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Abstract

The phase diagram of stoichiometric iron sulfide (FeS) was investigated at high pressures and temperatures (15^35
GPa, 1400^2200 K) with a laser-heated diamond anvil cell and synchrotron X-ray diffraction. The NiAs-structured
polymorph of FeS is found to be stable within the P-T range of the Martian core. The density of FeS at 1600 K is
measured to be 5.96 g/cm3 at 17 GPa and 6.65 g/cm3 at 35 GPa. The density measurements are used to evaluate
structural models of Mars containing a core within the Fe^FeS system. The models that satisfy the geophysical
constraints proscribe limits on the thickness of the Martian crust, the size and composition of the core, and the
thickness of a perovskite-bearing layer close to the Martian core^mantle boundary. ß 2001 Elsevier Science B.V. All
rights reserved.

Keywords: Mars; phase transitions; core; iron; sulfur

1. Introduction

Understanding a planet's structure and evolu-
tion requires combining geophysical observations
(e.g., seismic and gravity data) with measurements
on candidate materials at conditions relevant to
the planetary interior. The interpretation of recent
advances in our understanding of Martian geo-
physics [1^3], and possible future Martian seismo-
logical exploration [4], requires information on
the phase stability and density of core constitu-

ents at the high pressure and temperature (P-T)
conditions of the Martian core. Iron alloys are
believed to be the principal constituent of terres-
trial planets' cores, and sulfur is likely to be a
major alloying component of the Martian core
based on its abundance in SNC meteorites, theo-
retical models of nebular condensation, and its
ability to dissolve into liquid iron [5,6].

There has been extensive interest in the high
P-T behavior of stoichiometric iron sul¢de (FeS)
because it undergoes a series of structural and
electronic phase transformations with increasing
pressure and temperature in the range of 0^25
GPa [7^11] and 300^800 K [12,13]. The stable
form at ambient pressure and temperature is troi-
lite, a superstructure of the NiAs structure with
cell constants (k3a, 2c), where a, c are the cell
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constants of the NiAs structure. At room temper-
ature and pressures above 7 GPa, troilite trans-
forms to a monoclinic structure related to the
MnP form, FeS III [8,10,12,13]. Above 7 GPa,
FeS III transforms with increasing temperature
¢rst to a (2a,c) hexagonal superstructure of the
NiAs structure, FeS IV, and then to the NiAs
structure, FeS V [12,13]. However, because of un-
certainties in extrapolating, the stable phase and
equation of state of FeS at the conditions of the
terrestrial planets' cores remains unknown. Re-
cent advances in X-ray di¡raction coupled with
double-sided laser heating in the diamond anvil
cell [14] now allow direct measurements of mate-
rials at the high P-T conditions relevant to the
Martian core. In this study, we examined the
structure and density of FeS at extreme condi-
tions using X-ray di¡raction in a laser-heated dia-
mond anvil cell.

2. Experiment

Experiments were performed at the undulator
beamline (13-ID-D) of the GSECARS sector of
the Advanced Photon Source [14]. Synthetic, stoi-
chiometric FeS [12] was loaded in a symmetric
diamond anvil cell and sandwiched between layers
of MgO which served as a thermal insulator and
pressure calibrant. To minimize axial temperature
gradients, samples were heated from both sides
simultaneously with a Nd:YLF laser [14]. To
measure temperature, spectral intensity of the
thermal radiation was collected from both sides
of the sample, dispersed by an imaging spectrom-
eter and recorded on a CCD. Temperatures were
determined by ¢tting the spectral intensity, cor-
rected for the system response, to Wien's approx-
imation to Planck's law [15] (Fig. 1). Temperature
as a function of distance across the hotspot was
determined with a spatial resolution of about 1.7
Wm.

Energy-dispersive X-ray di¡raction patterns
(2a= 5.5³) were recorded before heating, at 1^2
min intervals during heating, and after thermal
quenching. Special care was taken to ensure the
alignment of the X-ray beam (10U10 Wm) within
the laser-heated spot (hotspot width V20 Wm):

the size of the X-ray beam was determined by
scanning a sharp edge across the beam, and the
diameter of the heating spot (Fig. 1) was deter-
mined from the FWHM of the measured spectral
intensity pro¢le. Both sides of the sample were
also visually monitored during heating using
CCD cameras. Five heating cycles were per-
formed on two separate samples of FeS.

The pressure inside the sample chamber was
determined from the (200) re£ection of MgO
and its room temperature non-hydrostatic equa-
tion of state [16]. The presence of deviatoric
stress, and its change during heating can intro-
duce an error in the pressure calibration of 5^
10% [17]. In addition, temperature gradients with-
in the MgO insulating layer during heating may
result in a pressure underestimate of 1^2 GPa.

