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density (ρ), bulk sound velocity (VΦ), and dlnρ/dlnVΦ proﬁles of candidate lower mantle minerals using
literature and new experimental equation of state (EoS) results. For CaSiO3 perovskite, complimentary
synchrotron X-ray diffraction measurements in a laser-heated diamond anvil cell were conducted up to
156 GPa between 1200 K and 2600 K to provide more reliable constraints on the thermal EoS parameters.
These new experimental results as well as literature P-V-T data sets are systematically analyzed using an
internally self-consistent pressure scale. We have modeled ρ, VΦ, and dlnρ/dlnVΦ proﬁles of the lower mantle
with representative pyrolitic and chondritic compositional models in which the effect of Fe spin transition in
ferropericlase is also taken into account. Our modeling results show that a pyrolitic lower mantle with an
aggregate mineralogy of 75 vol % bridgmanite, 17 vol % ferropericlase, and 8 vol % CaSiO3 perovskite
produces ρ and VΦ proﬁles in better agreement with preliminary reference Earth model than a lower mantle
with a chondritic composition. The modeled ρ, VΦ, and dlnρ/dlnVΦ are mainly affected by the relative ratio of
bridgmanite and ferropericlase but are not sensitive to the variation of the CaSiO3 perovskite content. In
addition, the spin crossover of Fe in ferropericlase can greatly raise the value of dlnρ/dlnVΦ in the middle
lower mantle, which is useful in detecting the presence of ferropericlase in the region. Based on these new
mineral physical constraints and radial seismic structure, our study suggests the lower mantle is pyrolitic,
which is chemically indistinguishable from the upper mantle.

