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abstraCt

The high-cosmic abundance of sulfur is not reflected in the terrestrial crust, implying it is either 
sequestered in the Earth’s interior or was volatilized during accretion. As it has widely been suggested 
that sulfur could be one of the contributing light elements leading to the density deficit of Earth’s core, 
a robust thermal equation of state of iron sulfide is useful for understanding the evolution and properties 
of Earth’s interior. We performed X-ray diffraction measurements on FeS2 achieving pressures from 15 
to 80 GPa and temperatures up to 2400 K using laser-heated diamond-anvil cells. No phase transitions 
were observed in the pyrite structure over the pressure and temperature ranges investigated. Combining 
our new P-V-T data with previously published room-temperature compression and thermochemical data, 
we fit a Debye temperature of 624(14) K and determined a Mie-Grüneisen equation of state for pyrite 
having bulk modulus KT = 141.2(18) GPa, pressure derivative K′T = 5.56(24), Grüneisen parameter γ0 
= 1.41, anharmonic coefficient A2 = 2.53(27) × 10–3 J/(K2∙mol), and q = 2.06(27). These findings are 
compared to previously published equation of state parameters for pyrite from static compression, 
shock compression, and ab initio studies. This revised equation of state for pyrite is consistent with an 
outer core density deficit satisfied by 11.4(10) wt% sulfur, yet matching the bulk sound speed of PREM 
requires an outer core composition of 4.8(19) wt% S. This discrepancy suggests that sulfur alone can-
not satisfy both seismological constraints simultaneously and cannot be the only light element within 
Earth’s core, and so the sulfur content needed to satisfy density constraints using our FeS2 equation 
of state should be considered an upper bound for sulfur in the Earth’s core.
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introduCtion

The Earth’s outer liquid core is a layer approximately 
2300 km thick, and contains 30% of the Earth’s mass. Despite 
comprising such a large percentage of the Earth’s bulk mate-
rial, there remain uncertainties surrounding the composition of 
this region of the interior. It is accepted that the Earth’s core is 
predominantly iron-nickel alloy, but with one or more lighter 
elements needed to compensate for the fact that the outer core 
is ~10% less dense (Birch 1952) and with a bulk modulus ~12% 
lower (Jeanloz 1979) than pure iron under appropriate pressure-
temperature (P-T) conditions. Several potential light elements 
have been proposed to account for these differences, notably 
silicon, carbon, oxygen, hydrogen, and sulfur because of their 
high cosmochemical abundances and affinity for iron metal 
(e.g., Poirier 1994; McDonough 2003). While it is likely that 
a combination of these light elements is needed to account for 
the Earth’s core density deficit, it is important to constrain the 
maximum of each element’s contribution by comparing equa-
tions of state against the density and compressibility of the outer 

core based on seismological models (e.g., Preliminary Reference 
Earth Model) (Dziewonski and Anderson 1981).

Understanding the distribution of sulfur within Earth is a 
primary concern because of sulfur’s direct impact on the physi-
cal and chemical properties of solids, magmas, and alloy melts. 
Volatiles including sulfur play an important role in defining 
the geochemical environment during Earth’s accretion (Walter 
et al. 2000), and sulfur has been found to greatly influence the 
metal–silicate partitioning behavior of some elements (Wood et 
al. 2014). Furthermore, the addition of even small weight percent 
quantities of sulfur to Fe-Si, Fe-O, or Fe-C melts can produce 
two immiscible phases at low pressures (Raghavan 1998), and 
can reduce the surface tension, compressibility, and melting 
temperature of these melts (Sanloup et al. 2000; Andrault et al. 
2009). These influences are important during the differentiation 
of young terrestrial planets.

