(glass) that formed the perimeter of the
basal plane. Our geometry differs from Hill-
ig’s in that each facet is bounded by both a
foreign material (the cell windows) and the
other facet. This geometry allows us to mea-
sure the relative growth velocity of the two
facet planes. The maximum undercooling is
the same for both faces. The ratio of the
velocities of the two faces determines the
direction of advance of their intersection. If
the velocity v of each face is given by an
independent nucleation process, then this
ratio will be given by (10)
qi o e—(ul - «)/AT (2)
V2
where a, and «, are related to the nucle-
ation barriers on the individual facet planes.
For a homogeneous 2D nucleation process,
v, = v, predicting a specific direction for
the facet growth. For heterogeneous nucle-
ation, a; # o, and as the supercooling is
decreased, the velocity of one of the planes
would predominate, causing the facets to
move in a different, well-defined direction.
When the temperature is ramped quickly,
causing the ice perimeter to advance at a high
velocity, the facets grow out in a purely radial
direction (Fig. 4). This is what might be ex-
pected when the growth rate of each facet is
limited by the dissipation of latent heat. In
the limit of slow growth, we expect the facet
growth to be governed by interface processes
such as 2D nucleation. On reducing the
growth rate, the growth direction changes and
approaches a new heading that is rate-inde-
pendent. Interestingly, this direction is not
the one obtained by assuming either homoge-
neous or heterogeneous nucleation. Conse-
quently, we speculate that the growth process
for each plane is not independent of the oth-
er, but rather is controlled in some nontrivial
way by their common boundary.
The presence of the facets also provides an
opportunity to study the relaxation of twist

Fig. 4. The position of the vertex (circles) plotted
relative to the ice-water interface (bold line) at
equally spaced time intervals. The vertex initially
grows out quickly in a radial direction but con-
verges to a new direction as the growth slows.
Also shown are the theoretical directions for ho-
mogeneous nucleation («; = «,) and heteroge-
neous nucleation (e, # ).
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along grain boundaries. As the ice interface
grows out, the grain boundary orientation at
the ice edge is pinned to the line of intersec-
tion of the two basal facets. Once formed,
however, a grain boundary would like to relax
to an orientation that minimizes its free en-
ergy. In the absence of any anisotropy in the
interfacial energies, the minimum energy ori-
entation would be vertical (perpendicular to
the plane of the ice disk) because this mini-
mizes the grain boundary area. When aniso-
tropy is included, the grain boundary may
prefer some other orientation. In Fig. 1B, the
grain boundary has relaxed from the pinned
orientation at the edge to a more energetically
favored one at smaller radius.

The faceted grooves observed here were
not rare examples: typically, 10 to 20% of
all grooves were faceted. This percentage is
attributed to the cell geometry and the
manner in which the ice is nucleated. Nu-
cleation is accomplished by suddenly im-
posing a sharply lower temperature at the
center of the top face of the cell, forcing a
temperature gradient normal to the window
plane. Initial growth is in the same direc-
tion, during which the fastest growing do-
mains may wedge out other orientations.
Because ice grows fastest along the a axis,
the result is to produce domains with the ¢
axis mostly in the plane of the ice disk.
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Partitioning of Tungsten and Molybdenum
Between Metallic Liquid and Silicate Melt

Michael J. Walter® and Yves Thibault

The “‘excess’” of siderophile elements in Earth’s mantle is a long-standing problem in
understanding the evolution of Earth. Determination of the partitioning behavior of tung-
sten and molybdenum between liquid metal and silicate melt at high pressure and

temperature shows that partition coefficients (D

) vary by two orders of mag-

metal/silicate

nitude depending on whether metal segregated from a basaltic or peridotitic melt. This
compositional dependence is likely a response to changes in the degree of polymerization
of the silicate melt caused by compositional variations of the network-modifying cations
Mg?*and Fe?*. Silicate melt compositional effects on partition coefficients for siderophile
elements are potentially more important than the effects of high pressure and temperature.

