inversion and enhances the long-period signal of re-
gional climate change [H. N. Pollack, P. Y. Shen, S.
Huang, Pure Appl. Geophys. 147, 537 (1996)].

20. Stations comprising the HCN have the properties of
a relatively long temperature series, a predominantly
undisturbed environment around the meteorological
site, and limited station relocations [D. R. Easterling,
T. R. Karl, E. H. Mason, P. Y. Hughes, D. P. Bow-
man, United States Historical Climatology Network
(U.S. HCN) Monthly Temperature and Precipitation
Data. ORNL/CDIAC-87, NDP-019/R3 (Carbon Diox-
ide Information Analysis Center, Oak Ridge National
Laboratory, Oak Ridge, TN, 1996)].

21. H. 8. Carslaw and J. C. Jaeger, Conduction of Heat
in Solids (Oxford Univ. Press, New York, 1959).

22, The HCN data set contains raw SAT (SAT, ) data as
well as data adjusted for time-of-observation biases
(SAT,,,) and data adjusted for both the time-of-ob-
servation-biases and nonclimatic biases (SAT, ).

The time-of-observation bias, owing to different ob-
servation schedules, is adjusted on the basis of an
empirical model [T. R. Karl, C. N. Williams Jr., P. J.
Young, W. M. Wendland, J. Climate 25, 145 (1986)].
Nonclimatic biases resulting from instrument chang-
es and station relocations are adjusted on the basis
of correlations between a candidate station and its
20 closest neighbors [T. R. Karl and C. N. Williams
Jr., J. Climate 26, 1744 (1987)]. In southeastern
Utah, the average misfit between transient tempera-
tures and synthetic transients for the preferred ties is
30, 25, and 9 mK for SAT . SAT,,,, and SAT .,
respectively. These misfits illustrate the progression
one would expect; each succeeding correction
brings the SAT data and transient temperatures into
better agreement. In western Utah, however, aver-
age rms misfits between the transient temperatures
and the synthetic transients are 16, 6, and 21 mK for
the SAT ., SAT,,, and SAT, ., respectively. This
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High-Pressure Iron-Sulfur Compound, Fe,S.,,
and Melting Relations in the Fe-FeS System

Yingwei Fei,” Constance M. Bertka, Larry W. Finger

An iron-sulfur compound (Fe,S,) was synthesized at pressures greater than 14 giga-
pascals in the system Fe-FeS. The formation of Fe,S, changed the melting relations from
a simple binary eutectic system to a binary system with an intermediate compound that
melted incongruently. The eutectic temperature in the system at 14 gigapascals was
about 400°C lower than that extrapolated from Usselman’s data, implying that previous
thermal models of Fe-rich planetary cores could overestimate core temperature. If it is
found in a meteorite, the Fe,S, phase could also be used to infer the minimum size of

a parent body.

Cosmochemical and geophysical argu-
ments (1) suggest that sulfur (S) may be the
lighter alloying element in the Fe-rich cores
of planets such as the Earth and Mars.
Because the Earth consists of a liquid outer
core and a solid inner core, the melting
relations in the system Fe-FeS at high pres-
sure (P) are used to estimate the core tem-
perature (T). For Mars, we do not know if
the core is solid or liquid. The melting
relations could place a constraint on the
state of the core for a given composition
and core T. The eutectic melting T is used
to evaluate the efficiency of Fe-rich core
segregation in early core formation pro-
cesses. Many models of core T and core
formation processes were based on extrap-
olation of melting data in the system Fe-
FeS obtained at relatively low P (<10
GPa) (2-4). The extrapolations were
based on an assumption that no interme-
diate compound formed in the system, and
therefore the melting behavior could be
predicted based on simple thermodynamic
relations. We report a Fe-S compound
formed at P > 14 GPa, which changes the
melting relations in the Fe-FeS system.
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Iron and FeS form a binary system at
ambient P with a eutectic melting point at
988°C and 31% S (all percentages are given
by weight) (5). The eutectic composition
becomes more Fe-rich with increasing P,
whereas the eutectic T remains nearly con-
stant to at least 6 GPa (2-4). At P > 6
GPa, Usselman (2) reported that the eutec-
tic T rose with a slope of ~34 K/GPa to at
least 10 GPa. We conducted melting exper-
iments in the Fe-FeS system in a multi-
anvil apparatus (6) to a P higher than that
of (2). The experimentally determined eu-
tectic T and composition in this study are
in good agreement with previous studies
(2-4) to 5 GPa. Eutectic melting was de-
termined on the basis of quenched textures,
similar to those described in (2—4), and
composition maps. At P < 14 GPa, the

