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Structure and Density of FeS at High
Pressure and High Temperature and
the Internal Structure of Mars

Yingwei Fei, Charles T. Prewitt, Ho-kwang Mao,
Constance M. Bertka

In situ x-ray diffraction measurements revealed that FeS, a possible core material for the
terrestrial planets, transforms to a hexagonal NiAs superstructure with axial ratio (c/a)
close to the ideal close-packing value of 1.63 at high pressure and high temperature. The
high-pressure-temperature phase has shorter Fe-Fe distances than the low-pressure
phase. Significant shortening of the Fe-Fe distance would lead to metallization of FeS,
resulting in fundamental changes in physical properties of FeS at high pressure and
temperature. Calculations using the density of the high-pressure-temperature FeS phase
indicate that the martian core-mantle boundary occurs within the silicate perovskite

stability field.

Lion sulfide (FeS) has been found in many
meteorites and is believed to be a possible
component of the cores of terrestrial planets
such as Earth and Mars. Models of internal
structure of the planets with sulfur-bearing
cores require accurate determinations of
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phase relations and densities of FeS at high
pressure and high temperature, but study
has been difficult because it has not proven
possible to quench the high-pressure-tem-
perature phases. Previously, phase transi-
tions in FeS have been investigated only at
high pressure and room temperature (1-5)
and at high temperature and ambient pres-
sure (6, 7). We have developed techniques
for determining the structure and density of
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materials under simultaneous high pressure
and temperature conditions (8). In this
study, we report the structure and density of
FeS at high pressure and high temperature.
We then use these data to evaluate the
relation between the depth of the martian
core-mantle boundary and the sulfur con-
tent of the core.

Stoichiometric FeS at ambient condi-
tions, called troilite (FeS ), has a NiAs-
type hexagonal structure with a (V3a, 2¢)
unit cell. Troilite transforms to a MnP-
type structure (FeS 1I) at 3.4 GPa (5). A
high-pressure phase (FeS 1) forms at
pressures above 6.7 GPa (I, 3), although
its structure is uncertain (9). We conduct-
ed in situ synchrotron x-ray diffraction
measurements on FeS using an externally
heated diamond-anvil cell with the sam-
ple loaded in a hydrostatic Ne pressure
medium (10). At 300 K, we confirmed the
two previously observed phase transitions.
Upon heating the FeS sample at high pres-
sures (>6.7 GPa), we observed a different
x-ray diffraction pattern (Fig. 1). The dif-
fraction pattern is much simpler than that
of the high-pressure phase (FeS III) and
can be indexed on a hexagonal cell. The
calculated x-ray diffraction pattern, based
on a NiAs-type hexagonal structure with a
(2a, ¢) unit cell, agrees well with the
observed data (Table 1). The experimen-
tal data demonstrate that this high-pres-
sure-temperature phase, which we named
FeS 1V, has a NiAs-type superstructure
lattice, in which the hexagonal layers of
Fe and S are alternately stacked along the
¢ axis and the Fe atoms are slightly dis-
placed such that a perfectly repeating unit
cell occurs by doubling the a distance. The
axial ratio (c/a) of FeS IV is close to an
ideal close-packing value of 1.63. The
phase boundary of the FeS IlI-FeS IV
transition (Fig. 2) was determined to be P
= —11.25 + 0.0485T (for pressure P in
gigapascals and temperature T in kelvin).
By analyzing the x-ray diffraction data, we
also obtained the density of FeS IV as a
function of pressure at high temperatures
(Fig. 3A).

A high-temperature phase of FeS has
also been observed at about 420 K and
ambient pressure (6, 7). The structure of
this high-temperature iphhse has been con-
troversial (5, 7) because of a discrepancy
resulting from the a$uthption that the
high-temperature phase has the same struc-
ture as the ihtermediate high-pressure phase
(FeS II). Our experimental data show that
the high-temperature phase has a hexago-
nal structure with a (2a, ¢) unit cell, as
reported by Keller-Besrest and Collin (7),
and that the structure of the intermediate
high-pressure phase (FeS II) is consistent
with the MnP-type structure reported by
King and Prewitt (5). The high-tempera-
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Fig. 1. Energy-dispersive x- T
ray diffraction spectra of the
high-pressure-temperature
phase of FeS (FeS V) (upper
spectrum) and the high-
pressure phase (FeS |l
(lower spectrum). The dif-
fraction pattern of FeS IV
was indexed with a hexago-
nal cell (Table 1). The hkl in-
dices are indicated for each
diffraction peak. The peak
positions for FeS Ill are indi-
cated by the interplanar d
spacing in angstroms.

