M) (where D is a metausilicate partition coefficient and M = Ni, Co, Mo, W 
and P) as a function of P,T, f02,  and silicate and metallic melt composition (nbolt and XS, 
respectively). Earth's upper mantle abundances of Ni, Co, Mo, W and P can be reconciled with 
simple metal-silicate equilibrium at P-T conditions near the upper/lower mantle interface (27 GPa, 
2200 K, AIW = -0.15, XS = 0.15 and nbo/t = 2.7), in a magma ocean. 

Introduction 
Recent atmospheric models of the early Earth indicate that a thick, dense H 2 0 - C 0 2  

atmosphere developed during accretion [1,2]. The dense blanketing steam atmosphere caused 
surface heating to temperatures sufficient to melt the surface, and perhaps to depths of 1000 krn 
[3,4]. If the Earth was molten to such depths, there may be geochemical or petrologic signatures 
retained by Earth's mantle of this early history. Although solid silicate/liquid silicate fractionation 
was most lilely suppressed by turbulent convection in the molten mantle [2,5], metallsilicate 
equilibrium at depth may have left an imprint on the composition of the upper mantle, and more 
specifically on siderophile elements such as Ni, Co, Mo, W and P [6-81. Until recently, there has not 
been sufficient metal-silicate partitioning data for these elements to allow quantitative modelling of 
their behavior as a function of P, T, f 0 2  and composition; however, recent partitioning 
determinations over a wide P-T-f02-X range [9-121 provide data upon which to base prediction to 
upperllower mantle P-T conditions. We will demonstrate in a later section that the abundances of Ni, 
Co, Mo, W and P in Earth's upper mantle are consistent with simple metal-silicate equilibrium at 
elevated pressure and temperature. 

Effects of P, T, f02 and silicate and metallic melt composition 
Although the importance of temperature, metallic melt composition, and f 0 2  for metal- 

silicate partitioning of siderophile elements has been known for almost 15 years [e.g., 13-16], the 
effects of pressure and silicate melt composition have only recently been investigated. Several 
recent studies have determined that many partition coefficients decrease with increasing pressure 
[11,12,17]. Additional studies have revealed a silicate melt compositional effect whereby 
metausilicate partition coefficients are lower for peridotitic than for basaltic melt systems [18-201. 
These effects are taken into consideration in the predictive expressions developed below. 

If one considers the following metal-silicate equilibria: 
M + x/4 02 = M o d 2  

(metal) (gas) (silicate liquid) 
where -AGO/RT = 1nK (K = a ~ " + ~ ~ / ~ l ( a ~ ) * ( f ~ ~ ) " ' ~  (where "a" is the thermodynamic activity of the 
chemical species, " M  is Ni, Co, Mo, W or P, and "n" is the valence of M in the silicate liquid), then 

the partition coefficient, D(M) (D = c:,, / c;~.), can be related to the free energy of the reaction. 
lnD(M) can be related to T, P and f02, by use of the following equation, 

lnD(M) = alnf@ + b/T + cP/T + f, 
where "a" is related to the valency of the metal oxide, and "b", "c" and "f" result from the expansion 
of the free energy term (AGO = AHo - TASo + PAVo), and are related to AHo/R, AVoIR and ASo/R, 
respectively. Adding terms to account for the compositions of the metallic liquid (ln(1-XS), see 
[16]) and silicate liquid (nbolt, see 1211) we have: 

lnD(M) = a/T + blnfO2 + cP/T + dln(1-XS) + e(nbo/t) + f. 
Partition coefficients measured (previous studies) at specific T, P, f02  and composition can be used 
to derive constants "a" through "f' for each siderophile element by multiple linear regression (see 
Table 1). 

Metal-silicate equilibrium near the upper mantle 1 lower mantle boundary 
Assuming a chondritic bulk composition for the Earth, a core of 32% the mass of Earth 

consisting of 95% molten metal, and a totally molten mantle, the abundances of Ni, Co, Mo, W and P 
in the mantle can be calculated at specific P-T- fa -X conditions for simple metal-silicate 
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equilibrium. Using partitioning expressions developed for S-free systems, it is impossible to closely 
match Earth's upper mantle abundances 1221 of these elements. Addition of S to the metallic 
liquid, however, allows a close match to Earth's upper mantle abundances, at 27 GPa, 2200 K, AIW = 
-0.15 (where AIW refers to the oxygen fugacity relative to the iron-wustite buffer), nbo/t = 2.7 
(peridotitic), and XS = 0.15 (Fig. 1). This point in P-T space lies below the dry peridotite liquidus 
[23], but is likely to be near the liquidus in a hydrous peridotite [24]. 

This result suggests that a significant amount of water may have been dissolved in the early 
magma ocean. Our results also indicate that the upper mantle (molten peridotite) and lower mantle 
(perovskite-, magnesiowustite-, metal-bearing) may have been isolated early in Earth's history. The 
siderophile element abundances were set by liquid metal - liquid silicate equilibrium at the 
upperllower mantle interface and subsequently imparted on the molten upper mantle by turbulent 
convection. This equilibrium condition was presumably set after the 'metal rainfall' predicted by 
Stevenson [25]. This result also suggests that the deep mantle could have held a significant amount 
of water, as the hydrous magma ocean crystallized. Many high pressure phases have water storage 
potential, including superphase B, garnet and even perovskite [26-281. The effect of water on the 
cooling history of a deep magma ocean remains largely unexplored and many effects must be 
explored (e.g., viscosity, density, thermal conductivity, high pressure solubility in magma) before 
such a system can be quantitatively modeled. (Supported by NASA grant NAGW 3348) 
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Table 1: Coefficients for 1nD expressions (S-bearing metallic liquid) (units are Kelvins and gigapascals) 

Element # pts. a (In f02) b ( I n )  c (P/T) d(nbo/t) e In(1-Xs) f r2 
Ni (LMILS) 102 -0.513 -20500 +435 -0.327 -3.09 +7.016 0.899 
c0 (LM1LS) 3 1 -0.508 -26900 +561 -0.186 -1.70 +8.366 0.969 
Mo(LM/'W 22 - 1.244 -75600 +lo60 -0.391 -2.55 +21.98 0.892 
W &M/U) 48 -1.104 -97200 +I440 -0.770 4.94 +31.45 0.867 
p ( L m s )  16 -0.762 -53700 +I240 -1.300 +0.63 +16.12 0.952 

Figure 1: comparison of mantle abundances of Ni, Co, $ "' 

Mo, W and P reported by McDonough and Sun (1995) 3 
with abundances calculated at 27 GPa, 2200K, A W  = 
-0.15, Xs = 0.15 and nbdt = 2.7. Vertical error bars 
represent 20 error on the calculated values, and horizontal 
error bars are uncertainties reported by McDonough and 
Sun (1995). The abundances of all five elements 
are consistent with metal-silicate equilibrium at high 
pressure conditions. 

mantle abundance (measured) 
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