& REPORTS

implies that whereas the time-of-observation bias
adjustment improves the correlation between the
SAT time series and the transient borehole temper-
atures, the nonclimatic bias adjustment does not.
Because meteorological stations in western Utah fall
in an area of extremely sparse coverage, the noncli-
matic bias correction is not as well constrained as in
areas where station density is greater. In this study,
we use SAT ., and SAT,, for southeastern and
western Utah, respectively.

23. We thank A. H. Lachenbruch, whose early work on
climate reconstruction from borehole temperatures
stimulated parts of this study, for providing construc-
tive comments. Supported by the National Science
Foundation (EAR-9104292 and EAR-9205031) and
grant project No. 92037 of the Czech-U.S. Science
and Technology Cooperation Program.
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quenched textures and compositions are
due to eutectic melting in the Fe-FeS binary
system in which two solids, Fe and FeS,
coexist below the eutectic T (Fig. 1A),
whereas one solid FeS (or Fe, depending on
the composition of the starting material)
and a liquid phase coexist between the eu-
tectic and liquidus T’s (Fig. 1B). The com-
position of the liquid at the eutectic T
represents the eutectic composition of the
system. The S content of the eutectic lin-
early decreases with increasing P, from 31%
S at 1 bar to 20.7 = 04% S at 7 GPa,
consistent with (3, 4). Pressure has very
little effect on the eutectic composition
between 7 and 14 GPa. The eutectic T
linearly decreased with increasing P, from
988°C at 1 bar to 860°C at 14 GPa, con-
trary to the results of Usselman (2), who
reported a cusp in the eutectic curve at 5.2
GPa. Our eutectic T at 10 GPa was about
200°C less than that of Usselman at the
same P.

At P > 14 GPa, we found a Fe-S com-
pound, Fe;S, (27.9 = 03% S) (7). An
intergrowth of metallic Fe and Fe;S, was
quenched from runs with P between 14 and
18 GPa and T of less than the eutectic T
(Fig. 1C), when starting materials with 16.1
and 22.3% S were used. At T = 875°C and
P = 14 GPa, Fe;S, coexisted with a eu-
tectic liquid composition (18.2 *= 0.3% S)
(Fig. 1D). When comparing the results
from the two unmelted runs at 10 and 14
GPa (Fig. 1, A and C), it is evident that

Table 1. Crystallographic parameters for the phases found in the quenched sample of Fe;S,. The
numbers in parentheses are the errors in the last digits.

Quantity (unit) Troilite a-Fe Monoclinic Triclinic

a () 5.9656(7) 2.8676(5) 5.0481(9) 2.372(1)

b A 5.9656(7) 2.8676(5) 4.436(1) 3.427(1)

c @) 11.757(6) 2.8676(5) 4.387(1) 5.999(4)

a 90 90 90 82.09(2)

B 90 90 99.75(1) 79.50(6)

b 120 90 90 73.99(4)

V(A3 362.4(2) 23.58(1) 96.84(2) 45.90(2)
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the simple Fe-FeS binary eutectic melting
system changed to a binary system with an
intermediate compound, Fe,S,, at P > 14
GPa. Our interpretation of melting rela-
tions at P > 14 GPa is that there is a
peritectic point with an intermediate
Fe,S, compound that melts incongruently
(Fig. 2).

Once we identified the Fe;S, compound
in the melting experiments, we synthesized
the Fe,S, phase at 15 GPa and 880°C, using
its stoichiometric composition with a slight
excess of metallic Fe as the starting material
(27.0% S). The synthetic sample showed
uniform Fe,S, composition (27.9 = 0.3%
S) and less than 2% metallic Fe, according
to the electron microprobe analyses. The
x-ray powder diffraction pattern (Fig. 3) (8)
was collected at high resolution, and the
diffraction lines were broad, which in this
case arises from the small particle size. This
property is intrinsic to the sample, rather
than induced by grinding. In addition, the
pattern demonstrated a large number of
lines, especially in the region between 21°
and 23°, which cannot be indexed on a
structure of an analogous phase, Ni,S, (9).
The line at 2.0277 A (22.705°) arises from
the presence of a-Fe, which is expected on
the basis of the excess of Fe in the starting
composition. Most of the rest of the strong
peaks are representative of troilite in the
2H hexagonal cell. As the remaining peaks
could not be indexed by a single phase, a
special version of the program TREOR90
(8) was prepared. Using a random number
generator and the desired fraction of inci-

