
Figure 1: A scanning electron micrograph of one of the

sulfide melt-rich bands (highlighted) in a sample of

olivine + 5 vol% Fe-S.  The olivine is dark gray, and the

sulfide melt is light gray.  The scale bar is 100 �m.
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Introduction: Core formation is an important event

in the evolution of a planetary body, affecting both the

geochemical and geophysical properties of the body.

Metal-silicate segregation could have proceeded either by

settling of liquid metal through a magma ocean or by

percolation of liquid metal through a solid silicate

mantle.  Percolation of metallic melt had previously been

excluded as a viable segregation mechanism because

metallic melts do not form an interconnected network

under hydrostatic conditions, except at high melt fraction

(>5 vol%), due to the high dihedral angle between metals

and silicates (>60°) [1].  Without an interconnected

network, porous flow of metallic melt is impossible,

leaving the magma ocean scenario as the only mechanism

to form the core.

Moment-of-inertia measurements of Europa and

Ganymede from the Galileo probe indicate that they are

differentiated [2,3].  This evidence suggests that a

method for segregating metals and silicates at tempera-

tures low enough to retain volatile compounds must exist.

We have investigated the effect of deformation on the

distribution of metallic melts in silicates.  We have

deformed samples of olivine + 5-9 vol% Fe-S to strains

of � � 2.5 in simple shear and  find that the metallic melt

segregates into melt-rich planes oriented at 20° to the

shear plane.  These metallic melt-rich bands are similar

in structure to the silicate melt-rich bands reported by

Holtzman et al. [4], indicating that deformation can

interconnect isolated metallic melt pockets and allow

porous flow of non-wetting melts.  Such a core formation

process could have occurred in the jovian satellites.

Experimental Details: Samples of olivine + Fe-S

were fabricated by hot-pressing a mechanical mixture of

the two phases.  Olivine powders with a starting grain

size of � 8 �m were prepared by crushing crystals of San

Carlos olivine followed by pulverization in a fluid energy

mill.  Iron sulfide powder with a particle size of ~5 �m

was prepared from a 2:1 mixture of reagent grade iron

sulfide (FeS) plus iron.

Rods 26 mm in length by 10 mm in diameter were

cold-pressed into iron capsules with a uniaxial stress of

200 MPa.  These rods were then hot-pressed at 1523 K

and 300 MPa confining pressure for 4  h to ob tain a fully

dense starting material.

Samples were placed between two thoriated tungsten

pistons cut at 45° to the long axis and then placed into an

Fe or Ni sleeve capped by alumina discs.  Samples were

then sheared in a gas pressure-medium apparatus at a

temperature of 1523 K and a confining pressure of 300

MPa.

Experimental Results: The starting materials

contained an initial melt fraction of � = 0.05-0.09

distributed homogeneously throughout the sample.

Examination of samples in reflected light and scanning

electron microscopy revealed the presence of Fe-S rich

bands oriented at ~20° antithetic to the shear plane.

After deformation, the melt-rich bands contain a melt

fraction of � � 0.25, with the rest of the sample reduced

to � � 0.03.  In the sample of olivine + 5 vol% Fe-S, a

melt-preferred orientation (MPO ) of the sulfide blebs

developed.  In one sample, the sulfide melt segregated

into two bands, one on either side of the strain marker; an

SEM image of one of the sulfide-rich bands can be seen

in Figure 1.  A closer view of the sulfide-band in Figure

2 reveals the extent of interconnection in the bands.

In the sample of olivine + 9 vol% Fe-S, the sulfide

melt is concentrated in the lower pressure regions of the

sample, such as the edges of the sample and the tensile

portion of the piston grooves, and is highlighted in Figure
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Figure 2: A scanning electron micrograph of the melt-

rich band highlighted in Figure 1.  Olivine is dark gray,

and sulfide is light gray.  The melt fraction here is 0.25.

Note that some of the olivine grains are surrounded by

sulfide melt.  The scale bar is 10 �m.

Figure 3: A reflected light micrograph of olivine + 9

vol% Fe-S deformed to � = 1.8  in simple shear. Olivine

is gray, sulfide is white, and quench cracks and pluck-

out are black.  At the bottom, the melt fraction is 0.2,

and the bands are oriented antithetic to the shear

direction at ~26°.  In the middle, the sulfide  melt

fraction is 0.03, and the blebs are aligned at ~28°

synthetic to the shear direction.

3.  The sulfide melt fraction in the sample is reduced to

0.03, and the melt is oriented synthetic to the shear

direction.

Discussion: Moment-of-inertia measurements of

Europa and Ganymede indicate these satellites are

differentiated [2,3].  Models of their interiors have a

thick icy, volatile-rich crust, a silicate mantle, and a Fe-

or FeS-rich core.  We want to understand how the

satellites could have differentiated without whole-scale

melting of the body (which would be expected to drive

off the volatiles).

Segregation of molten metals from so lid silicates by

deformation-driven grain boundary percolation results in

melt-rich bands with melt fractions exceeding 0.2.  These

bands are high permeability channels that would  permit

relatively efficient extraction of metallic melts from a

largely solid silicate mantle.  A comparison of the

microstructures in the sheared samples with 5 vol% and

9 vol% melt reveals a clear transition in interconnec-

tivity.  The high melt fraction regions observed near the

ends of the 9 vol% sample and in the grooves of the

pistons suggest that the melt is interconnected prior to

deformation and flows to the lower pressure regions once

deformation begins.  Based on our shear deformation

experiments, it appears that roughly 3 vol%  melt is

stranded in the matrix, at least at shear strains <2.

Experiments are in progress to explore the possibility that

more efficient melt extraction occurs at higher strains.

Yoshino et al. performed electrical conductivity tests

that revealed an interconnected network forms in olivine

+ Fe-S at a melt fraction of ~5 vol% [5].  As the samples

reported here contained 5-9 vol% metallic melt, the

sulfides formed a partially interconnected network before

deformation.

Core formation in the icy satellites of Jupiter could

have occurred by deformation-driven percolation.  These

satellites are geologically active due to the gravitational

influence of Jupiter, and deformation-driven processes

would be expected to occur.  Our experimental results

suggest that 2-3 vol% melt may be stranded in the silicate

mantles of Europa and Ganymede.
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