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The equations of state of perovskite with (Mgq 75,Feg 25)SiO3 and MgSiOs compositions have been investigated
by synchrotron X-ray diffraction up to 130 GPa at 300 K in diamond anvil cells. Here we show that the
addition of 25% Fe in MgSiO3 perovskite increases its density and bulk sound velocity (Vo) by 4-6% and 6-7%,
respectively, at lower-mantle pressures. Based on concurrent synchrotron X-ray emission and Mdéssbauer
spectroscopic studies of the samples, the increase in Vi, and density can be explained by the occurrence of the
low-spin Fe>™ and the extremely high-quadrupole component of Fe?>*. Combining these experimental results
with thermodynamic modeling, our results indicate that iron-rich perovskite can produce an increase in
density and a value of Vg that is compatible with seismic observations of reduced shear-wave velocity in
regions interpreted as dense, stiff piles in the lower mantle. Therefore, the existence of the Fe-rich perovskite
in the lower mantle may help elucidate the cause of the lower-mantle large low-shear-velocity provinces
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lower mantle (LLSVPs) where enhanced density and V¢ are seismically observed to anti-correlate with the reduced shear
bulk sound velocity wave velocity.
density
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1. Introduction

Earth's lower mantle is thought to consist mainly of iron-bearing
silicate perovskite and ferropericlase, with a nominal iron (Fe)
content of about 10% in perovskite and 20% in ferropericlase (e.g.
Hirose, 2002). The addition of Fe in these minerals is known to result
in an increase in their densities (e.g. Jacobsen et al, 2002). Of
particular importance with respect to seismic observations of the
lower mantle are the recently discovered electronic spin-pairing
transitions of Fe in ferropericlase and perovskite at lower-mantle
conditions (e.g. Badro et al., 2003, 2004; Catalli et al., 2010; Li et al.,
2004; Lin et al., 2008; McCammon et al., 2008; Stackhouse et al., 2007;
Zhang and Oganov, 2006). The spin transitions of iron have been
observed to produce significant changes in density, radiative thermal
conductivity and electrical conductivity of lower mantle minerals (e.g.
Fei et al,, 2007a; Goncharov et al., 2010; Lin et al., 2007; Lin and
Tsuchiya, 2008; Ohta et al., 2008). The high-spin (HS) to low-spin (LS)
transition of Fe has also been reported to affect the sound velocities of
ferropericlase ((Mg,Fe)O), the second most abundant mineral in the
lower mantle (Antonangeli et al., 2011; Crowhurst et al., 2008;
Marquardt et al., 2009). However, the effect of the spin transitions on
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the elasticity of the most abundant perovskite phase remains largely
undetermined (e.g. Kiefer et al., 2002).

Previous studies have shown that Fe-bearing perovskite (up to 10—
15% Fe) and Fe-free MgSiOs perovskite have similar incompressi-
bilities at lower-mantle pressures (e.g. Kiefer et al., 2002; Lundin et al.,
2008; McCammon et al., 2008). Due to the differences between the
experimental designs of these studies, it is difficult to understand
their geophysical implications. Because lower-mantle perovskite is
expected to contain 10% iron, studying the elasticity of relatively iron-
rich perovskite under controlled experimental conditions is more
applicable in evaluating the role of iron-rich regions in the lower
mantle. Most importantly, the equation of state (EoS) of Fe-rich
perovskite across potential Fe spin transitions has not been investi-
gated at conditions relevant to the lower mantle.

Here, we have conducted high-pressure synchrotron X-ray diffrac-
tion (XRD) experiments on perovskite with 25% Fe and without Fe to
constrain the effect of Fe on the EoS of perovskite. We have also
conducted synchrotron Mossbauer spectroscopy (SMS) to determine
the valence states and hyperfine parameters of Fe in perovskite, and
synchrotron X-ray emission spectroscopy (XES) measurements that
were applied to derive the total 3d spin momentum of Fe. The combined
results from XRD, SMS and XES are important to understand the effect of
Fe on the elasticity of perovskite in potentially iron-rich regions of the
lower mantle, such as large low-shear-velocity provinces (LLSVPs) and
ultra-low velocity zones (e.g. Garnero and McNamara, 2008).
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2. Experimental details