1. Introduction

©2016. American Geophysical Union.
All Rights Reserved.
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Knowledge of the lower mantle mineralogy and composition is essential for understanding the formation,
differentiation, and dynamic evolution of the Earth [e.g., Hofmann, 1988; Kaminski and Javoy, 2013; Lee
et al., 2010; Mcdonough and Sun, 1995]. Although chemical composition of the Earth’s lower mantle is a
fundamental question for geophysical and geochemical studies, it has long been a debated topic due to
limited samples available and direct experimental support [e.g., Anderson, 1983; Javoy, 1995; Mcdonough
and Sun, 1995; Morgan and Anders, 1980; Palme and Jones, 2003; Ringwood, 1975]. Numerous attempts have
been made to constrain the lower mantle composition using seismic observations, laboratory and theoretical
mineral physics results, analysis of terrestrial samples, and cosmochemical data. One key difference between
previously proposed geochemical and cosmochemical models of the mantle is that the Mg/Si ratio varies
from approximately 1 in the chondritic composition model to 1.3 in the pyrolitic model [e.g., Anderson,
1983; Hart and Zindler, 1986; Javoy, 1995; Ringwood, 1975]. Petrological evidence obtained from the compositional trends in upper mantle peridotites suggests that the Mg/Si ratio of the bulk silicate Earth is close to
1.27, indicating a homogeneous upper and lower mantle in composition [Anderson, 1983; Ringwood, 1975].
In the pyrolitic compositional model of the mantle, so-called the pyrolite model, the lower mantle is consisted
of 75 vol % bridgmanite [(Mg,Fe)(Al,Si)O3], 17 vol % ferropericlase [(Mg,Fe)O], and 8 vol % CaSiO3 perovskite
[Ringwood, 1975]. However, if the terrestrial planets, meteorites, and the sun were accreted from similar
materials in the solar nebula, the composition of the Earth could be represented by chondritic meteorites
[e.g., Javoy, 1995; Mcdonough and Sun, 1995; Morgan and Anders, 1980; Williams and Knittle, 2005]. If the mantle
has a composition of CI chondrites, the Mg/Si ratio was estimated to be 1.074, which would suggest a
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compositional distinct upper and lower mantle [Hart and Zindler, 1986]. Lower mantle with a chondritic compositional model thus needs to be enriched in bridgmanite and Ca-perovskite with a Mg/Si ratio of ~1 [Anderson, 1989].
Comparison of the laboratory measurements for the density and velocity of candidate lower mantle minerals
with seismic observations provides one of the most established means to infer the mineralogy and chemical
composition of the planet’s deep region [e.g., Cammarano and Romanowicz, 2007; Duffy and Anderson, 1989;
Li and Liebermann, 2007; Mao et al., 2014; Matas et al., 2007]. However, direct experimental measurements on
the elasticity and sound velocity of lower mantle minerals at relevant pressure and temperature (P-T) conditions of the lower mantle are signiﬁcantly limited. Thus far, only shear-wave velocities of lower mantle bridgmanite and ferropericlase were measured at simultaneously high P-T conditions relevant to the lower mantle,
indicating that a Si-enriched lower mantle with more than 93% bridgmanite will have a shear-wave velocity
proﬁle in better agreement with the seismic preliminary reference Earth model (PREM) than lower mantle
with a pyrolitic composition [Dziewonski and Anderson, 1981; Murakami et al., 2012]. However, the velocity
models in Murakami et al. [2012] did not consider the contribution of CaSiO3 perovskite, the third most abundant phase in the lower mantle, and did not examine whether the density of a Si-enriched lower mantle can
also match well with PREM as well as the velocity proﬁles. Furthermore, a recent study pointed out that incorrectly averaging the velocities of a multiple-component system may lead to the conclusion of a highly
bridgmanite-enriched lower mantle [Cottaar et al., 2014]. Extensive theoretical and modeling efforts have
been made to understand the composition of the region. For example, the effect of composition variation
on the velocity of the lower mantle was examined by using literature elastic parameters of candidate minerals
which were determined either by experimental or theoretical studies [Matas et al., 2007]. It shows that the