If core formation in the Earth was a simple
equilibrium process whereby metal segregat-
ed from silicate, then the abundance of
siderophile (metal-seeking) elements re-
tained in the silicate mantle of the Earth
should reflect the conditions of equilibrium.
On the basis of metal/silicate partitioning
data collected at 1 atm and low-tempera-

SCIENCE ¢ VOL. 270 -

17 NOVEMBER 1995

ture conditions (1600 to 1900 K) (I, 2),
siderophile elements are overabundant in
the Earth’s upper mantle by as much as
several orders of magnitude (3). Recent nu-
merical models of the thermal history of the
early Earth that are based on large-impact
accretion models (4) predict large or whole-
sale melting of the proto-Earth (5, 6). If



core formation occurred during this time,
then segregation may have been a high-
pressure and high-temperature process. It
has been postulated that both pressure and
temperature significantly affect siderophile
element partitioning behavior (7, 8). Sev-
eral studies have reported liquid metal/sili-
cate melt partitioning data at extreme pres-
sures and temperatures (9—11) and have
shown, for example, that increasing pres-
sure and temperature significantly reduces
the partitioning coefficient of liquid metal/
silicate melt (D) for Ni and Co. Ele-
ment partitioning between coexisting phas-
es potentially depends on the bulk compo-
sition of a system, but it has been assumed
in previous partitioning studies and in mod-
els of core formation that the bulk compo-
sition of the silicate, with the exception of
oxygen content, does not have a significant
effect on metal/silicate partitioning. Here,
we present results on the partitioning be-
havior of W and Mo—both highly charged
moderately siderophile elements (W¢* and
Mo®*)—between liquid metal and silicate
melt as a function of silicate melt composi-
tion, temperature, and pressure.

Mixtures with bulk compositions in the
system Si-Al-Fe-Mg-Ca-(W or Mo) were
prepared from high-purity powdered oxides,
carbonate {CaCOj;), and metals (Fe, W,
and Mo). Iron was added to mixtures as
Fe,O; and Fe metal, and the oxygen con-
tent of these mixtures was varied by chang-
ing the ratio of Fe,O; to Fe in the mix. In
our study of Ni and Co partitioning, the
relative abundances of Si, Al, Mg, and Ca
were fixed at that for a model C1 chondrite
(11). Here, we varied not only oxygen con-
tent among the starting materials, but also
Si/Mg from ~0.7 to ~2.1, a range that
encompasses Si/Mg of fertile peridotite
(~0.9), chondrite (~1.1), komatiite
(~1.2), and picritic basalt (~2.2). The val-
ue of D, depends on experimental con-
ditions and can be quite large for W and Mo
(>1000). This makes electron microprobe
analysis of their abundances in the
quenched silicate impossible if chondritic
abundances are used in starting mixtures
[for example, 92.6 ppb of W and 928 ppb of
Mo (12)]. For this reason, we added 10% by
weight of either W or Mo to each mixture.
Starting mixtures were loaded into graphite
sample containers. Although carbon be-
came an integral component of the metal
alloys (~5 weight % ) in our experiments,
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only an insignificant amount of carbon is
believed to have dissolved in the silicate
melt (11).

We report here experiments made at 2
and 6 GPa, and from 2300 to 2700 K, for
the W-bearing samples, and at 1 and 7 GPa,
and from 2200 to 2700 K, for the Mo-
bearing samples (Table 1). Experiments
were run either in a piston cylinder or
multi-anvil apparatus  (13). Our results

Table 1. Data for experiments with W- and Mo-
bearing samples. Microprobe data are available
upon request. Uncertainties given in parentheses
are =2 SEM. Values for f, were as calculated in
@1). :

