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Percolation of Core Melts at
Lower Mantle Conditions

M. C. Shannon and C. B. Agee

Experiments at high pressure and temperature to determine the dihedral angle of core
melts in lower mantle phases yielded a value of ~71° for perovskite-dominated matrices.
This angle, although greater than the 60° required for completely efficient percolation,
is considerably less than the angles observed in mineral matrices at upper mantle
pressure-temperature conditions in experiments. In other words, molten iron alloy can
flow much more easily in lower mantle mineralogies than in upper mantle mineralogies.
Accordingly, although segregation of core material by melt percolation is probably not
feasible in the upper mantle, core formation by percolation may be possible in the lower

mantle.

Core formation is by far the largest mass

transfer event in Earth history. For a homo- -

geneous chondritic Earth this event in-
volves the separation of iron metal from
silicate material to form a metallic core
with an overlying silicate mantle. Two pos-
sible separation mechanisms have emerged
(I1): melt segregation through a molten ma-
trix, a process commonly referred to as rain-
fall, and melt segregation through a.solid
matrix, usually termed percolation. Rainfall

requires that some or all of the silicate

mantle was molten, allowing the molten
iron droplets to “fall” to the center as a
result of their greater density. Percolation
involves molten iron moving through solid
rock by flowing between grains along an
interconnected grain-edge pore network.
Several experimental studies showed that
percolation in the upper mantle would not
be possible (2-4). The fluid-solid interfacial
energy of molten iron and iron-sulfur alloys
in lower mantle aggregates is too high, rel-
ative to the grain boundary energies of a
rock matrix of olivine (and its higher pres-
sure polymorphs), pyroxene, and garnet, to
permit the melts to form an interconnected
network. Percolation is therefore ineffi-
cient, stranding some of the metallic alloy
in the silicate matrix. Because rock samples
from the upper mantle show no evidence of
stranded core material, true percolation is
ruled out. In the lower mantle, however,
the mineralogy changes to a matrix domi-
nated by (Mg, Fe)SiO; perovskite and mag-
nesiowuestite (5). The physical properties
of perovskite and magnesiowuestite differ
from those of olivine and pyroxene because
of the coordination change of silicon from
tetrahedral (coordinated to four oxygen at-
oms) to octahedral (coordinated to six ox-
ygen atoms). It is unknown how iron alloy
interacts with these lower mantle phases,
although an enhanced percolation ability is
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suspected (I, 6). Here we examined the
ability of iron alloy to form an intercon-
nected grain-edge network with perovskite
and magnesiowuestite.

Experiments were performed with a
multi-anvil device; the experimental setup
was similar to that described in (7) except
that a carbon capsule was used to separate
the starting material from the heater and no
thermocouple was present. Temperature was
estimated on the basis of power consumption
and a comparison of textures from similar
experiments run with a thermocouple (8).
We used two starting materials: Homestead
meteorite (an L5 ordinary chondrite) and a
mixture of enstatite and iron sulfide. Both
starting materials were ground to an average
grain size of 5 to 10 wm. The materials were
pressurized to ~25 GPa and heated to a
point just below the silicate solidus where
the silicates and oxides are solid and the iron
alloy is molten, about 2100°C. These condi-
tions were maintained for 3 hours to achieve
a close approximation to textural equilibri-
um. In the 25-GPa runs, the original phases
of Homestead recrystallized to form perov-
skite (Mg ,¢Fe,4)Si0;, magnesiowuestite
(Mg 35Fe 45)O, garnet, calcium perovskite,
and quenched iron-nickel-sulfur melt
(Feg;Ni;S;,) (Fig. 1A). The original ensta-
tite recrystallized to form perovskite
(Mg gsFe 55)SiO5 in contact with quenched
iron-sulfide melt (FegoNi;S;o) (Fig. 1B).

To characterize percolation ability, we
determined the dihedral angle that the
quenched alloy (molten during run condi-
tions) forms with the solid silicate phases
from the polished sections. Because the di-
hedral angle is measured in the plane nor-
mal to the axis of the triple junction be-
tween two solid grains and a quenched melt
pocket, measured angles in a single section
will produce a distribution of apparent an-
gles (9). We approximate the true angle
with the median of the distribution of ap-
parent angles (10). A dihedral angle of 60°
or less indicates that efficient percolation is
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possible. A value greater than 60° implies
that some melt will be stranded, with the
amount of melt stranded increasing with
increasing angle (11-13). All three distri-
butions show broadening relative to the
theoretically expected distribution charac-
teristic of matrices with nonisotropic phases
(9, 10, 14). In addition, the broad distribu-
tion of the Homestead experiment (Fig.
2A) results from contact between several

different solid phases and melt. The distri-
bution of angles is narrower for contacts
measured between only perovskite and the
alloy (Fig. 2B).