Fig. 1. Sulfur x-ray maps of
the recovered samples. (A)
The sample was quenched
from 10 GPa and 900°C (be-
low the eutectic T). The ir-
regularity of the Fe grains
(black) embedded in a FeS
matrix indicates that this
sample is unmelted. (B) The
sample was quenched from
10 GPa and 965°C. Den-
drites of FeS (red) were
formed during the quench
from a temperature above
the eutectic temperature.
The blue matrix (EuC) repre-
sents eutectic composition.
(C) The sample was
quenched from 14 GPa and
850°C. The intergrowth fea-
ture of Fe (black) and Fe S,
(yellow) grains indicates that
this sample is reacted, but
unmelted. (D) The sample
was guenched from 14 GPa
and 875°C. Melting quench
texture from a temperature

dent d spacings to include in the calcula-
tion, we made an attempt to index the
partial pattern. If no satisfactory solution
was found, the program looped back
through the incident data, selecting a dif-
ferent subset each time. The first iteration
found a triclinic unit cell with a figure of
merit of >200. This small cell volume, V =
45.9 A3 (Table 1), explained a large num-
ber of the lines remaining after the troilite
and Fe metal lines were removed. All but
one of the rest of the spacings could be
explained by an additional monoclinic
phase. Because this process is ad hoc, it is
not possible to be certain of the identifica-
tion of the lattices corresponding to the
extra phases. What is important, however,
is that the pattern cannot be fitted by a
single sulfide.

The widths of the peaks suggest that the
average particle size of this material is <400
A, which is consistent with a model in
which Fe,S,, at high P and T, decomposed
to FeS plus Fe-rich sulfides during the
quench. Not only the extra phases, but the
relative amounts of FeS and Fe argue
against the breakdown of Fe;S, to 2FeS +
Fe. Because iron sulfides such as FeS typi-
cally undergo several phase transitions at
high P and T, it is not surprising that the
Fe,S, phase is not quenchable. The struc-
ture of the Fe,S, phase in its stability field
can only be solved by in situ x-ray diffrac-
tion measurements under conditions of si-
multaneous high P and T.

The presence of an intermediate com-
pound, Fe,S,, in what was presumed to be a

greater than the eutectic temperature. The blue matrix (EuC) is of eutectic composition. The yellow strips

are Fe,S,,.
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simple binary system, requires a reevalua-
tion of planetary core models that are based
on the Fe-FeS system. The eutectic T of the
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Fig. 2. Melting relations in the Fe-FeS system at
pressures of (A) 1 bar, (B) 10 GPa, and (C) 14
GPa. An intermediate compound with composi-
tion Fe,S, forms at pressures >14 GPa. The eu-
tectic points at 10 and 14 GPa were determined in
this study (solid circles). The eutectic point deter-
mined by Usselman (2) at 10 GPa is also shown
(empty circle) for comparison. L, liquid.
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Fig. 3. Fitted peaks for Fe,S, x-ray powder dif-
fraction pattern. Crosses represent the ob-
served data points, the solid line represents the
“calculated” pattern, and the bottom trace is the
difference between the observed and calculated
patterns. The vertical ticks under the observed
pattern represent the location of reflections for
each of the phases included. The bottom row is
for the troilite form of FeS, and the second row
for a-Fe. The upper two rows represent the tri-
clinic and monoclinic phases believed to be un-
known sulfides. See the text for a description of
the procedure used to obtain parameters for
these lattices. Intensity is measured in arbitrary
units. \, wavelength.
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system helps determine the T or physical
state of the planetary cores. The eutectic T
determined in this study is 860°C at 18 GPa,
which is about 500°C less than that extrap-
olated from (2). The extrapolation to higher
P based on (2) could result in the overesti-
mation of core T. In fact, such extrapolation
should not be exercised in the Fe-FeS system
because of the formation of the intermediate
compound and changes in physical proper-
ties of end-member FeS (10) at high P and
T. Theoretical calculations also showed that
other Fe-S compounds such as Fe,;S could
form at higher P (11), and melting relations
in the Fe-FeS system at the core P of the
Earth (135 to 360 GPa) may be different
from what we observed at relatively low P. In
addition, the presence of Ni in the system
could further complicate the phase relations.