Run log D fo, (AIW) Si’'Mg  NBO/T
W, 2 GPa, 2300 K
10 3.33(7) -1.91(1)  1.27(1) 2.01
47 2.87(4) —-1.76(1) 1.18(2) 2.18
17 2.74(3) —-1.63(1) 1.27(1) 212
34 2.57(3) —1.52(1)  1.27(3) 217
39 2.17(2) —1.32(1)  1.29(2) 2.27
43 1.92(1) —-1.19(1)  1.28(4) 2.41
57*  1.99(1) -1.31(1)  1.21(3) 2.46
08 2.00(3) —1.45(1)  1.03(3) 2.58
20 1.73(3) —1.28(1) 1.02(3) 2.71
12 1.53(6) —1.20(3) 1.06(4) 2.69
54 1.57(2) —-1.64(2) 0.73(1) 3.40
55 1.32(4) —1.40(3) 0.75(2) 3.51
56 2.16(3) —1.71(1) 0.88(3) 2.83
58 2.53(5) —-1.93(2) 0.78(4) 3.07
59 3.5t —-1.70(1) 2.10(1) 1.30
W, 2 GPa, 2600 K
23 3.16(5) —-1.87(1)  1.25(1) 2.04
48 2.80(3) =1.74(2)  1.17(4) 2.19
18 2.67(2) —-1.56(1)  1.25(1) 2.16
37 2.48(2) —-1.51(1)  1.29(3) 2.10
40 2.18(2)  —1.34(1) 1.25(1) 2.34
44 1.95(1)  —1.20(1) 1.27(1) 2.43
W, 6 GPa, 2300 K
01 3.57 -213(2) 1.21(2) 2.05
28 2.95(5) —-1.78(2)  1.20(1) 217
49 2.84() —1.77(1) 1.16(3) 2.21
38 2.57(3) —1.53(1)  1.23(1) 2.24
41 2.12(3) —-1.34(2)  1.24(1) 2.36
42 2.08(3) —1.24(1)  1.29(1) 2.40
W, 6 GPa, 2700 K
51 2.93(3) —-1.83(1) 1.17(2) 2.16
50 2.65(2) —1.75(2)  1.14(1) 2.25
46 2.11(1) —1.40(1)  1.14(2) 2.50
Mo, 1 GPa, 2200 K
01 3.64(7) —1.47(1)  1.10(2) 2.35
07 3.41(8) —1.22(2) 1.11(4) 2.53
12 3.02(14) -1.014) 1.116) 271
15 3.06(10) —1.82(1) 0.74(2) 3.33
16 2.65(7) —=1.24(4) 0.77(2) 3.55
Mo, 1 GPa, 2600 K
03 3.26(7) —-1.48(2) 1.09(1) 2.44
09 3.03(10) —1.31(3) 1.11(1) 2.49
13 2.79(13) —1.08(5) 1.07(7) 2.73
Mo, 7 GPa, 2300 K
02 3.34(10)  —1.50(1)  1.10(1) 2.40
05 3.07(8) -1.25(2)  1.11(1) 2.50
11 2.73(10)  —1.08(3) 1.10(2) 2.67
Mo, 7 GPa, 2700 K
04 2.90(2) —1.43(1)  1.12(1) 2.39
10 2.46(4) —-1.25(3) 1.13(1) 2.49
14 2.35(7) —-1.04(4)  1.11(2) 2.72

“Experiment with only 5% W in the starting material.
W below detection limit. D, Is @ minimum.

mel/
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show that for W at 2 GPa and 2300 K (Fig.
1A), log D, .. varies as a function of
oxygen fugacity (fo) and Si/Mg according
to the linear relation

log Dmet/,sil =a+ b(ng) + C(Sl/Mg)

A least-squares fit reproduces the data to
within ~2% average deviation [weighted
sum of deviation squared (WSDS) = 0.05].
At constant values of fo, (essentially con-
stant FeO in the silicate), log D, .. drops
by more than a log unit as a result of
variation in Si/Mg from 1.3 to 0.7. Thus, as
the relative abundance of Mg?* increases
and that of Si** decreases in the silicate
melt, W becomes more soluble. Similar re-
sults were obtained for Mo (Fig. 1B). Again,
the solubility of Mo in the silicate melt
increases as Si/Mg decreases.