Another possible explanation for the
broad peaks is that the textures are not in
equilibrium. In that case, the median may
not be a good approximation for the dihedral
angle. However, we suggest that these tex-
tures are in equilibrium for three reasons.

Fig. 1. (A) Results for the Homestead meteorite starting composition (run 760), run at ~25 GPa and
~2100°C. The matrix is dominated by perovskite (pv) with grains of magnesiowuestite (mw), garnet
(gar), calcium perovskite (cpv), and pockets of quenched iron-nickel-sulfur melt (fe-ni-s). (B) Results for
the enstatite starting composition (run 762), obtained under the same conditions as run 760. The matrix
is entirely magnesium-rich perovskite (pv) with pockets of quenched iron-sulfur melt (fe-s).

Fig. 2. (A) Distribution of 50 50,

apparent dihedral angles § A Medan=74| 40 B Median = 71
for all phases formed § @

from the Homestead 8 3 %1

meteorite starting com- 9 20 204

position. The number of & 10 10

contacts measured was E 0 | o

375. This peak is broad- Z "0 20 40 60 80 100120 140160180 0 20 40 60 80 100 120 140 160 180
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and (C) because of the presence of magnesiowuestite, gar- @ %

net, and calcium perovskite in addition to the perovskite in g c Median =72
the matrix. (B) Distribution of apparent dihedral angles for § 801

contacts between iron-alloy melt and perovskite formed from 5 20

the Homestead meteorite starting composition. The number =

of contacts measured was 263. (C) Distribution of apparent é 104
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perovskite formed from the enstatite starting composition. 0 20 40 60 80 100 120 140 160 180
The number of contacts measured was 215. Apparent angle (degrees)
Fig. 3. Dihedral angle versus pressure di- 160

agram for the Homestead L5 chondrite. b Upper mantle Lower mantle

The plotted value of dihedral angle 6 is the
median angle of a distribution of apparent
angles; error bars are +10°. Open symbols
represent upper mantle phases (circle, oli-
vine; triangle, B-phase; square, y-spinel),
which all yield a dihedral angle of ~108°,
from (4); the filled circle represents run 760
from this study. The point at 23.5 GPa was
run in the same setup as the runs in this
study and is a “bridge” to our previous re-
sults. y-Spinel, perovskite, and magnesio-
wuestite were all stable in the charge; how-
ever, only angles at junctions with y-spinel
were measurable.
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Previous studies have shown that at elevated
pressures and temperatures, the dihedral an-
gle does not change significantly after a few
hours of run time (3, 4). Second, the results
from preliminary experiments run for 5 to 60
min or at lower temperatures give bimodal
distributions or broad peaks (15). The rela-
tively narrow, single peaks of the two exper-
iments here show that the dihedral angle is
approaching a single value. Finally, a quan-
titative analysis of the angles formed at triple
junctions of perovskite grains shows that the
perovskite matrix that forms the bulk of the
sample has reached an equilibrium texture
(16). Therefore, we are confident that,
within error, the median of the apparent
distribution is representative of the dihe-
dral angle.

Both the iron-bearing perovskite
(Homestead sample) and the magnesium-
rich perovskite (enstatite sample) produced
a dihedral angle of ~71° (Fig. 2), suggesting
that the iron content of the perovskite has
no effect on the percolation ability of the
melt. The value of 74° produced by the
entire Homestead matrix (Fig. 2A) agrees
with the perovskite values and reflects the
dominance of perovskite in the solid matrix
of this meteorite. The other solid phases
present, magnesiowuestite, garnet, and cal-
cium perovskite, were not abundant enough
to yield distinct dihedral angle measure-
ments or change the percolation ability of
the melt (17). The decrease in the dihedral
angle to 71° from the 108° value measured
for the Homestead meteorite composition
at upper mantle conditions (Fig. 3) (4)
indicates a change in the interfacial ener-
gies of the solid phases when the minerals
v-spinel and pyroxene transform to perov-
skite and magnesiowuestite. Such a shift
does not occur at lower pressures when
olivine transforms to B-phase and y-spinel
and may in part be due to a change in
atomic packing.

The reduction in dihedral angle indicates
a change in the percolative ability of the
melt. In experiments simulating upper man-
tle matrices, the larger dihedral angle indi-
cates that the fraction of melt that will be
stranded is at least 6 to 10% by volume of the
sample (12, 13, 18). The lower dihedral
angle measured here in experiments simulat-
ing lower mantle matrices indicates that the
stranded melt fraction will be smaller, al-
though how much smaller is not precisely
known. For a melt forming a dihedral angle
of 71° with a monomineralic isotropic ma-
trix, the stranded melt fraction is about 2.5
to 3% (13). When the solid phase or phases -
are anisotropic, as perovskite is, the fraction
of melt stranded has been shown to be high-
er (19).