best velocity model in order to reasonably ﬁt the 1-D seismic proﬁles requires the Mg/Si ratio in the lower
mantle to be less than that in a pyrolitic mantle composition [Matas et al., 2007]. It should be noted that
the Mg/Si ratio in the lower mantle suggested by Matas et al. [2007] exhibits a strong dependence on the
value for the pressure derivative of the shear modulus (dG/dP) of bridgmanite and the temperature gradient
in the lower mantle. The pressure derivative of the shear modulus of bridgmanite has not been constrained
by simultaneous high P-T experimental studies when Matas et al. [2007] performed the analysis, which could
affect the estimated lower mantle composition. In contrast to recent experimental results [Murakami et al.,
2012], theoretical studies using ﬁrst-principle methods to model the density and velocities of the lower mantle in various compositions conclude that lower mantle in a pyrolitic composition has density and velocity
proﬁles matching the seismic PREM better [Wang et al., 2015; Zhang et al., 2016].
Due to limited experimental constraints on the elasticity and sound velocity of lower mantle minerals at P-T
conditions relevant to the lower mantle, an alternative way to estimate and constrain the lower mantle
composition is to compare the density (ρ) and bulk sound velocity (VΦ) proﬁles of candidate lower mantle
minerals with a 1-D seismic model. In the past 20 years, tremendous effort has been made to determine the
pressure-volume-temperature (P-V-T) and thus the thermal equation of state (EoS) parameters of minerals
at relevant P-T conditions of the lower mantle [e.g., Fiquet et al., 2000; Komabayashi et al., 2010; Mao et al.,
2011a; Shim et al., 2000; Speziale et al., 2001; Tange et al., 2012]. Evaluation of the P-V-T relations of candidate mantle minerals also provides some constraints on the ratios of seismic heterogeneities via the ratio
of density to bulk sound velocity (dlnρ/dlnVΦ). One major problem to build reliable ρ and VΦ proﬁles using
thermal EoS parameters in literature is the use of different pressure scales and calibrants, such as Au, Pt,
and ruby in previous experiments, which can result in great difﬁculties when comparing the obtained thermal EoS parameters between different studies [e.g., Ballaran et al., 2012; Fiquet et al., 2000; Jacobsen et al.,
2008; Komabayashi et al., 2010; Lundin et al., 2008; Mao et al., 2011b]. Since the absolute pressure scale of a
pressure calibrant remains to be ﬁrmly established, a reliable, self-consistent pressure scale at relevant P-T
conditions of the lower mantle should be used to reevaluate the literature pressure-volume (P-V) data in
order to better constrain the thermal EoS parameters of the lower mantle minerals.
Other than the aforementioned high P-T effects on the EoS parameters, the effect of spin transition needs
to be considered. Recent high P-T experimental studies show that Fe in lower mantle bridgmanite and ferropericlase will undergo the spin transition [e.g., Badro et al., 2003; Li et al., 2004; Lin et al., 2013]. The spin
transition of Fe can produce an anomalous increase in ρ and a softening in VΦ of ferropericlase at relevant
P-T conditions of the lower mantle [e.g., Chen et al., 2012; Komabayashi et al., 2010; Lin et al., 2005, 2013;
Mao et al., 2011a; Wentzcovitch et al., 2009; Yang et al., 2015]. For lower mantle bridgmanite, recent experimental and theoretical studies are in general agreement that Fe2+ in the large pseudododecahedral sites
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(A site) will exhibit an enhanced lattice distortion at lower mantle pressures, which does not cause an
apparent change in the EoS parameters of bridgmanite [Lin et al.,
2012; McCammon et al., 2008;
Narygina et al., 2010; Mao et al.,
Equation of state and crystal chemistry of single-crystal bridgmanite in
Earth’s lower mantle, submitted,
2016]. Although Fe3+ in the small
octahedral sites (B site) will undergo
the high-spin (HS) to low-spin (LS)
transition, which has been reported
Figure 1. Experimental P-T conditions of CaSiO3 perovskite. Blue symbols:
to inﬂuence the density of bridgmacubic CaSiO3 perovskite; green symbols: tetragonal CaSiO3 perovskite; circles:
nite, the amount of B site Fe3+ could