At constant Si/Mg, the only composi-

20 18 -16 -4 12 -0
log fo, (AIW)

log Dmetlsil

4.0 T — . T
3.8}
3.6
3.4¢
32l
30l @074
2.8f
o6h $077

2.4 s . ‘ ‘
-1.8 -1.6 -1.4 -1.2 -1.0 -0.8

log f02 (AIW)

Fig. 1. Log Do« Versus log fo, (AIW) for W at 2
GPa and 2300 K (A). Values for D¢ are in
weight percent. Analytical uncertainties are about
the size of the symbols for W. Individual data
points are labeled according to the Si/Mg of the
silicate melt. Linear contours of constant Si/Mg
(solid lines) were calculated by best-fit multiple
linear regression to all the solid circular data points
with the equation log D = a + b(log fo,) (AIW) +
c(Si’'Mg) (WSDS = 0.05). The slope of the re-
gressed contours is —1.9. The open circle, not
included in the regression, is from an experiment
in which W was below the detection limit, so its
partition coefficient is shown as a lower bound.
The solid square is from an experiment with only
5% W rather than the usual 10%. (B) Mo data at 1
GPaand 2200 K. Numbers are asin (A). Error bars
show analytical uncertainty (2 SEM). The re-
gressed slope to data with constant Si/Mg of
~1.1 has a slope of —=1.3 (* = 0.96).

1187



tional parameter that varies in the bulk
composition is oxygen, producing variations
of FeO in the silicate melt from ~8 weight
% at 2 log units below the iron-wustite
buffer (IW-2) to ~20 weight % at IW-1.
The equilibrium equation describing the
partitioning of W or Mo between metal and
silicate can be written as

Mmet 4+ (y/Z)Oz — MO;H

where M is the metal cation and y is deter-
mined by the valence state of the cation in
the silicate. In a solution in which the
metal species in the silicate and metallic
liquids mix ideally, the valence state of M
in the silicate is given by a linear relation
between log D, ., and log f such that

met/si
1Og Dmel/sil =A: log f(_)g +B
where A = —v/2, and B contains activity

and equilibrium constant terms that are
assumed to be constant at constant temper-
ature and pressure (2). If W exists in the
silicate melt in a 6™ valence state, then the
slope of the lines of constant Si/Mg (where
only FeO of the silicate melt varies) on Fig.
1A should be —1.5. The observed slope is
—1.9, however, and this value yields a cal-
culated valence of 7.6, which is impossible
for W. -Our results at 6 GPa and 2300 K
yielded a valence of 6.6, again larger than
the ideal value of 6. The apparent increase
in valence could be an artifact of a system-
atic change in the activity of iron in the
silicate with changing values of f, . A re-
cent experimental study by Hillgren (14)
was designed to test this hypothesis, and for
values of f5 in the range of IW-1 to IW-2,
Hillgren’s résults showed a constant differ-
ence between calculated and measured val-
ues of f .

Thus, on the basis of these results, no
change in slope on Fig. 1 would be expected
as a result of changing activity of FeO in the
silicate. One possible explanation is that
the nonideal slope for W reflects changes in
the solution behavior of the W species in
the silicate melt with changing Fe?* in the
melt. This presumption is supported by the
decrease in log D, associated with de-
creasing Si/Mg of the silicate melt (that is,
increasing Mg?*). The slope of log Dyeysil
versus that of log fo.for Mo (Fig. 1B) yield-
ed a valence of 5.2, and data at 7 GPa
yielded a valence of 5.6. However, uncer-
tainties in D/, are larger for Mo than for
W, and we have fewer data, so we cannot
resolve the meaning of this value.