Changes in pressure, temperature, and
composition with depth can also change the
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dihedral angle. Previous work has shown
that, in similar systems, dihedral angle de-
creases with increasing temperature (2, 20).
At the same time, increasing pressure may
increase dihedral angle (3, 4). Melt compo-
sition also has an influence (2, 3). The
profile of dihedral angle throughout the low-
er mantle then will depend on the interac-
tion of all of these factors as the pressure and
temperature increase. Better constraints on
the effects of pressure, temperature, and
composition are needed before the percola-
tive ability of the lower mantle can be com-
pletely assessed; however, the ~35° decrease
in dihedral angle due to the mineralogy
change at the upper-lower mantle boundary
suggests percolation in the lower mantle may
be a feasible core segregation mechanism.

For the early Earth, these results are most
relevant to models of core formation. Core
formation by percolation in the entire man-
tle is not feasible because of the large dihe-
dral angle in matrices formed at lower
pressures. Some melting of the silicates,
diapiric instability, or a nonequilibrium
process such as shearing may have been
required to mobilize the melt downward at
lower pressures. However, the decrease in
dihedral angle in lower mantle assemblag-
es suggests that percolation in the deep
Earth may be possible under some condi-
tions. If so, then core formation could
have proceeded by rainfall through melted
silicates at lower pressures (<25 to 30
GPa) (21) and by percolation at greater
pressures. [f percolation is not enough en-
hanced by the decrease in dihedral angle
to allow complete segregation of core ma-
terial, then other mechanisms to mobilize
the melt such as partial melting of silicates
or shearing are needed to complete core
formation.

These data also have ramifications for
Earth now. The ability of core material to
infiltrate the lower mantle at the core-man-
tle boundary is also characterized, in part,
by the dihedral angle. An angle on the
order of 71° means that core melt could
percolate upward, by capillary action, some
distance into the base of the lower mantle.
The density contrast between mantle and
core may allow only a thin zone of metal
capillary infiltration. If molten iron is en-
trained in D", then it will tend to percolate
back to the core along grain boundary path-
ways. The amount of melt present and the
distance of infiltration will provide impor-
tant constraints on models of the formation
of D", interactions at the core mantle
boundary, and mantle dynamics (22).
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Localized Reconnection in the
Near Jovian Magnetotail

C. T. Russell,* K. K. Khurana, D. E. Huddleston, M. G. Kivelson

The oppositely directed magnetic field in the jovian magnetic tail is expected eventually
to reconnect across the current sheet, allowing plasma produced deep inside the mag-
netosphere near |o’s orbit to escape in the antisolar direction down the tail. The Galileo
spacecraft found localized regions of strong northward and southward field components
beyond about 50 jovian radii in the postmidnight, predawn sector of the jovian mag-
netosphere. These pockets of vertical magnetic fields can be stronger than the sur-
rounding magnetotail and magnetodisk fields. They may result from episodic recon-
nection of patches of the near jovian magnetotail.

The Galileo spacecraft has, since insertion
on 7 December 1995, operated at Jupiter in
a series of orbits whose line of apsides has
rotated from a position behind the dawn
terminator to close to midnight. The eighth
of these orbits had sufficient telemetry
bandwidth that nearly continuous measure-
ments could be obtained through the apo-
jove region and telemetered to Earth. This
allowed us to study the temporal stability of
the magnetodisk and near magnetotail with
the data from the magnetometer (1) from
midnight to 3 AM local time and at dis-
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tances from 50 to 100 jovian radii (R;) from
the planet (Fig. 1A). On the basis of previ-
ous observations by Pioneer 10 and 11 (2),
Voyager 1 and 2 (3), and Ulysses (4), we
expected the magnetospheric field to be
radially directed through most of this region
except near the current sheet. The tilt of
the magnetic dipole axis controls the cur-
rent sheet location so that the current sheet
is, in general, displaced from the rotational
equator in which Galileo orbits so that it
can fly by the four Galilean moons (Fig.
1B). The rotation of Jupiter carries the cur-
rent sheet back and forth across Galileo
every 10 hours.

The volcanic moon lo supplies up to a
ton of ions per second to the jovian mag-
netosphere. This material is transported ra-
dially outward to ultimately be lost down
the tail in the antisolar direction (5, 6). In
a perfectly electrically conducting fluid, the
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