Sulfur’s volatile yet moderately siderophile nature makes it 
likely that during Earth’s differentiation some unknown fraction 
of sulfur was volatilized, yet a significant fraction may have been 
incorporated into the Earth’s core. In fact, Wood et al. (2014) 
found that a complete absence of sulfur in the core would be 
irreconcilable with the observed Mo and W abundances in the 
mantle, leading to an overabundance of W relative to Mo in the 
Earth’s core due to sulfur’s influence on the relative metal–sili-
cate partitioning of both elements. Recent findings of mid-ocean 
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ridge basalts with 34S/32S ratios depleted relative to chondritic 
values are consistent with isotopic sulfur fractionation between 
the silicate mantle and the iron core during early planetary dif-
ferentiation (Labidi et al. 2013, 2014), and indicate that sulfur 
may contribute significantly to the light element budget of the 
core, consistent with high-pressure partitioning experiments on 
Fe–S–silicate systems (Li and Agee 2001; Li et al. 2001), which 
show that sulfur’s affinity for iron increases with pressure.

Pyrite, the cubic (Pa3) form of FeS2, is the most commonly 
found sulfide mineral in Earth’s crust, and exists in a range of 
geological settings including sedimentary beds, as a replacement 
mineral in fossils, and in metamorphic rocks. The geological 
abundance of pyrite may not be limited to the sampled crust 
and upper mantle, as shock experiments by Ahrens and Jeanloz 
(1987) suggest pyrite is stable to pressures of 320 GPa without 
a pressure-induced phase change. The geological abundance, 
wide stability range, and the potential for sulfur to be a dominant 
light element in Earth’s outer core all render pyrite FeS2 a vital 
material for study at high P-T conditions.

Because of its geological importance, previous efforts have 
been made to establish a high-temperature equation of state (EoS) 
for pyrite FeS2 (Chattopadhyay and von Schnering 1985; Merkel 
et al. 2002; Whitaker et al. 2010). Yet, limited pressure ranges 
and non-hydrostatic stress conditions weaken the extrapolation 
of these static-compression studies to core–mantle boundary 
(CMB) conditions. Although dynamic compression experiments 
(Ahrens 1987; Ahrens and Jeanloz 1987; Anderson and Ahrens 
1996) and first-principles calculations (Muscat et al. 2002; Le 
Page and Rodgers 2005; Blanchard et al. 2005; Umemoto et 
al. 2014) have also bolstered our understanding of the material 
properties of pyrite under elevated P-T conditions, there remains 
a lack of consensus between studies that necessitates revisiting 
the development of a thermal equation of state for cubic FeS2 
that can be extrapolated to CMB conditions to benchmark the 
maximum possible sulfur content of the outer core.

ExpErimEntal mEthods
The FeS2 used in this study was obtained from Alfa Aesar (Stock 12342, 

99.9%). It was ball milled for 45 min at 20 Hz, then pressed between diamonds to 
form platelets 5–10 μm thick and approximately 50 μm in diameter, before being 
loaded into symmetric diamond-anvil cells (DACs). Unlike several other sulfides, 
pyrite FeS2 does not vary significantly from its stoichiometric ideal (Ellmer and 
Höpfner 1997). The zero-pressure, room-temperature volume of our ball-milled 
sample material was obtained using X-ray diffraction (XRD) at the University of 
Chicago using a Bruker B8 Powder X-ray diffractometer, and was found to be 
23.93(1) cm3/mol, consistent with previously published volumes for stoichiometric 
FeS2 (Whitaker et al. 2010).

Pyrite samples for laser heating were loaded between two platelets of KBr 
each ~10 μm thick, which served as an insulator, pressure medium, and pressure 
standard. Powdered KBr was baked prior to being compressed into platelets, and 
prepared sample assemblies were baked for an additional hour at 100 °C prior to 
closing the DACs, to mitigate the effect of water absorption. Samples for room-
temperature compression were prepared by mixing powdered FeS2 with gold with 
a grain size of 0.5–0.8 μm obtained from Alfa Aesar (Stock 44636, 99.96+%) as 
a pressure standard. Neon, used as a hydrostatic pressure medium during room-
temperature compression, was loaded as a pressurized gas at the Advanced Photon 
Source using the COMPRES/GSECARS gas-loading system (Rivers et al. 2008).