Iron sulfides are found in many classes
of meteorites. If Fe,S, were indeed found
in a meteorite, it would indicate the min-
imum size of the parent body and the
maximum T of the core. The Fe;S, com-
pound could only be found in meteorites
that come from parent bodies with a cen-
ter P > 14 GPa and T less than the
eutectic temperature (which is ~900°C,
depending on the pressure).
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Melting of (Mg,Fe),SiO, at the Core-Mantle
Boundary of the Earth

Kathleen G. Holland and Thomas J. Ahrens

The lower mantle of the Earth is believed to be largely composed of (Mg,Fe)O (mag-
nesiowUstite) and (Mg,Fe)SiO, (perovskite). Radiative temperatures of single-crystal
olivine [(Mg, o,Fe, 1),Si0,] decreased abruptly from 7040 + 315 to 4300 = 270 kelvin
upon shock compression above 80 gigapascals. The data indicate that an upper bound
to the solidus of the magnesiowdstite and perovskite assemblage at 4300 =+ 270 kelvin
is 130 = 3 gigapascals. These conditions correspond to those for partial melting at the
base of the mantle, as has been suggested occurs within the ultralow-velocity zone

beneath the central Pacific.

The major minerals of Earth’s lower man-
tle are thought to be (Mgyo4Feg 06)SiO;
perovskite and (Mg, g4,Fej 15)O magnesio-
wiistite (1). Thus, the melting behavior of
this assemblage is important for determin-
ing the temperature of the mantle and the
origin of the seismically imaged structures
at the core-mantle boundary (CMB). Re-
cent studies of the solidi of this mantle
assemblage are disparate: The melting
temperature of pure MgSiO; perovskite
(Pv) at the CMB has been estimated at
7000 to 8500 K (2) and 4500 = 350 K (3).
Measurements of the melting of MgO
[periclase (Per)] at pressures up to 31.5
GPa (4000 = 200 K) (4) imply, when
extrapolated to 133 GPa, that it melts at
5100 = 750 K. Phase equilibrium experi-
ments (5) demonstrate that at lower man-
tle pressures, the stable high-pressure
phase (hpp) assemblage for Mg,SiO, [for-
sterite (Fo)] is MgO (Per) + MgSiO; (Pv);
thus, Fo can be used as a representative
starting material in shock experiments.
Syono and co-workers’ (6) shock-recovery
experiments on Fo indicate that MgO
(Per) + MgSiO; (glass that is inferred to
have been Pv at high pressure and temper-
ature) is actually recovered from samples

Lindhurst Laboratory of Experimental Geophysics, Seis-
mological Laboratory, California Institute of Technology,
Pasadena, CA 91125, USA.

that were at high pressure for the short
(1077 s) time scale of a shock-wave exper-
iment (6). In previous shock experiments
using olivine crystals, Brown et al. (7)
inferred the onset of melting of the assem-
blage Per + Pv above ~140 GPa on the
basis of a sharp decrease in longitudinal
elastic wave velocity. Brown et al. (7) also
suggested that the previous shock temper-
atures measured in Fo in the range of 160
to 180 GPa (8) are representative of the
liquid regime of the Fo Hugoniot. Because
Fo shocked below 160 GPa has a low
Planck emissivity, temperatures in the
pressure range where the Hugoniot curve
crosses the solidus (~90 to 133 GPa) were
not measurable. Here, we determine the
onset of melting at lower pressures using
higher emissivity olivine samples and a
more sensitive detector system (9). We
used samples of San Carlos and Burma
peridot  [(Mggyg,Feq1),S510, (10)] for
shock-temperature experiments because
they are green rather than transparent.
Their ambient-condition emissivities are
~0.7 and ~1.0 at 560 and 900 nm. More-
over, their solidi are within 110°C of the
melting point of Fo at 1 bar (5). Using 5
mm by 5 mm by 2 mm samples, we con-
ducted measurements from 94 to 192 GPa
(Table 1) (11). As the shock wave prop-
agated through the sample (12), the com-
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