What compositional parameters produce
our observed increase in W and Mo solu-
bility in the silicate melt will depend on the
molecular species present in the silicate
melts produced here. A qualitative model
can be constructed to describe the observed
behavior. The SiO, tetrahedra are the basic
structural units in silicate melts and, de-
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pending on how oxygen atoms are shared
with neighboring tetrahedra (bridging oxy-
gens), they form a variety of possible net-
work structures (15). Intensive variables
such as composition, temperature, and pres-
sure can have systematic effects on melt
speciation—for example, the type and
abundance of structural units such as
SiO,*7, Si,045%7, and Si,0,°7. Cations
that are not tetrahedrally coordinated, such
as Mg?" and Fe?™, must compete for oxy-
gen atoms in the melt structure (non-bridg-
ing oxygens), and in doing so they depoly-
merize the melt structure and create new
opportunities for competition for oxygen by
cationic species. Highly charged cations
such as W and Mo have a strong affinity for
oxygen, and their solution properties may
be influenced by silicate structure (16). On
the basis of available data, highly charged
cations should be most strongly partitioned
into depolymerized silicate melts (17).
Here, we calculated the number of non-
bridging oxygens to tetrahedrally coordinat-
ed cations (NBO/T) for the silicate melts in
our experiments (Table 1). NBO/T gives
the degree of polymerization of a silicate
melt, with a value of 0 indicating a fully
polymerized melt and a value of 4 indicat-
ing a completely depolymerized melt (15).
The silicate melts have calculated NBO/T
values ranging from ~1.3 to 3.6. We fit
partitioning data for W at 2 GPa and 2300
K to a linear equation of the following form:

lOg Dlntt/si[ =a+ b(f(,):) + C(NBO/T)

A least-squares. regression reproduced the
data to within ~3% average deviation
(weighted sum of deviation squared =
0.00). If NBO/T is a reasonable proxy for
the complex variables in the silicate melt
that cause the observed changes in W and
Mo solubility, then changes in log D, ../
as a function of log f5. should not be
affected at constant NBO/T. The calculat-
ed valence of W at constant NBO/T is
~5.8 (compare to a valence of 7.6 calcu-
lated from the slope at constant Si/Mg on
Fig. 1A), a value that is close to the ideal
valence of 6*. This near ideal calculated
valence likely reflects the compositional
dependence of W solubility on the abun-
dance of network-modifying cations such
as Fe’™ and Mg”>*. Hillgren et al. (18)
have also obtained experimental evidence
that shows a dependence of D, ;) for W
and Mo on silicate melt composition.
Their data suggest that other sideraphile
and lithophile elements (Ni, Co, P, Ga,
and Ge) are also affected, although the
magnitude of these effects has yet to be
isolated.

Support for the importance of melt
structure on partitioning comes from a
study on the effect of pressure on albite melt
structure made by Keppler and Rubie (19).
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Fig. 2. Log D, for W (solid line) and Mo
(dashed line) as a function of NBO/T at log f02
(AIW) of —1.9. The trends are extrapolations
based on linear regressions to the W data at 2
GPa and 2300 K [excluding runs W57 and W59
(Table 1)], and to the Mo data at 1 GPa and 2200
K, according to the equationlog D = a + blog o,
(AIW) + ¢(NBO/T) (WSDS = 0.06 for W and 0.01
for Mo). Also shown are the NBO/T of typical tho-
leiitic basalt, komatiite, and peridotite composi-
tions, and the log D,/ that is necessary to ac-
count for the abundances of W and Mo in the
upper mantle assuming equilibrium core forma-
tion between an Fe-rich core making up ~30% of
the mass of Earth.

They showed that an increase in pressure in
the range of 5 to 10 GPa increases the
opportunities for octahedral coordination of
Ni and Co, thereby making them more
soluble in the melt. Since that study, it has
been confirmed that Ni and Co become
more soluble in melts of basaltic to peridot-
itic composition with increase in pressure
and temperature (9-11), and this phenom-
enon likely reflects a change in silicate melt
structure. On the basis of our data over a
range of temperatures and pressures (Table
1), at constant silicate melt composition
D eyt for W shows no change, within un-
certainty, with increase in temperature or
pressure. However, log D, for Mo de-
creases at a rate of ~0.07 per 1 GPa, and 0.1
per 100 K, over the range of conditions we
investigated.