Polycrystalline, >’Fe-enriched enstatite was used as the starting
sample for synthesizing perovskite with 25% Fe ((Mgg.75,Feq25)SiOs3,
Pv25) (Mao et al., 2010). The enstatite sample was examined by X-ray
diffraction and electron microprobe to confirm its crystal structure
and chemical composition. Based on both conventional and synchro-
tron Mossbauer spectroscopic analyses, Fe in the synthesized enstatite
was mainly in the Fe?™ state and its Fe>" content was below the
detection limit (Mao et al., 2010). The starting enstatite sample was
loaded in a symmetric diamond anvil cell (DAC) and maintained
under vacuum before loading with Ne pressure medium in a Re
gasket. A Pt foil was placed next to the starting sample to determine
the pressure (Fei et al.,, 2007a). To avoid the formation of
ferropericlase and other phases, we directly compressed the sample
to 60 GPa at 300 K where we were able to synthesize the single-phase
perovskite. The sample was laser heated at 1300 to 1600 K for ~2 h to
fully transform the starting material to Pv25 at GSECARS of the
Advanced Photon Source (APS), Argonne National Laboratory (ANL).
The synthesized sample was confirmed by X-ray diffraction to be in
the perovskite structure. X-ray diffraction patterns were collected
from the samples in 1-3 GPa intervals up to 135 GPa at 300 K. During
compression, the synthesized Pv25 was not laser-annealed in order to
avoid the decomposition of Pv25. In addition to Pt, X-ray diffraction of
Ne was used as a second pressure indicator. The difference in pressure
between the Pt and Ne pressure scales used is within +2 GPa (Fei
et al., 2007b).

Fe-free MgSiOs-perovskite was synthesized from MgSiOs enstatite
glass, which was mixed with Pt. The mixture was also loaded with Ne
pressure medium and compressed to 30 GPa at 300 K, and then laser
heated between 1500 and 2000 K for ~2 h at GSECARS of the APS, ANL.
X-ray diffraction patterns of Pv were taken at 1-3 GPa intervals from
30 GPa to 120 GPa, and the sample was laser-annealed every 10 GPa
to reduce the potential deviatoric stress.

To determine the electronic states and the hyperfine parameters of
Fe in Pv25, SMS measurements of the Pv25 used for the XRD
experiments were also conducted at HPCAT of the APS, ANL using an
incident X-ray beam with an energy resolution of 2 meV. We collected
SMS spectra of the Pv25 sample at 135 GPa and 300 K with or without
a ~10 um thick stainless steel foil with a natural °’Fe abundance. The
stainless steel foil was placed in front of the sample and used as a
reference to determine the chemical shift (CS) of the Fe sites. The
collection time for each spectrum was four to five hours.

XES measurements of Pv25 were conducted at HPCAT of the APS,
ANL to examine the total spin momentum of Fe. Pv25 was synthesized
from the same enstatite sample used for XRD. The starting enstatite
was sandwiched between two dried NaCl layers and loaded in a DAC
with a pre-indented Be gasket and cBN gasket insert. The incident
energy of the X-ray for the XES experiments was set at 11.35 keV with
an energy bandwidth of approximately 1 eV. The XES spectra were
collected at 80, 95, 119 and 135 GPa. The pressure was determined by
the ruby R; fluorescence shifts and doubled-checked by the Raman
shift of the diamond culet (Akahama and Kawamura, 2006; Mao et al.,
1986). The collection time for each XES spectrum was about 40 min,
and 35-40 spectra were collected and added together at each given
pressure. The reference HS and LS spectra were collected from
ferropericlase with 25% Fe at ambient conditions and at 90 GPa and
300 K, respectively (Lin et al., 2010; Mao et al., 2010).

3. Results

The measured diffraction patterns matched the diffraction lines of
Pv25 (or Pv), except one belonging to the strongest peak of stishovite
(Fig. 1) (O'Neill and Jeanloz, 1994). No signs of ferropericlase was
observed in the diffraction patterns. We used 9-13 peaks to calculate
the cell parameters for Pv and Pv25. The pressure-volume relations
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Fig. 1. Representative angle-dispersive X-ray diffraction patterns of perovskite at high
pressures. (a) Perovskite with 25% Fe at 66 and 133 GPa. (b) Fe-free perovskite at 32
and 123 GPa. Incident X-ray wavelength, A = 0.3344 A.