Angle-dispersive X-ray diffraction experiments were performed at beamlines 
13-ID-D (GSECARS) and 16-ID-B (HP-CAT) at the Advanced Photon Source, 
Argonne National Laboratory. Laser-heating experiments and room-temperature 
compression experiments were conducted at 16-ID-B using a monochromatic 
incident X-ray beam (λ = 0.406626 Å) of 6 μm by 7.5 μm at full-width at half 
maximum of the focused spot. Laser-heating experiments were also performed at 

13-ID-D with a monochromatic incident X-ray beam (λ = 0.3344 Å) of 3 by 4 μm 
at full-width at half maximum of the focused spot. Sample-to-detector distances and 
tilt were calibrated using 1-bar diffraction of CeO2 or LaB6. The laser was aligned 
with the X-ray beam using the X-ray induced fluorescence of the KBr pressure 
medium, and laser-heating temperatures were determined via spectroradiometry 
using the gray-body approximation (Prakapenka et al. 2008; Meng et al. 2006). 
Samples were laser heated simultaneously on both sides, laser power was adjusted 
to balance upstream and downstream temperatures, and axial temperature gradients 
due to sample thickness were taken into account (3% correction) using the procedure 
previously described by Campbell et al. (2007, 2009).

Diffraction patterns were integrated to produce 2θ plots using FIT2D (Ham-
mersley et al. 1996) and DIOPTAS (Prescher and Prakapenka 2015), and the 
resultant integrated patterns were fit to determine lattice parameters as a function 
of pressure and temperature using PeakFit (Systat Software). Individual peaks were 
fit to single Gaussian curves, and unresolved overlapping peaks were not used 
in the calculation of lattice parameters. Unit-cell volumes of pyrite (FeS2) were 
calculated from the lattice parameters determined from a least-squares fitting using 
at minimum the following hkl peaks: 111, 200, 211, 220, 311, and 321 (Fig. 1). 
Pressures in laser-heated samples were determined using the Dewaele et al. (2012) 
equation of state for B2-KBr with temperatures adjusted for axial temperature 
gradients within the insulator as described by Campbell et al. (2009). Pressures in 
room-temperature compression samples were determined using the Dorogokupets 
and Oganov (2007) equation of state for gold, which is inter-calibrated with the 
Dewaele et al. (2012) B2-KBr equation of state, allowing for direct comparison 
of the pressures between these samples.

rEsults and disCussion

Equation of state
In agreement with previous dynamic and static compression 

experiments (Ahrens and Jeanloz 1987; Merkel et al. 2002), no 
phase transitions were observed in the cubic (Pa3) pyrite struc-
ture over the pressure and temperature ranges investigated in this 
study. There were no substantial changes in relative intensity 
of diffraction peaks observed and no significant peak broad-
ening that would indicate evolving deviatoric stresses during 
room-temperature compression. Pressure-volume-temperature 
(P-V-T) data from these synchrotron experiments are listed in 

FiGurE 1. Representative background subtracted, integrated X-ray 
diffraction spectra collected on heating at 58 GPa and 2033 K. (Color online.)
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Supplemental Table 11. The unit-cell volumes calculated from 
the measured lattice parameters of our study exhibit a smoothly 
decreasing trend with increasing pressure (Fig. 2).

We can describe the room-temperature P-V data acquired 
from our synchrotron XRD experiments using a Vinet equation 
of state (Vinet et al. 1987) of the form:

P300 V( )= 3KT
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in which KT is the isothermal bulk modulus at 1 bar, K′T is the 
derivative of the isothermal bulk modulus with respect to pressure 
at 1 bar, and η = (V/V0)1/3 with initial volume V0. Our room-tem-
perature data was supplemented by Ne-loaded room-temperature 
data from Merkel et al. (2002), which is plotted alongside our 
data in Figure 2. The quality of fit to the room-temperature data 
from both this study and Merkel et al. (2002) is illustrated in 
an F-f plot in Supplemental Figure 11. Trade-offs between the 
fitted values for K′T and KT (Table 1) are given in the form of a 
covariance ellipse in Figure 3. This Vinet equation defines a 
300 K isothermal pressure P300 to which harmonic (Debye-like) 
and anharmonic (A2) thermal terms were added to give a P-V-T 
equation state of the form:

P(V,T) = P300(V) + (γ/V)[ED(T) – ED(300) + ½A2(T 2 – 3002)]

which describes thermal pressure in terms of a Debye-like 
vibrational energy function ED(T) plus an anharmonic term 
with coefficient A2, where T is in Kelvin. Here the Grüneisen 

parameter is γ = γ0(V/V0)q and the Debye temperature (θD) varies 
as dlnθD/dlnV = –γ.