3. High P-T phase diagram of FeS

The heating cycle at 35 GPa (Fig. 2) shows the
presence of two phase transformations in FeS. At

Fig. 1. Measured temperature pro¢les of FeS at 35 GPa.
Each point is the temperature determined from a ¢t to
Wien's approximation to Planck's law across the hotspot.
Circles are temperatures measured from a sample that ap-
peared to be molten, and showed no di¡racted intensity.
Squares denote a temperature pro¢le from the hexagonal
FeS sample. Diamonds depict the highest temperatures at
which di¡raction patterns indicated the presence of FeS III.
Vertical gray lines show the X-ray beam width. The precision
of each temperature measurement is within the size of the
symbols.
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the peak temperature, visual observation of the
FeS revealed rapid textural changes indicative of
£uid £ow associated with melting [18]. The corre-
sponding di¡raction pattern showed only peaks
due to the MgO insulation layer. As the sample
temperature was lowered, peaks indicating the
presence of hexagonal FeS appeared, including
the (200), (002), and (201) triplet. The appearance
of hexagonal FeS under cooling conditions sug-
gests that the crystals nucleated from the FeS
melt, providing a strong con¢rmation of the ther-
modynamic stability of the hexagonal phase at
these conditions. As the sample temperature was
lowered further, the hexagonal peaks disappeared,
and were replaced by di¡raction lines consistent
with FeS III. The 300 K di¡raction patterns both
before and after heating are also consistent with
the presence of FeS III [10,12,13].

This data set displayed excellent coupling of the
laser on each side of the FeS sample, and the
hotspot was well aligned within the X-ray di¡rac-
tion beam (Fig. 1). The high precision of each
temperature measurement (V5^20 K) results
from the excellent ¢t of the spectral intensity to

Wien's approximation to Planck's law. The accu-
racy of the temperature is much more di¤cult to
interpret. For example, temperature £uctuations
over the time period in which the di¡raction pat-
terns are collected are estimated to be of the order
of V100 K for these experiments, based on sev-
eral temperature measurements at a single laser
power. A second issue is that the temperature
gradient must be measured and compared with
the X-ray spot size to determine the average tem-
perature over the di¡racting volume. The cor-
rected temperatures may be lower than the peak
hotspot temperatures by 100^300 K [19]. Finally,
the graybody assumption may create systematic
errors of the order of 200^300 K in either direc-
tion if the emissivity of FeS has a wavelength de-
pendence in the visible range [20].

The data set from this heating cycle thus con-
strains the phase boundaries of FeS at 35 GPa
from room temperature to melting. We observed
melting at 2100(100) K, consistent with the melt-
ing curve reported by Boehler [21]. The FeS III^
hexagonal FeS boundary was determined to be
1225(35) K, indicating that phase III persists to

Fig. 2. Di¡raction patterns from FeS heating cycle at 35 GPa, as a function of energy. The temperature corresponding to the X-
ray volume is indicated alongside each pattern. The pattern at 2100 K was collected for V1 min, the other high temperature pat-
terns for V5^10 min. The quench pattern was exposed for several hours. MgO, hexagonal FeS, and £uorescence lines are la-
beled. Vertical lines show the room temperature positions of FeS III [13].
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higher temperatures than expected based on ex-
trapolation of low P-T data [12,13]. Interestingly,
the di¡raction data indicate that FeS III trans-
forms directly to the FeS V phase at 35 GPa.
Unfortunately, the di¤culty in achieving and
measuring temperatures lower than V1200 K in
FeS using the laser heating system precluded mea-
surements of the FeS III^hexagonal boundary at
lower pressures.

The high temperature di¡raction patterns (Fig.
3) reveal the presence of FeS V, and possibly FeS
IV, throughout the conditions of the Martian core
(Fig. 4). Each is a time-integrated di¡raction pat-
tern (10^20 min) during a single cycle at temper-
atures ranging from 1400 to 1800 K. To evaluate
the e¡ect of collecting a di¡raction pattern for a
wide temperature range, we can compare the long
exposure data to the di¡raction patterns obtained
at shorter time intervals (1^2 min). Because of
lattice shifts due to thermal expansion, we would
expect the longer time di¡raction patterns to dis-
play broader di¡raction lines. However, the mea-
surements indicate that this broadening is a small
e¡ect: for example, the data set at 26 GPa (center

pattern in Fig. 3) results from adding together
several 1^2 min di¡raction patterns. In the
summed di¡raction pattern, the line widths of
the (200) and (201) hexagonal FeS lines are 292
and 375 eV, while the corresponding line widths
of the six contributing patterns average 291 þ 13
and 348 þ 48 eV (error bars are standard devia-
tions). Thus, time-integrating the high tempera-
ture di¡raction patterns causes negligible error,
increases the signal-to-noise ratio, and helps min-
imize the e¡ects of preferred orientation, thereby
yielding a high precision volume measurement
over a temperature range directly relevant to the
Martian core.