this study; diamonds: Noguchi et al. [2013]; squares: Kurashina et al. [2004]; red
line: a typical lower mantle geotherm [Brown and Shankland, 1981]; and yellow be greatly limited by the presence of
line: a representative geotherm for the subduction slab [Kirby et al., 1996].
Al in the B site [e.g., Catalli et al.,
2010, 2011; Hsu et al., 2011, 2012;
Mao et al., 2015; Tsuchiya and Wang, 2013]. Even if one ignores the effect of the Fe spin transition on the
ρ and VΦ proﬁles of lower mantle bridgmanite, the consequences of the Fe spin transition in ferropericlase on
the ρ and VΦ proﬁles of the aggregate lower mantle have yet to be examined consistently using the same pressure scale and thermal EoS model, which may result in great uncertainties when estimating the composition of
the lower mantle by comparing modeling results with the 1-D seismic proﬁles [Matas et al., 2007; Murakami et al.,
2012]. Thermal EoS modeling incorporating recent mineral physics ﬁndings of the Fe spin transition in ferropericlase is thus needed to better constrain the composition of the lower mantle.
Compared to the abundance of bridgmanite and ferropericlase in the lower mantle, CaSiO3 perovskite is a
minor phase. However, the volume percentage of CaSiO3 perovskite in the subducted mid-oceanic ridge
basalt could be as high as 22–29% [e.g., Funamori et al., 2000; Hirose et al., 1999; Perrillat et al., 2006].
The presence of CaSiO3 perovskite will lower the Mg/Si ratio of the lower mantle and thus inﬂuence the
mineralogy of the region. CaSiO3 perovskite was found to crystallize in the cubic structure at lower mantle
P-T conditions, yet the cubic CaSiO3 perovskite is not temperature quenchable at high pressures; upon
temperature quenching, it will transform to the tetragonal structure at high pressures [Caracas and
Wentzcovitch, 2006; Jung and Oganov, 2005; Ono et al., 2004; Panero et al., 2006; Stixrude et al., 2007;
Tamai and Yagi, 1989]. Recent theoretical study has pointed out that cubic CaSiO3 perovskite in the lower
mantle would exhibit a lower shear velocity than that of PREM and a stronger seismic anisotropy than
bridgmanite [Kawai and Tsuchiya, 2015]. Knowledge on the EoS and elasticity parameters of the cubic
CaSiO3 perovskite at high P-T may help explain seismic and geochemical models of the lower mantle. A survey
of previous experimental and theoretical studies reveals inconsistent results on the thermoelastic parameters of
the cubic CaSiO3 perovskite [Caracas and Wentzcovitch, 2006; Chizmeshya et al., 1996; Hama and Suito, 1998; Karki
and Crain, 1998; Magyari-Kope et al., 2002; Noguchi et al., 2013; Ricolleau et al., 2009; Sherman, 1993; Shim et al.,
2000; Wang et al., 1996; Wentzcovitch et al., 1995; Wolf and Jeanloz, 1985; Zhang et al., 2006]. The value of the bulk
modulus of the cubic CaSiO3 perovskite at ambient conditions ranges from 216 GPa to 300 GPa in previous studies, leading to signiﬁcant uncertainties when modeling the density and velocity proﬁles of the CaSiO3 perovskite
in the lower mantle. Other thermoelastic parameters such as the Debye temperature and Grüneisen parameter at
ambient conditions in these experimental studies are quite different from theoretical results, potentially due to
limited experimental data points, narrow P-T ranges, and/or the use of different pressure calibrants and scales
[Kawai and Tsuchiya, 2014; Noguchi et al., 2013; Ricolleau et al., 2009; Shim et al., 2000; Wang et al., 1996; Zhang
et al., 2006].
The aim of this study is to examine and constrain the composition of the lower mantle by comparison of the
modeled ρ and VΦ proﬁles of the candidate minerals with the 1-D seismic model. To facilitate this goal, we
ﬁrstly performed synchrotron X-ray diffraction (XRD) measurements on the P-V-T relation of CaSiO3 perovskite in laser-heated diamond anvil cells (DACs) at temperatures from 1200 K to 2600 K and pressures up to
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Figure 2. Representative XRD patterns of CaSiO3 perovskite at high P-T conditions. Cubic CaSiO3 perovskite are labeled with Miller indices (hkl). The
incident wavelength, λ, is 0.3344 Å. The insert ﬁgure shows the XRD pattern
of cubic CaSiO3 perovskite at 1200 K compared with the temperature
quenched pattern for tetragonal CaSiO3 perovskite at 300 K at 90 GPa.