A possible reason for changes in the W
and Mo solubility in the silicate melts in
our experiments is extreme deviation from
behavior according to Henry’s law. We feel
that this is not a primary effect for the
following reasons. The liquid metal alloy
phase contains ~30 weight % of W or Mo,
so it is likely that activity-composition re-
lations do not follow Henry’s law at such
high concentrations. However, the varia-
tion in W and Mo in the liquid metals
among experiments with different bulk
compositions is typically about 2 to 5%, and
these changes should not produce such
large changes in W and Mo solubility in the
silicate. The silicate melts contain between
100 ppm and 15,000 ppm of W (most have
<10,000 ppm) and between 100 and 2000
ppm of Mo.



To test the effect of W concentration in
the coexisting metal and silicate phases on
partitioning, we used only 5% by weight of
W in the bulk composition at 2 GPa and
2300 K (Fig. 1A, solid square). Within un-
certainty, our result was consistent with
data obtained with the usual 10% of W in
the bulk composition. This result suggests
that deviations from Henry’s law cannot
account for the observed effect of silicate
melt composition on partitioning. At con-
stant values of fo, temperature, pressure,
and W concentration in the bulk composi-
tion, variations in Si/Mg from 1.3 to 0.7
produced nearly an order of magnitude
change in values of D, ., Wwhereas chang-
ing the W concentration by half produced
no observable change in partitioning.

Segregation of metal from silicate to
form Earth’s core almost certainly in-
volved both a liquid metal and a silicate
melt, although the amount of silicate melt
necessary to promote metal segregation
could be small (20). Depending on the
degree of melting, the silicate melt in
equilibrium with metal could range essen-
tially from basalt (low melt fraction) to
peridotite (high melt fraction). For a value
of o, at which core segregation will leave
amantle with ~9% FeO by weight, D, ...
for W is ~10%, and for Mo is ~10°, in a
melt of basaltic composition (Fig. 2).
However, in a peridotitic melt, D, for
W and Mo drops to ~10? and ~10°, re-
spectively. Thus, depending on the degree
of melting of the mantle in the Earth’s
carly history, W and Mo partition coeffi-
cients can vary over two orders of magni-
tude. When the added effects of tempera-
ture and pressure on Mo partitioning are
taken into account (for example, increas-
ing pressure by 5 GPa and temperature by
500 K decreases the value of D for Mo by
about 1 log unit) the magnitude of the
abundances of W and Mo in the upper
mantle can be explained by equilibrium
between liquid-metal and ultra-mafic sili-
cate melt at high pressures and tempera-
tures (Fig. 2). This result gives support to
models that show the core segregating
from a highly or completely molten early
Earth.
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Fas Ligand-Induced Apoptosis as a
Mechanism of Immune Privilege

Thomas S. Griffith, Thomas Brunner, Sharon M. Fletcher,
Douglas R. Green, Thomas A. Ferguson*

The eye is a privileged site that cannot tolerate destructive inflammatory responses.
Inflammatory cells entering the anterior chamber of the eye in response to viral in-
fection underwent apoptosis that was dependent on Fas (CD95)-Fas ligand (FasL) and
produced no tissue damage. In contrast, viral infection in g/d mice, which lack function-
al FasL, resulted in an inflammation and invasion of ocular tissue without apoptosis.
Fas-positive but not Fas-negative tumor cells were killed by apoptosis when placed
within isolated anterior segments of the eyes of normal but not FaslL-negative
mice. FasL messenger RNA and protein were detectable in the eye. Thus, Fas-FasL
interactions appear to be an important mechanism for the maintenance of immune

privilege.

That some sites in the body are immuno-
logically “privileged” has been recognized
for more than 120 years (I). Classically,
an immune-privileged site is where alloge-
neic or xenogeneic (2, 3) tissue grafts
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enjoy prolonged survival relative to other
areas. Thus, these sites have been defined
as regions in the body where the immune
system appears not to function. One ex-
ample of such a site is the eye, where even
minor episodes of inflammation can result
in impaired vision or even blindness if the
inflammation proceeds unchecked. The
concept of immune privilege in the eye
has been extended to include infectious
organisms and tumor cells (4, 5), because
placing these into immune-privileged sites
does not elicit destructive or protective
immunity. Although several explanations
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