FeS IV

Intensity

Au 220

P=15GPa
T=623K

ture phase has the same structure as the
high-pressure-temperature phase FeS 1V,
but the high-pressure-temperature phase
has much more efficient packing than the
high-temperature phase, as reflected in the
variation of cfa versus pressure (Fig. 3B).
The decrease in the c/a ratio at about 6 GPa
results from the change of the ¢ parameter
from 5.70 to 5.54 A. This abrupt shortening
of the ¢ axis results in a density change of
about 4%. The densification must result
from an electronic transition, possibly a
spin-pairing transition, because no structure
transition was observed. A change in the
electronic structure of Fe in FeS at a similar
pressure was also indicated by King et al. (3)
on the basis of a Mossbauer spectroscopic
study. The c-axis shortening across the elec-
tronic transition means that the high-pres-
sure-temperature phase has substantially
shorter interlayer Fe-Fe distances, which

Table 1. Observed and calculated x-ray diffrac-
tion pattern of FeS IV at 156 GPa and 623 K. The
interplanar spacings d are given in angstroms; hk/
are the Miller indices.

h k| e doy Ad

200 2.811 2.811 0.000
00 2 2.649 2.650 ~0.001
2 0 1 2.483 2.483 0.000
2 1 1 1.978 1.972 0.006
2 0 2 1.928 1.928 0.000
3 0 1 1.761 1.767 ~0.006
108 1.684 1.686 ~0.002
2 20 1.622 1.623 ~0.001
2 0 3 1.495 1.496 ~0.001
3 1 1 1.495 1.496 ~0.001
2 13 1.359 1.359 0.000
00 4 1.325 1.325 0.000
3 0 3 1.288 1.286 0.002
4 0 2 1.242 1.242 0.000

*Hexagonal NiAs superstructure with (2a, c) unit cell: @ =
3.246(2) Aand ¢ = 5.301 (2) A, which gives cla = 1.633.
The observed intensities for the diffraction pattern are
shown in Fig. 1. Preferred orientation effects in the pat-
terns collected at different pressures and temperatures
were observed.

FeSHl = 3 P=18GPa
7 T=600K
f=3 —
‘o Q g4 1
= [ i} I
28 pg?j‘ < 5€ I S‘ 8
T 3o S
- |
30 35 40 45
Energy (keV)

would lead to metallization of FeS at high
pressure.

Upon further heating at low pressures
(<10 GPa), the NiAs-type hexagonal
structure with a (2a, ¢) unit cell, FeS IV,
transformed to a simple NiAs-type structure
with a (a, ¢) unit cell (FeS V) (Fig. 2). The
nonlinear phase boundary between the
phases IV and V can be understood from
energetic change as a function ‘of density.
The change in the temperature-pressure
slope of the transition reflects the densifi-
cation across the electronic transition at
about 6 GPa.

Our experimental results have direct
applications to the internal structure of
Mars because the experimental pressure-
temperature ranges are comparable to
those of the interior of Mars (Fig. 2). On

|—> Martian core
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1400+

1200f

Temperature (K)
g 3
8 8
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o
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T
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T