Reference values (at 1 bar, 300 K) for the Grüneisen pa-
rameter (γ0) and isentropic bulk modulus (KS) were obtained 
by simultaneously satisfying the relations γ0 = (αKSV0)/CP and 
KS = KT (1 + αγ0T), using literature values of thermal expansion 
(α) and heat capacity at constant pressure (CP) (Table 2) with 
our measured KT and V0. The anharmonic coefficient A2, which 
also includes electronic effects, can be related to the difference 
between the observed heat capacity and the harmonic (Debye) 
heat capacity:

A2 =
CP
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Here the A2 coefficient and the 1-bar Debye temperature 
(θD) were fit using published CP data (Robie et al. 1978), a 
polynomial expression for thermal expansion as a function of 
temperature (Fei 1995), and the γ0 obtained above. These values 
were then held fixed when fitting our high-temperature, high-
pressure X-ray diffraction data, allowing us to tightly constrain 
the higher order term q in the thermal equation of state. We 
tested for a volume dependence of the A2 term and found it was 
unresolvable. Self-consistent values of KT, K′T, γ0, A2, and q were 
determined using both the Vinet and Birch-Murnaghan (Birch 
1952) formalisms (Table 1).

Our equation of state parameters are compared to previous ex-
perimentally derived fits and ab initio calculations for pyrite FeS2 
(Table 1). In general, we find good agreement with experimental 
studies (Merkel et al. 2002; Whitaker et al. 2010; Drickamer et 
al. 1967) (Fig. 3), although the higher-pressure range of our data 
allowed a more precise determination of K′T. In contrast, both 
ab initio studies (Blanchard et al. 2005; Le Page and Rodgers 
2005) have systematically higher KT values and correspondingly 
lower K′T values than experimental results, possibly due to their 
computational methods, which attempt to describe the covalently 
bonded pyrite using interatomic potentials better suited to the 
description of ionic compounds. Furthermore, our equation of 
state (using Vinet parameters) was used to calculate a Hugoniot 
compression curve (e.g., Ahrens 1987), which is in reasonable 
agreement with previously published shock data from Ahrens 

1 Deposit item AM-16-55527, Supplemental Figures. Deposit items are free to all 
readers and found on the MSA web site, via the specific issue’s Table of Contents 
(go to http://www.minsocam.org/MSA/AmMin/TOC/).

FiGurE 2. Vinet equation of state of pyrite-FeS2 up to 80 GPa. Circles 
are measured volumes from this study, triangles are data from Merkel 
et al. (2002), and color-coded dashed lines are isotherms calculated at 
the median temperature of the data within each indicated temperature 
range. (Color online.)

TABLE 1. Equation of state parameters
Ref. Method KT0 K’T0 γ0 q A2

  (GPa)    [10–3 J/(K2∙mol)]
1a LH-DAC w/XRD 139.7(15) 5.69(19) 1.39 2.04(28) 2.53(27)
1b LH-DAC w/XRD 140.2(15) 5.52(19) 1.40 2.14(29) 2.51(45)
2 HPA w/XRD 148 5.5 – –
3 DAC w/XRD 215 5.5 – –
4 DAC w/XRD 133.5(52) 5.73(58) – –
5 US w/XRD 137.5 6.0 – –
5 MA w/XRD 137.51(1) 6.01(1) – –
6 ab initio calculation 150.0 4.56 – –
7 ab initio calculation 176.21 4.65 – –
Notes: Values in parentheses are uncertainties. 1a = This study, fit to a Vinet 
equation of state; 1b = This study, fit to a Birch-Murnaghan equation of state; 
2 = Drickamer et al. (1967); 3 = Chattopadhyah and von Schnering (1985); 4 = 
Merkel et al. (2002); 5 = Whitaker et al. (2010); 6 = LePage and Rogers (2005); 7 = 
Blanchard et al. (2005). LH = laser-heated; DAC = diamond-anvil cell; XRD = X-ray 
diffraction; HPA = high-pressure apparatus, MA = multi-anvil; US = ultrasonics.
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and Jeanloz (1987), although scatter in the shockwave data limits 
the quality of the fit (Supplemental Fig. 21).

