
SIDEROPHILE ELEMENTS IN IVA IRONS AND THE COMPACTION OF THEIR PARENT ASTEROIDAL CORE.  F. Alba-
rède, R.A. Bouchet, and J. Blichert-Toft, Ecole Normale Supérieure de Lyon et CNRS, 46 allée d’Italie, Lyon, 
France (albarede@ens-lyon.fr) 

 
 
Introduction:  Iron meteorites afford unique in-

sight into the differentiation of asteroidal cores. Their 
elemental correlations have been widely recognized as 
reflecting the fractional crystallization of an originally 
molten core [1]. Among the various groups of iron 
meteorites, the IVAs are particularly interesting be-
cause they are remarkably depleted in volatile elements 
[2], suggesting a connection to the asteroids that domi-
nated the composition of the inner Solar System. Addi-
tionally, the IVAs formed within 1-2 Ma after the col-
lapse of the solar nebula [3,4]. Their well-behaved 
siderophile and chalcophile trace element systematics 
are documented by abundant concentration data for Cr, 
Co, Ni, Cu, W, Re, Ir, Pt, Ga, Ge, As, and Au meas-
ured on a large suite of IVA irons [2,5]. These meteor-
ites have received further attention because their cool-
ing rates dT/dt seem to decrease while, as recorded by 
their Ni contents, differentiation proceeds [6,7}, an 
observation that has been interpreted as reflecting the  
inward dendritic crystallization of an asteroidal core 
[8,9]. 

Early experiments showed that sulfur and, to a 
lesser extent phosphorus and carbon, strongly affect 
the partition coefficients of lithophile elements be-
tween solid and liquid metal [10]. Consequently, sulfur 
became an important parameter of fractional crystalli-
zation modeling, and multiple studies have been dedi-
cated to calculating the amount of sulfur during crys-
tallization. Using a parameterization of experimental 
partition coefficients by sulfur content proposed by 
Jones and Malvin [11], Chabot and Jones [12], fol-
lowed by others, concluded that the IVA trend does not 
fit a simple fractional crystallization model with a 
unique initial sulfur content. Wasson [13] suggested 
that trapped liquid, the existence of which is supported 
by the presence of troilite drops in solid metal helps 
reconcile the fractional crystallization model with 
some of the liquid lines of descent. For the IVB irons, 
a group even more depleted than the IVAs, Walker et 
al. [14] used a parameterized partition coefficient for Ir 
as a function of changing S and P and obtained the 
partition coefficient values for Re, Os, Ru, and Pt  
from the slopes of inter-element correlations. They got 
a reasonable agreement for compatible elements, but 
not for the incompatible elements Pd and Au. A similar 
method was subsequently applied to the IVA irons [5], 
but was found incapable of reproducing the Ga con-
centrations. 

In light of this previous work, we here first present 
a theory of fractionation suitable for a solid. Next, we 
assess whether fractional crystallization of a metallic 
core as parameterized by the relations of Chabot and 
Jones [12] between partition coefficients and sulfur 
contents can be reconciled with the abundances of si-
derophile elements in IVA irons using a least-squares 
approach. We subsequently discuss the effect of inter-
stitial melt trapped in cumulates. Once these models 
have been shown to be unsuitable and, with them, the 
geochemical evidence for inward crystallization of the 
IVA core, least-squares models of partial melting 
aimed at offering a physically acceptable representa-
tion of core compaction are tested and found to provide 
a satisfactory explanation of the data. 

Theoretical background: Since the concentration 
data in the solid are examined in log-log plots and the 
partition coefficients Di of element i are parameterized 
with respect to the fraction XS of sulfur in the melt, we 
first demonstrate that  

(1) 
for fractional crystallization and  

(2) 
for partial melting, in which F is the melt fraction. 
Both Di and its derivative can be parameterized by the 
relations of Chabot and Jones [12]. We use least-
squares techniques and Monte Carlo error propagation 
to assess whether incremental changes in the series of 
IVA irons can be accounted for by fractional crystalli-
zation or rather by partial melting. 

Results: All models of fractional crystallization of 
an Fe-S melt corrected for this effect (JBT: please state 
which effect) result in negative sulfur contents. The 
apparent order of incompatibility during solid-melt 
segregation deduced from binary plots of siderophile 
elements is misleading as a result of the strong de-
pendency of partition coefficients on the sulfur content 
of the melt. These remarkable results revolve around 
the second term on the RHS of Eq. (1), which has so 
far eluded attention. The effect of interstitial melt on 
fractionation hence is negligible because the high sul-
fur content of the melts renders all the elements com-
patible.  
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Figure 1. Apparent compatibility in the record of con-
centrations in solids. For Ga, slopes in binary plots 
change sign when the two curves intercept and not 
when Di crosses the value of 1. The roll-over of Ga and 
Ge indicates that melts are rich in sulfur and eutectic-
like. 
 

In contrast, residues left by the compaction of a 
molten asteroidal core that crystallized with traces of 
sulfides and silicates according to the incremental form 
of batch melting provide a successful representation of 
the IVA suite for a large number of elements.  
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Figure 2. Variability of XS during the partial melting of 
a solid metal core with initially 2% S in the source. 
The shaded domain represents the 95% confidence 
interval of 1000 Monte Carlo models. 

 
Discussion: Compaction is a process in which vis-

cous deformation of the solid column under its own 
weight expels interstitial melt and is adequately mod-
elled by partial melting equations [15]. The picture 
emerging from the new interpretation of siderophile 

elements in IVAs is that of a eutectic Fe-S melt 
(T~988 K) [16] percolating through a matrix of solid 
iron and scavenging siderophile elements trapped with 
sulfides during accretion [3]. 

Forward modeling is not possible because source 
concentrations before melt extraction are unknown. 
Nevertheless, the assumption of a unique source con-
centration for all samples holds reasonably well for Ga, 
Ge, Ni, Co, and Pt over most of the concentration 
range. In contrast, source concentration steadily in-
creases for W, As, Re, and Ir, which may be due to the 
presence of carbon or reflect memory of variations 
acquired during the crystallization of the core. 

Nickel appears mildly incompatible in the solid 
record and correlates negatively with strongly compat-
ible elements such as Ir. A positive correlation between 
F and the cooling rate dT/dt is therefore expected. In 
the context of a solid core compacting after incipient 
melting, the high-Ni samples must have lost smaller-
degree melts but have cooled more slowly than the 
low-Ni samples. Such a relationship reflects that high-
Ni samples correspond to weaker heat sources and less 
efficient removal of latent heat by compaction. Despite 
the uncertainties on the physics of melt extraction, a 
major outcome of the present modeling is that inward 
(dendritic) crystallization of the IVA core is unneces-
sary. It is likely that melting was triggered by 26Al and 
that melt extraction was enhanced by the high strain-
rate of impacts.  
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