T W TS TV RV R TV
Pressure (GPa)
Fig. 2. Experimentally determined phase diagram
of FeS. Experimental data (reported only near the
phase boundary) are represented by symbols. (O)
FeS |, NiAs-type structure with a (V3a, 2¢) unit
cell; (@) FeS Il, MnP-type structure; () FeS Il
monoclinic?; (A) FeS IV, NiAs-type structure with
a (2a, c) unit cell; (&) FeS V, NiAs-type structure
with a (a, ¢) unit cell. The thick dashed line indi-
cates the electronic transition in the stability field of
FeS IV.
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the basis of cosmochemical constraints
and the thermal history of the planet, the
iron-dominant martian core may be as
much as 34% sulfur by weight (11) (cor-
responding approximately to stoichiomet-
ric FeS). Because of the lack of seismic
data, calculations of the martian core-
mantle boundary must depend on the val-
ue assumed for the core density. Previous
calculations (11-14) suggested that the
depth of the martian core-mantle bound-
ary is 1370 to 1990 km, depending on the
sulfur content of the core. However, these
calculations were based on the density
data for the high-pressure phase FeS 111 (4,
15), whose structure has not yet been def-
initely determined. Our experiments indi-
cate that all of these calculations of den-
sity for a FeS martian core weré based on
the wrong polymorph of FeS. The stable
FeS polymorph at martian core pressures
and temperatures is a hexagonal NiAs su-
perstructure (FeS [V). Our calculated
depth of the martian core-mantle bound-
ary is about 1720 km (approximately cor-
responding to pressure of 20 GPa) for the
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Fig. 3. (A) Density of FeS IV ot high pressure and
temperature. The least-squares fih(solid curve) of
the Birch-Murnaghan equation of state to the ex-
perimental data at 800 K (@) yielded a zero-pres-
sure density p, = 4.94 = 0.05 g/cm® and isother-
mal bulk modulus K, = 54 = 6 GPa with its pres-
sure derivative (0K,/0P); = 4. Density data below
and near the transition pressure were not used in
the fit. Densities at 2173 K (dashed curve) were
calculated by using the thermal pressure Py, =
Pgoox + aKAT —800), where aK; = 3.7 X 1072
GPa/K. (B) The abrupt change in the c/a ratio of
FeS IV along isothermal compression curves at
([0) 500 K and (m) 600 K.
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Fig. 4. Calculated relation between the depth of
the martian core-mantle boundary and the sulfur
content, based on our experimentally determined
density data for FeS IV. Dashed line indicates the
depth of Mg-silicate perovskite stability.

pure FeS core (16), deeper than previous
calculations (11, 14). The reason for this
difference is that FeS IV is much more
compressible than earlier assumed. For a
model mantle composition of Mars (12)
with 13.9 weight % sulfur in the core, the
martian core-mantle boundary is located
at a depth of 2000 km (about 24 GPa),
deeper than the silicate perovskite stabil-
ity field. A core with at least 30 weight %
sulfur is required to eliminate a silicate
perovskite lower mantle in Mars (Fig. 4).
In comparison with the internal structure
of the Earth, Mars may have only a thin
layer of lower mantle (~200 km) but sim-
ilar density discontinuities.

Melting relations in the Fe-FeS system
have been used to constrain the tempera-
tures of the interior of planets in many
planetary models (17). The discovery of
the transformation of the high-pressure
phase FeS IlI to the high-pressure-temper-
ature hexagonal phase FeS IV has a signif-
icant impact on the understanding of
melting relations in the FeS and Fe-FeS
systems and of solution behavior in sys-
tems such as Fe-S-O at high pressure and
temperature. Changes in the physical
properties of FeS at high pressure and
temperature, such as density and chemical
bonding, will lead to changes in melting
temperatures and melting behavior in bi-
nary (for example, Fe-S) or ternary (for
example, Fe-S-O) systems. These changes
also have profound implications for the
incorporation of lighter elements into
iron-dominant cores of terrestrial planets

(18).
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Managing the Evolution of Insect Resistance
to Transgenic Plants

D. N. Alstad” and D. A. Andow

The evolution of resistance in pests such as the European corn borer will imperil trans-
genic maize varieties that express insecticidal crystal proteins of Bacillus thuringiensis.
Patchworks of treated and untreated fields can delay the evolution of pesticide resistance,
but the untreated refuge fields are likely to sustain heavy damage. A strategy that exploits
corn borer preferences and movements can eliminate this problem. Computer simulation
indicates that this approach can delay the evolution of resistance and reduce insect
damage in the untreated fields of a patchwork planting regime.

Maize, cotton, potatoes, and tobacco have
now been genetically engineered to express
crystal protein (cry) genes from Bacillus thu-
ringiensis. Maize varieties nearing commer-
cialization are toxic to many Lepidoptera,
including Ostrinia nubilalis (Hiibner) [Pyral-
idae], the European corn borer, one of the
most injurious pests of maize in North
America. A potential problem with genet-
ically engineered crop varieties is the evo-
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lution of resistance in target pests (1).
Insect resistance to transgenic plants has
much in common with resistance to pesti-
cides. Potential management strategies
against pesticide resistance include the ap-
plication of multiple tpxiﬁ's in mixtures or
sequences (2, 3), the use of high toxin
concentrations to make ékpression of the
resistance alleles more recessive (3-5), and
the distribution of the toxin in spatial
patches interspersed with nontoxic refuges.
Because the efficacy of toxin mixtures re-
mains controversial, discussion of resistance
management in transgenic crops has fo-
cused on the relative merits of the “high-
dose” strategy and spatial refuges (2-6).
Comins and others (3—-6) have shown
that random gene exchange between select-