10.1002/2016JB013062

156 GPa and discussed the potential
cause for the difference in the thermal EoS parameters of the cubic
CaSiO3 perovskite in literature. We
have also evaluated literature results
for the thermal EoS parameters of both
bridgmanite and ferropericlase. To
avoid the long-standing pressure-scale
problem, all the literature P-V data
were reanalyzed by recalculating the
pressures in literature using a selfconsistent pressure scale of Fei et al.
[2007a]. The new thermal EoS parameters obtained for bridgmanite and
ferropericlase can be directly compared between different studies in
order to derive the effect of composition on the thermal EoS parameters of
relevant minerals. Using the aforementioned thermal EoS parameters of
lower mantle minerals, while considering the effect of spin transition on the
EoS parameters of ferropericlase and
bridgmanite, we have constructed
new ρ and VΦ proﬁles of the lower
mantle for both pyrolitic and chondritic
composition models. Comparing our
modeled results with the seismic
PREM allows us to provide a more
comprehensive understanding of the
lower mantle seismic proﬁles and
compositional model.

2. Experimental Details

Polycrystalline CaSiO3 with purity of
99% was purchased from SigmaAldrich Co. LLC. It was ground into a ﬁne powder and used as the starting material. A pressure standard
and laser heating absorber of 5 wt % of Pt was mixed with the CaSiO3 powder [Fei et al., 2007a]. The sample
mixture was pressed between a pair of diamond anvils to 10–15 μm thick disks which were then cut into pieces of
30–60 μm in diameter. For experiments below 90 GPa, a piece of the sample measuring 60 μm in diameter and
15 μm in thickness was loaded into a symmetric DAC equipped with a pair of diamonds of 200 μm in culet size
and a Re gasket with a preindented thickness of 25 μm and a 100 μm drilled hole in the center. We have also
prepared two DACs for measurements up to 156 GPa. One DAC was equipped with a pair of beveled diamonds
of 150/300 μm in culet size, while the other one has beveled diamonds of 100/300 μm in culet size. The sample
pieces were sandwiched between two ~5 μm thick NaCl foils for DAC with 200 μm culet diamonds and KCl foils
for DAC with 150/300 μm culet diamonds which were used as the pressure medium and thermal insulator.
The XRD measurements were performed at GeoSoilEnviroConsortium for Advanced Radiation Sources
(GSECARS) of the Advanced Photon Source (APS), Argonne National Laboratory (ANL). To synthesize
CaSiO3 perovskite, we directly compressed the sample to 24 GPa. The sample was heated from both sides
using a double-sided Nd:YLF laser heating system [Prakapenka et al., 2008]. In each heating cycle, we collected the XRD patterns at temperatures ranging from 1200 K to approximately 2600 K at every 200 K steps
at each given pressure from 24 GPa up to 156 GPa (Figures 1 and 2). By ﬁtting the collected thermal radiation
spectrum using the Planck radiation function under the Graybody approximation, we determined the
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temperature of the heated sample at
each P-T step with an uncertainty in
temperature of 50–100 K [Prakapenka
et al., 2008]. After each heating cycle,
we also collected the diffraction pattern of CaSiO3 at 300 K. Comparing
the XRD patterns collected at high
temperatures with those obtained at
300 K provides crucial information on
the structure of CaSiO3 in the Earth’s
lower mantle.

3. Results
The diffraction patterns of CaSiO3
have been collected from 1200 K to
2600 K up to 156 GPa (Figures 1 and
2). Analysis of the collected diffraction
patterns at high pressures and temperatures above 1200 K shows diffraction lines matching the CaSiO3 perovskite in the cubic structure together with the pressure standard, Pt, and pressure medium, NaCl/KCl (Figure 1). We
further compared the XRD patterns collected at high temperatures with the one quenched to 300 K at each
given pressure. In particular, we analyzed the width of the 200 peak of CaSiO3 perovskite using the full width
at half maximum (FWHM) (Figure 3). The FWHM of the 200 peak at high temperatures is apparently smaller than
that at 300 K which can be well interpreted as the occurrence of the 004 and 220 peaks in the
tetragonal structure.
Figure 3. Full width at half maximum (FWHM) of the 200 peak at high temperatures at a given pressure.

The thermal elastic parameters of CaSiO3 perovskite were calculated by ﬁtting the obtained P-V data using the
Mie-Grüneisen EoS (Table 1 and Figure 4), which can provide more reliable constraints on the thermoelastic
parameters and allow the extrapolation of the thermoelastic parameters beyond the range of the experimental
measurements in a more secure way [Jackson and Rigden, 1996]. In addition, the use of Mie-Grüneisen EoS
makes the conversion between the isothermal and adiabatic conditions internally consistent [Jackson and
Rigden, 1996]. The P-V-T thermal EoS can be described as
P ¼ P0 þ Pth ;

(1)

where P0 is the pressure at the reference temperature, T0. The expression for P0 is the same as that in the
third-order Birch-Murnaghan EoS:
" 
#)
" 
 5=3 #(

3
V 7=3
V
3
V 2=3
P0 ¼ K 0T

1 ;
(2)
1 þ K ′0T  4
2
V0
V0
4
V0
where K0T (V0T) is the isothermal bulk modulus (unit cell volume) at the reference temperature. In equation
(1), Pth is the thermal pressure and related to the difference in the internal thermal energy, Eth, between temperature T and T0:
γ
Pth ðV; T Þ ¼ ½E th ðV; T Þ  E th ðV; T 0 Þ;
(3)
V
where γ is the Grüneisen parameter. The internal thermal energy at a given temperature is associated with
the Debye temperature, θD, and can be calculated as follows:
 3 θ =T
D
θD
x3
E th ðV; T Þ ¼ 9nRT
∫
dx;
(4)
0
x
T
e 1
where R is the gas constant and n is the number of the atoms in the mineral formula. The Grüneisen parameter and the Debye temperature, θD, at a given P-T condition are described as