Sulfur in Earth’s core
The Earth’s iron-alloy core exhibits different material proper-

ties than are expected of pure iron under the same P-T conditions. 
It is expected that the inclusion of one or more light elements in 
the core is responsible for the differences in density and sound 
wave velocities between pure iron and seismically determined 
values (e.g., Birch 1952). Our experimentally derived equation of 
state has been used to compare the density and bulk sound speed 
of FeS2 to those of hcp-iron (Dewaele et al. 2006) and PREM 
(Dziewonski and Anderson 1981) to constrain the maximum 
amount of S in the Earth’s core (Fig. 4). To enable this calcula-
tion the following constraints were applied: (1) a pressure of 
135.8 GPa, density of 9.9 g/cm3, and a bulk sound speed of 8.07 
km/s at the CMB (Dziewonski and Anderson 1981), (2) a CMB 
temperature of 4000 ± 500 K (Anderson 2003), (3) an adiabatic 
temperature profile throughout the outer core (Birch 1952), (4) 
an increase of 1.5 ±0.5% in the volume of both iron and iron 
alloys upon melting at core pressures (Anderson 2003), and (5) 
the mean-atomic weight was adjusted to account for the inclusion 
of 5:95 Ni:Fe. Bulk sound speeds, equivalent to vP in the outer 

FiGurE 4. Influence of added FeS2 on (a) core density deficit and 
(b) bulk sound speed. Solid lines indicate densities along an adiabatic 
temperature profile for a CMB temperature of 4000 K. Red: FeS2 
calculated from the parameters listed in Table 1 with dashed lines 
denoting the uncertainty due to ±500 K temperature uncertainty at the 
CMB and the 95% confidence interval of the fit to experimental data. 
Blue: hcp-Fe calculated from the equation of state of Dewaele et al. 
(2006) with dashed lines denoting a ±500 K temperature uncertainty at 
the CMB. Green: mixture of FeS2 and hcp-Fe with molar ratio fixed to 
fit PREM at CMB with dashed lines indicating weighted averages of iron 
and pyrite uncertainties; (a) shows the effect of 11.1(10) wt% S and (b) 
is best fit by 4.4(4) wt% S. (Color online.)

FiGurE 3. Comparison of KT and K′T values for this study to previously 
published results. The covariance ellipses of KT –K′T are based on the 
2σ-uncertainties of our fit. Circles: DAC w/XRD. Crosses: ab initio 
calculations. Square: Ultrasonics w/XRD. Triangle: High-pressure 
apparatus with XRD (no primary pressure standard used). (Color online.)

TABLE 2. Room-temperature parameters used in EoS fitting
Ref. Parameter Value
1, 2 α (K–1) 25.7 × 10–6

3 CP [J/(mol∙K)] 62.17
4 θD (K) 624(14)
4 V0 (cm3/mol) 23.93(1)
Notes: Uncertainties provided in parentheses when available. 1 = Fei (1995); 2 = 
Anderson and Ahrens (1996); 3 = Robie et al. (1978); 4 = This study.

core, were calculated numerically from the slope of an adiabatic 
pressure–density profile. Constraining the quantity of a single 
light element within the Earth’s outer core using the equation of 
state of a solid with the addition of a term to account for volume 
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change due to melting has been employed by numerous previous 
studies (e.g., Seagle et al. 2006). Consistent with previous find-
ings (Lin et al. 2003) small variations in the added wt% of Ni 
did not significantly alter the bulk sound speed of iron.