show that the density of Pv25 is 4% greater than that of Pv at 130 GPa
(corresponding to 2800 km in depth), indicating that the addition of
iron can significantly increase the density of perovskite at lower-
mantle pressures (Fig. 2). Fitting the pressure-volume data using the
third-order Birch-Murnaghan EoS yields Ko=335(4+8) GPa with
Vo=159.3(+0.6) A% with a fixed Ko’ =4 for Pv25, and K,=259.6
(£2.8) GPa, Ko’ =3.5(+0.1) with a fixed Vo = 162.4 A3 for Pv (Fig. 2).
The V, of Pv25 is much lower than that of Pv, and K, is much larger,
indicating the potential effect of Fe-spin transitions on the zero-
pressure volume and compressibility of perovskite, which will be
addressed below. For the well-known tradeoff between Ky and Ky’,
varying the Ky’ value by + 0.5 will cause a 14% change in Ko and a 1.1%
change in V, for Pv25. The differential stress in Pv25 has been
evaluated using the diffraction peaks 111 and 200 of the Pt pressure
standard (Dorfman et al., 2010; Menéndez-Proupin and Singh, 2007;
Singh, 1993), indicating that the differential stress is ~3 GPa at 130 GPa.

To ascertain the cause for the elevated density and incompressi-
bility in the Fe-rich perovskite, we conducted synchrotron Fe-Kp XES
and SMS measurements to determine the electronic spin and valence
states of iron in the Pv25 samples (e.g. Lin et al., 2005, 2008; Mao et al.,
2010). Compared with the reference XES spectra, the XES spectra of
Pv25 show a reduction in the intensity of the satellite emission peak
(KP') with increasing pressure (Fig. 3). The collected XES spectra of
perovskite and reference samples were evaluated using the Integrated
Absolute Difference analysis in which the absolute difference between
the sample and the reference LS sample was normalized and
integrated (Vanko et al., 2006). The total spin momenta (S) of Fe in
perovskite were determined by comparing the integral from the
sample and the LS reference to that from the HS and LS references. Our
analyses showed that the S value slightly decreases from 0.8 (4-0.2) at
80 GPa to 0.6 (£0.2) at 135 GPa.

The measured SMS spectra were evaluated using the CONUSS
program (Sturhahn, 2000). Our analyses showed three distinct Fe
sites in perovskite (Fig. 4). Site 1 with 50% abundance exhibits
extremely high quadrupole splitting (QS) of 4.10 (£0.25) mm/s.
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Fig. 2. Pressure-volume relations of perovskite. Red open circles: Pv, this study; red solid
circles: Pv25, this study; blue lines: Pv (Fiquet et al., 2000) (with Ar pressure medium and
Ptas the pressure calibrant); black solid, dashed, and dotted lines: perovskite with 0,9 and
15% Fe (with Ar pressure medium and Au as the pressure calibrant), respectively (Lundin
et al., 2008); orange line: perovskite with Fe>* (with Ar pressure medium and Au as the
pressure calibrant) (Catalli et al., 2010). Corresponding lines represent fits using the third-
order Birch-Murnaghan EoS to the experimental results. Uncertainties are smaller than
symbols when not shown.

Based on literature hyperfine parameters, this site was assigned to be
Fe?™ in the dodecahedral sites (e.g. Bengtson et al., 2009; Catalli et al.,
2010; Lin et al., 2008; McCammon et al., 2008). However, the spin
state of Fe?™ with extremely high QS in perovskite is under debate in
the literature (Bengtson et al., 2009; Hsu et al., 2010; Lin et al., 2008;
McCammon et al., 2008; Narygina et al., 2010). The QS value of site 1 is
consistent with recent theoretical predictions that show an extremely
high QS for perovskite (Hsu et al., 2010), which was interpreted as a
displacement of the HS Fe2™ lattice in perovskite (Fig. 5). However,
considering the derived S of 0.6 (4-0.2) from our XES studies, site 1
could also be assigned to be intermediate-spin (IS) Fe?™ in the A site
(Fig. 5) (Lin et al., 2008; McCammon et al., 2008). Site 2 has a total
abundance of 37%, with QS of 2.99 (£ 0.25) mm/s. We assign it to be
LS Fe™ in the octahedral sites based on the derived S value from the
XES analyses and the obtained hyperfine parameters, together with
the QS of Fe>™ from the literature (Catalli et al., 2010; Hsu et al., 2011).
The QS of site 3 is 1.84 (+0.25) mm/s with 13% abundance. This site
could be Fe3>* either in the HS state or in the LS state (Bengtson et al.,
2009; Catalli et al., 2010; Narygina et al., 2010; Xu et al., 2001).
According to our SMS and XES analyses, Fe in Pv25 is predominantly
Fe2™ in the IS state or undergoing an atomic-site change and Fe>* in
the LS state.