γ ¼ γ0
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Table 1. Experimental P-V-T Data of CaSiO3 Perovskite
3

3

3

P (GPa)

T (K)

V (Å )

P (GPa)

T (K)

V (Å )

P (GPa)

T (K)

V (Å )

21.8 (3)
32.0 (4)
40.0 (5)
42.6 (5)
45.5 (6)
46.6 (6)
51.0 (7)
58.6 (8)
65.5 (9)
75.7 (10)
88.4 (12)
91.3 (13)
102.7 (15)
107.9 (16)
113.8 (17)
118.0 (18)
132.5 (20)
140.7 (22)
21.2 (2)
23.8 (3)
26.9 (3)
32.4 (4)
33.4 (4)
38.7 (4)
42.7 (5)
45.2 (5)
52.0 (6)
60.0 (7)
66.8 (8)
76.8 (10)
88.9 (12)
92.2 (12)
92.2 (12)
104.1 (14)
109.1 (15)
115.0 (16)
119.0 (17)
134.1 (20)
141.8 (21)
25.7 (3)
29.5 (3)
35.3 (4)
35.3 (4)
39.1 (4)
39.4 (4)
40.6 (4)
40.6 (4)
42.0 (5)

1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1600
1600
1600
1600
1600
1600
1600
1600
1600

43.07 (7)
41.73 (2)
40.83 (4)
40.54 (2)
40.23 (2)
40.1 (4)
39.66 (4)
39.05 (4)
38.29 (1)
37.46 (3)
36.73 (4)
36.47 (3)
35.82 (5)
35.5 (4)
35.17 (3)
34.95 (3)
34.05 (4)
33.75 (7)
43.2 (2)
43.05 (7)
42.62 (2)
41.94 (6)
41.75 (5)
41.11 (5)
40.61 (3)
40.34 (4)
39.62 (4)
39.01 (3)
38.47 (5)
37.57 (2)
36.82 (6)
36.57 (5)
36.57 (2)
35.89 (14)
35.55 (10)
35.25 (10)
34.96 (5)
34.09 (8)
33.79 (6)
43.07 (2)
42.45 (4)
41.74 (4)
41.72 (9)
41.24 (3)
41.19 (3)
41.09 (1)
41.06 (5)
40.96 (2)

43.3 (5)
44.2 (5)
51.0 (6)
60.4 (7)
67.9 (8)
74.5 (9)
77.8 (9)
80.5 (10)
83.8 (10)
85.8 (10)
92.2 (11)
93.1 (12)
105.0 (13)
111.1 (15)
116.6 (15)
120.0 (16)
135.3 (19)
143.2 (20)
146.9 (21)
32.4 (4)
32.9 (4)
33.0 (4)
37.3 (4)
40.6 (4)
44.4 (5)
47.8 (5)
49.2 (5)
53.5 (6)
56.5 (6)
60.6 (6)
64.4 (7)
70.8 (8)
70.9 (8)
75.4 (8)
76.8 (9)
78.4 (9)
80.5 (9)
89.2 (10)
94.0 (11)
106.0 (13)
112.1 (14)
116.7 (15)
121.7 (15)
135.9 (18)
144.1 (19)
149.5 (20)
35.5 (4)
36.3 (4)

1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800
2000
2000

40.69 (6)
40.61 (3)
39.87 (5)
39.06 (2)
38.48 (2)
38.01 (7)
37.65 (2)
37.44 (4)
37.19 (4)
37.08 (3)
36.6 (3)
36.6 (7)
35.94 (2)
35.58 (6)
35.24 (1)
34.98 (10)
34.12 (11)
33.82 (5)
33.6 (3)
42.36 (3)
42.17 (6)
42.24 (5)
41.65 (8)
41.27 (2)
40.77 (7)
40.42 (7)
40.21 (3)
39.85 (9)
39.64 (3)
39.3 (3)
38.83 (2)
38.45 (3)
38.45 (5)
38.03 (10)
37.92 (5)
37.66 (4)
37.59 (2)
37.02 (6)
36.6 (10)
36 (4)
35.62 (12)
35.33 (7)
35.01 (2)
34.15 (4)
33.86 (6)
33.6 (7)
42.27 (7)
42.13 (4)