For this analysis only sulfur is considered as a contributing 
light element of the outer core, despite the likelihood that the 
observed core properties are the result of several light elements 
(e.g., Si, O, C) in combination (e.g., Poirier 1994). By compar-
ing modeled core compositions using the Vinet equation of state 
parameters presented here against PREM, maximum sulfur con-
tents of the outer core were determined. Modeled compositions 
using the Birch-Murnaghan equation of state formalism yielded 
indistinguishable results. The best-fit compositional model to 
the core density deficit of PREM suggests that if sulfur were the 
only light element in the core, then the outer core’s sulfur content 
would be 11.4(10) wt%, with deviations due to variations in CMB 
temperature and the volume change due to melting. This value is 
very similar to the 11(2) wt% S inside the outer core proposed 
by Ahrens and Jeanloz (1987) based on matching the density of 
PREM using dynamic compression data. Additionally, the sulfur 
content presented here is in good agreement with estimates using 
other iron sulfide compositions including pyrrhotite [9–12 wt%, 
Ahrens 1979; 10(4) wt%, Brown et al. 1984] and Fe3S [12.4(20) 
wt%, Seagle et al. 2006]. However, comparing modeled core 
compositions to the bulk sound speed of PREM instead of its 
density, the best-fit model suggests an outer core composition of 
only 4.8(19) wt% S. This result is still higher than the 2.4 wt% 
maximum proposed by Badro et al. (2014) based on molecular 
dynamics simulations of sound velocities and densities of multi-
light element systems. Calculating the sulfur content of the inner 
core using a similar methodology and an inner core boundary 
temperature of 5000 ±500 K requires 4.1(12) wt% S based on 
matching PREM density, or 4.7(29) wt% S matching PREM bulk 
sound speed. According to our findings, the density and bulk 
sound speed in PREM may not be matched simultaneously with 
a single iron-sulfur alloy composition. This result strengthens 
the argument for additional light elements in Earth’s core, and 
as such the 11.4 wt% S content derived from our FeS2 equation 
of state should be considered a conservative upper bound for 
sulfur in the outer core’s light element budget.

impliCations

In contrast to many geophysically important compounds, 
pyrite FeS2 exhibits no structural phase transitions at high P-T 
conditions that would complicate the measurement of its equa-
tion of state. Consequently, in this study we were able to fix 
many important equation of state parameters to their values 
at ambient conditions, and apply our new experimental P-V-T 
data to obtain the higher order terms in the FeS2 equation of 
state—namely K′T, q, and A2. Additionally, we refit the Debye 
temperature using previously published thermodynamic data in 
conjunction with our new equation of state parameters, allowing 
for a greater level of self-consistency. Hence, the equation of 
state presented here has a more complex and realistic form than 
most experimentally derived thermal equations of state for deep 
Earth materials, and can therefore be extrapolated to higher P-T 
conditions with greater accuracy. In particular, we find a q value 
that is significantly greater than the value of 1.0 that is commonly 

assumed, and we find a significant anharmonic coefficient [A2 
= 2.53(27)×10–3 J/(K2∙mol)] for pyrite. This anharmonic term 
accounts for ~6–8% of the thermal pressure at CMB conditions 
and even more at conditions deeper into the core.

Regarding the application of this equation of state to the 
composition of Earth’s core, our results are compatible with 
earlier indications that sulfur alone cannot account for the entire 
light element budget of the outer core (Ringwood 1984; Dreibus 
and Palme 1996). This study is a contribution to the broad ef-
fort to constrain the composition of Earth’s core by combining 
mineral physics data with seismological observations of our 
planet’s deep interior. Comparison of the FeS2 and Fe equations 
of state to PREM allows one to calculate a maximum contribu-
tion of sulfur to the light element budget of the outer core. Yet 
while high-pressure experiments indicate sulfur strongly parti-
tions into the iron cores of terrestrial planets (e.g., Li and Agee 
2001), further investigation is needed to determine the likelihood 
that sulfur is a major contributor Earth’s core density deficit. 
In particular it is important to understand whether sulfur was 
lost from Earth to the same degree as some volatile lithophile 
elements, as is sometimes assumed (Dreibus and Palme 1996; 
McDonough 2003). Metal–silicate partitioning studies at high 
P-T conditions will also be helpful to understand how sulfur 
was distributed between the proto-core and proto-mantle during 
differentiation of the Earth.
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