0.12 - —— High Spin "~
< --- Low Spin
2 009} —80GPa /
Z —— 95 GPa
>
2 o0} 119 GPa
c —— 135 GPa
i)
£ 003
k]
(0]
N 0.00
(3]
£
S -0.03
z
-0.06 1 1 1 1 1
7030 7040 7050 7060 7070
Energy (eV)

Fig. 3. Fe KP X-ray emission spectra of perovskite (Pv25) at high pressures and 300 K.
Ferropericlase with 25% Fe ((Mgo75Feo.25)0, fp25) at ambient conditions is used as the
high-spin reference (Mao et al., 2010). fp25 at 90 GPa is used as the low-spin reference
(Lin etal., 2010; Mao et al., 2010). The data were analyzed using the Integrated Absolute
Difference analysis (Vanké et al., 2006).
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Fig. 4. SMS spectra of Pv25 (a) at 135 GPa and 300 K. (b). Modeled energy spectrum
from the evaluation of the measured SMS spectrum.

4. Discussion and conclusion

Using the EoS of Pv25 and Pv from this study and the thermal
expansion coefficient and Griineisen parameter from the literature
(Table 1) (Fiquet et al., 2000; Jackson and Rigden, 1996), we have
calculated the isothermal bulk modulus, Ky, and bulk sound velocity,
Vo, as a function of pressure (Fig. 6). For comparison, Kt and Vg of
Pv25 are respectively 17% and 6% greater than that of Pv at 130 GPa
(Fig. 6). Considering experimental uncertainties, previous studies do
not show any systematic trend in the EoS of perovskite with
increasing Fe content (Fiquet et al., 2000; Lundin et al., 2008)
(Fig. 2). Direct comparisons to these studies remain difficult, because
they were conducted under variable conditions, using stiffer pressure
media and different pressure calibrants (Fiquet et al., 2000; Lundin et
al., 2008; McCammon et al., 2008).

Neglecting the role of electronic spin transitions, previous studies
on the elasticity of deep-Earth minerals have shown that the addition
of iron has a minor effect on their bulk moduli, producing a weak
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Fig. 5. Quadrupole splitting (QS) of Fe?™ in perovskite. (a). experimental results
(Grocholski et al., 2009; Jackson et al., 2005; Li et al.,, 2006; Lin et al., 2008;
McCammon et al., 2008, 2010; Narygina et al, 2010); (b). theoretical results
(Bengtson et al., 2009; Hsu et al., 2010). Black arrows show the trend of QS with
increasing pressure.
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Table 1
Thermoelastic parameters of perovskite.
Composition 0K/OT Qo oy A
(GPa/K) (105K 1) (1078K2)
pv® —0.02 2.18 0.1 14
Fe-bearing Pv in a —0.036 3.19 0.88 14

peridotite composition®

2 Jackson and Rigden (1996).
b Fiquet et al. (2000).
¢ Ricolleau et al. (2009).

increase or even a decrease in Vg, (Jackson et al., 2006; Jacobsen et al.,
2002; Mao et al., 2008; Speziale et al., 2004). For perovskite in
particular, the effect of adding Fe on V¢, is shown to be weak when the
Fe content is less than 15% (Lundin et al., 2008; McCammon et al.,
2008), although the presence of 25% Fe can increase the density by 3%
at 130 GPa (Fig. 7). The significant increase in the Vg of our Pv25
sample is thus unexpected for mantle minerals and can be understood
by the electronic spin transitions of iron in perovskite. Since Fe exists
as HS Fe?™ and Fe®" in perovskite at relatively low pressures
(Bengtson et al., 2009; Catalli et al., 2010; McCammon et al., 2008),
this stiffening phenomenon can be explained as a result of the Fe spin
transition or atomic-site change in perovskite. We note that the HS to
LS transition of Fe2* in ferropericlase has been known to result in an
increase in Vg (e.g. Crowhurst et al., 2008; Lin et al., 2005;
Wentzcovitch et al., 2009), although a recent experimental study
using high-energy resolution inelastic X-ray scattering did not
observe a similar increase in Vg of ferropericlase across the spin
transition (Antonangeli et al., 2011).

Here, we have modeled the density and Vg of perovskite at
relevant lower-mantle pressure and temperature conditions using the
thermal Birch-Murnaghan EoS model and our experimental results
(Duffy and Anderson, 1989). Considering 75 vol% of perovskite
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Fig. 6. Kt and V¢, of perovskite as a function of pressure at 300 K. Open circles: Pv; solid
circles: Pv25. Corresponding lines represent modeled EoS fits to the experimental
results. Uncertainties are approximately 2% for K and 1.2% for V4, when fixed Ky’ = 4 for
Pv25. Varying the Ky’ value of Pv25 by 4 0.5 can lead to the uncertainty of K and Vg, up
to 14% and 4%, respectively.
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Fig. 7. Density (p) and V, variation of Pv25 using MgSiO5 perovskite as the reference at
lower-mantle pressures. Circles: variation in Vg; diamonds: variation in p. Un-
certainties are shown as black bars.