All observed high temperature peaks can be
attributed to FeS, MgO, or £uorescence lines ex-
cept for a peak at 42.5 keV at 17 GPa, and an-
other at 61.8 keV at 35 GPa. The origins of these
lines are unknown, but each only appeared in no
more than two time-adjacent di¡raction patterns,
suggesting that they might represent a minor im-
purity phase exhibiting a high degree of preferred
orientation. All but one of the patterns can be
indexed as the NiAs structure (FeS V); only the

Fig. 3. High temperature di¡raction patterns for each heating cycle plotted as a function of energy. The positions of the hexago-
nal (200), (002), (201), and (220) peaks, as well as the (2a,c) (001) superlattice re£ection are shown. MgO peaks are also indi-
cated. Asterisks indicate intensity due to Pb £uorescence. Patterns were collected for V10 min.
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pattern at 26 GPa showed evidence of the super-
lattice peak (001) corresponding to the distorted
(2a,c) NiAs cell (FeS IV). Our results thus rule
out Fei et al.'s [12] suggestion that FeS in the
Martian core will be wholly in the stability ¢eld
of phase IV, but are consistent with Kusaba et
al.'s [13] extrapolation of their measured FeS
IV^V boundary (Fig. 4).

In addition to extending the phase diagram of
Fe to higher pressures and temperatures, we also
determine the unit cell parameters of FeS at high
P-T conditions. From a technical standpoint,
comparing measurements from di¡erent high P-
T studies is an important cross-check, establishing
the mutual reliability of techniques used to mea-
sure material properties at ultra-high pressures
and temperatures. To facilitate comparison with
previous data, both hexagonal polymorphs (FeS
IV and FeS V) were indexed on the basis of the
doubled (2a,c) unit cell. Hexagonal cell parame-
ters calculated from the di¡raction patterns (Fig.
5) are in agreement with previous results [12,13].
Our data also demonstrate (Fig. 5, inset) that the
c/a ratio tends to increase away from its ideal

value in our experiments, which are at higher
pressures and temperatures than the previous ex-
periments.

4. Martian structure models

Our new high P-T measurements of the density
of FeS enable re¢nement of models of the interior
structure of Mars based on direct measurements
of the properties of its core constituents at the
relevant temperatures and pressures. Models for
the structure and chemistry of the Martian interi-
or are based on interpretation of several lines of
evidence: the geochemistry of meteorites of Mar-
tian origin [6], cosmochemical models for the ac-
cretion of terrestrial planets [5], phase stability
and element partitioning of candidate mineral as-
semblages [22^24] and the geophysical constraints
of mass and polar moment of inertia [1]. The
estimate for the composition of the Martian
core based on partitioning experiments combined
with data for Martian meteorite geochemistry [6]
yields an iron core with 14^17% sulfur, a number
commonly cited for the Martian core composition
(e.g., [2]). However, geochemical estimates of the
composition of the Martian core span a wide

Fig. 5. Unit cell parameters (2a,c) of FeS at high tempera-
tures as a function of pressure (¢lled squares). The inset
shows the c/a ratio calculated from these data. Also shown
are data from Fei et al. [12] (open squares) and Kusaba et
al. [13] (open circles) at temperatures of 600^623 K and 573
K, respectively. The linear ¢t is for the present data set only.

Fig. 4. Phase diagram of FeS. Solid circles indicate the pres-
ence of (a,c) hexagonal FeSV, while the open circle shows
(2a,c) FeSIV. The ¢lled square indicates the highest tempera-
ture at which FeS III is observed. The open triangle indicates
FeS melting. Lower P-T phase boundaries are shown as
black [12] and gray [13], with their extrapolations shown as
dashed extensions. Experimentally determined melting curves
of FeS are also shown [21,36]. Plausible temperature ranges
for the Martian core are represented by the boxed region [2].
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range, with estimates for sulfur contents as low as
0.4% [24].

Using our experimental measurements of the
density of hexagonal FeS at Martian core condi-
tions (Fig. 6) and volumes of Q-Fe measured
under similar conditions [25,26] as endmembers,
we calculated the density of Fe^FeS mixtures in
the pressure range of 15^40 GPa at an average
temperature of 1600(250) K. Possible intermediate
compounds within the Fe^FeS system are ex-
pected to have only a small e¡ect on the calcu-
lated density [27]. To illustrate how temperature
changes a¡ect density, we assume an average ther-
mal expansion of 4U1035 K31 and ¢nd that a 500
K temperature increase results in a density de-
crease of less than 2%, equivalent to the density
di¡erence between 14 wt% S and 16 wt% S. This
di¡erence does not signi¢cantly a¡ect the model
results. In addition, depending on the core tem-
perature and sulfur content, liquid iron sul¢de
may be present. Measurements of the density of
liquid Fe^S compositions [28] are at much lower
pressures and di¡erent compositions, making a

direct comparison di¤cult. However, since the
concave-downward shape of the FeS melting
curve (Fig. 4) suggests that the volume change
on melting becomes less pronounced with increas-
ing pressure, we do not expect the presence of
partial melt to signi¢cantly change the results of
the interior structure models.