(Hirose, 2002) with an averaged 25% of Fe in the lower mantle
along a modeled mantle geotherm, our thermodynamic model shows
that lower-mantle perovskite containing 15% excess iron (compared
to the average mantle perovskite) would have a density 1-2% and Vg,
1.5-3% higher than the surrounding mantle (Fig. 8). The lower mantle
is expected to contain 5-10% Al in a pyrolitic composition (e.g. Kesson
et al., 1998), although the addition of Al in perovskite is expected to
only slightly offset the observed increase in Vg to a lower value and
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Fig. 8. Modeled p and Vg deviation of Pv25 relative to Pv10 along a model mantle
geotherm (Brown and Shankland, 1981). Ap/p (AVe/Ve) represents the density
(Vo) difference between Pv25 and Pv10. Blue lines: estimates based on our
experimental data at 300 K; red lines and shaded area: calculated deviation along
the mantle geotherm (Brown and Shankland, 1981); gray dotted areas: observed
maximum seismic anomalies in the LLSVPs (Ishii and Tromp, 1999; Ishii and Tromp,
2004; Su and Dziewonski, 1997; Trampert et al., 2004); blue areas: estimated p
anomalies in the LLSVPs from thermodynamic modelings (McNamara and Zhong,
2005; Tan and Gurnis, 2005). Uncertainties of the calculated p and Vg, deviations are
plotted as red areas by taking various thermoelastic parameters of perovskite from
the literature into account (Fiquet et al., 2000; Ricolleau et al., 2009).
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should have a negligible effect on the density (e.g. Yagi et al., 2004).
Thus, these increases in density and Vg, originating from the
electronic spin transitions of iron in perovskite, are consistent with
seismic observations of the LLSVPs. Although further investigation as
to how electronic spin transitions of iron in perovskite would affect its
shear and compressional wave velocities is required, the presence of
iron generally results in a decrease in shear-wave velocity (e.g.
Jackson et al., 2006; Jacobsen et al., 2002; Mao et al., 2008; Speziale et
al., 2004), as is seismically observed in the LLSVPs regions.

The sharply reduced shear-wave velocity and elevated V4 and
density in the LLSVPs boundaries require a chemical origin such as
iron enrichment, but the anti-correlated behavior remains unex-
plained without considering the effect of spin transitions in lower-
mantle minerals (e.g. Hernlund and Houser, 2008; Ishii and Tromp,
2004; Ishii and Tromp, 1999; Su and Dziewonski, 1997; Trampert et
al., 2004). Our study provides a potential cause for the LLSVPs, which
are suggested to arise not only from thermal anomalies, but also from
iron enrichment (Ishii and Tromp, 1999; Trampert et al., 2004). Based
on recent geodynamic modeling, LLSVPs may simply represent
primordial mantle materials, resulting from core-mantle interactions
at the CMB; or be formed by the inclusion of dense, iron-rich material
derived from downwelling slabs forming “chemically distinct piles”
(Garnero and McNamara, 2008; Knittle and Jeanloz, 1991; McNamara
and Zhong, 2005; Tan and Gurnis, 2005). Although Mg-perovskite is
increasingly Fe-depleted with depth compared to ferropericlase (e.g.
Auzende et al., 2008), the presence of Al is expected to enhance the Fe
accommodation in perovskite (Frost and Langenhorst, 2002; McCammon,
1997; Murakami et al., 2004). In this case, Fe-rich perovskite,
the potential major phase in the “chemically distinct piles”, would pile
up at the bottom of the upwellings because it is too dense to rise. Our
studies show that lower-mantle perovskite with approximately 25% iron
in the LS Fe>* and IS Fe?™ or Fe?™ with atomic-site change would satisfy
seismic observations for the LLSVPs (Fig. 8) (Hernlund and Houser, 2008;
Ishii and Tromp, 2004; Ishii and Tromp, 1999; Trampert et al., 2004).
The existence of Fe-rich perovskite piles in the lower mantle would
be seismically manifested as velocity and density anomalies in the
lower mantle, thus providing a possible explanation for the origin of
LLSVPs.
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