We constructed a series of models of the density
of the Martian interior, assuming an Fe^FeS core
(Fig. 7). We used a density pro¢le for the Martian
mantle determined by Bertka and Fei [29]. For a
given crustal thickness and density, the core radi-
us and/or sulfur content was adjusted to satisfy
the Martian mass constraint, and the model's po-
lar moment of inertia was calculated and com-
pared with the most recent value from Mars Path-
¢nder data [1]. The bulk composition (Fe/Si or
total Fe) was not constrained in our model. We
¢nd that a wide range of models can satisfy exist-
ing constraints (Fig. 7). Assuming an average
crustal thickness of 50 km, the core mass fraction
ranges from 11.8 to 19.3% as the composition is
varied from pure Fe to pure FeS. For a core con-

Fig. 6. Density of FeS (solid squares) and Fe (open diamonds [25] and open circles [26]) as a function of pressure at 1675(250)
K for FeS and 1300^1600 K for Fe. Best-¢t curves through each data set are shown as dotted gray lines. Thin dotted lines show
density contours of an ideal mixture of Fe and FeS, labeled in mol% FeS and wt% S. The black line shows the density contour
calculated for a mixture containing 14 wt% S [6]. The thick black dotted line shows the density change resulting from a 500 K
increase in temperature at 14 wt% S content.
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taining 14 wt% S [6], the core mass fraction and
radius are 15.4% and 1480 km, respectively. While
these conclusions are generally in agreement with
previous results [29^34], the fact that the present
study is based on densities measured directly
under Martian core P-T conditions places these
conclusions on much ¢rmer ground.

The model results are especially sensitive to the
thickness and composition of the Martian crust
(Fig. 7) [29]. Changing the average crust thickness
from 50 to 200 km decreases the moment of in-
ertia by 0.0069, corresponding to a 4c change.
Mars is characterized by a well-known crustal di-
chotomy and estimates for the average crustal
thickness based on gravity, petrologic, and geo-
chemical data range from V20 to V200 km
[3,33,35]. Our results strictly disallow Martian
models with a crust thicker than 125 km, and
favor a much lower crustal thickness, consistent
with Zuber et al.'s [3] estimate of a 50 km average
crustal thickness for Mars. Recent geochemical

models suggesting an almost pure iron core for
Mars [24] would further constrain the average
crustal thickness to be less than 50 km.

In Mars, the transformation of mantle silicates
to the dense perovskite phase assemblages occurs
very close to its core^mantle boundary. Because a
perovskite-bearing layer will contribute a thermal
boundary layer in the deep mantle, it plays an
important role in regulating the thermal and con-
vective development of the Martian interior [34].
For example, the presence of such a layer may
increase Martian core temperatures, thus increas-
ing the potential for a convecting liquid phase
driving an early Martian dynamo. Fig. 7 shows
the tradeo¡s between core radius, density, and
crustal thickness in determining the presence of
a perovskite layer. The thicker (or less dense)
the crust, the less likely a perovskite layer exists
in the lower mantle.

The nature of both the crust and the core^man-
tle boundary may have important implications for

Fig. 7. Interior structure models for Mars. Thick dotted lines constrain the range of acceptable models. Thin dotted lines show
the range of solutions for a given core sulfur content. The ¢gure illustrates the tradeo¡ between the allowable average crust
thickness and the density and radius of the core. The thickness of the perovskite layer is indicated on the top axis. Previous esti-
mates are also depicted as follows: open circles with sulfur contents labeled [30]; squares [2]; downward triangles [36]; upward
triangles [35] (core sulfur content not calculated).
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volcanism and dynamic history of Mars, and for
the thermal history and state of the Martian in-
terior. The models resulting from our present ex-
perimental results show how the addition of a
single piece of information ^ either the size of
the core, its composition, or the thickness and
density of the crust ^ has the potential to signi¢-
cantly enrich our understanding of the planet
from crust to core. This important additional con-
straint could be provided by future seismic explo-
ration of Mars.

Because its complete P-T range is experimen-
tally accessible, Mars may play a role as a crucible
for examining how evidence from geophysics, geo-
chemistry, and mineral physics combines to pro-
vide an understanding of a terrestrial planet.
These results demonstrate in detail the tradeo¡s
between the structure and composition of a plan-
et's crust, mantle, and core, and highlight the in-
terdependence of geochemical, geological, and
geophysical models of a terrestrial planet.
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