43.1 (5)
44.5 (5)
45.5 (5)
47.4 (5)
51.7 (5)
52.7 (5)
55.2 (6)
59.0 (6)
70.9 (7)
71.6 (7)
76.0 (8)
77.5 (8)
82.5 (9)
86.2 (9)
90.4 (10)
95.1 (10)
106.0 (12)
113.2 (13)
118.2 (14)
122.2 (15)
136.7 (17)
143.9 (18)
151.2 (20)
118.2 (14)
122.2 (15)
136.7 (17)
143.9 (18)
151.2 (20)
72.8 (7)
77.4 (8)
143.9 (18)
151.2 (20)
72.8 (7)
77.4 (8)
79.4 (8)
92.8 (10)
95.3 (10)
106.5 (11)
113.5 (13)
118.5 (13)
135.2 (16)
137.2 (16)
145.3 (18)
151.8 (19)
139.5 (16)
146.2 (17)
150.4 (18)
151.6 (17)

2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2200
2200
2000
2000
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2400
2400
2400
2600

41.05 (4)
40.91 (4)
40.87 (6)
40.57 (3)
40.37 (3)
40.35 (5)
39.89 (3)
39.66 (2)
38.45 (7)
38.42 (2)
38.11 (4)
37.95 (6)
37.5 (4)
37.18 (7)
37.01 (6)
36.61 (5)
36.09 (5)
35.63 (3)
35.34 (4)
35.05 (4)
34.17 (3)
33.9 (5)
33.62 (2)
35.34 (6)
35.05 (5)
34.17 (2)
33.9 (14)
33.62 (10)
38.5 (10)
38.13 (5)
33.9 (14)
33.62 (10)
38.5 (10)
38.13 (5)
37.99 (6)
36.91 (8)
36.68 (1)
36.07 (11)
35.71 (5)
35.37 (4)
34.34 (3)
34.24 (3)
33.87 (7)
33.62 (7)
34.25 (6)
33.95 (5)
33.75 (5)
33.83 (8)

and



γ  γ0
θD ¼ θD0 exp 
;
q

(6)

where q is a volume independent constant. θ0 and γ0 are the Debye temperature and Grüneisen parameter at
ambient conditions, respectively.
We ﬁtted the obtained P-V data using the Mie-Grüneisen EoS with a ﬁxed K0T′ of 4 (Figure 4 and Table 2). We
have found that thermoelastic parameters derived from equations (1) to (6) for the cubic CaSiO3 perovskite
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are not sensitive to the variation of
θD0. Varying θD0 from 1000 K to
1300 K only causes V0 changing by
0.3 Å and does not affect the values
of K0T, γ0, and q within experimental
uncertainties (Table 2).

4. Discussion
The thermal EoS of cubic CaSiO3 perovskite was investigated using both
large-volume press and laser-heated
DAC (LHDAC) with various pressure
calibrants and scales in previous
Figure 4. Pressure-volume relationship of cubic CaSiO3 perovskite at high
P-T. Circles: experimental data and lines: modeled results at various temperatures experimental studies [Noguchi et al.,
using the Mie-Grüneisen EoS (Table 2).
2013; Ricolleau et al., 2009; Shim et al.,
2000; Wang et al., 1996]. To directly
compare the thermal EoS parameters
of cubic CaSiO3 perovskite in literature, we ﬁrstly recalculated pressures in these previous experimental data
using the Pt scale of Fei et al. [2007a] and reanalyzed the P-V data in literature using the Mie-Grüneisen EoS with
K0T′ = 4 (Table 3) [Fei et al., 2007a; Noguchi et al., 2013; Shim et al., 2000]. The thermal EoS of cubic CaSiO3 perovskite in previous study using large-volume press was investigated up to 13 GPa and 1600 K using the B1-NaCl
phase as the pressure calibrant [Wang et al., 1996]. We have also recalculated the pressures of the large-volume
press study using the Mie-Grüneisen EoS of B1-NaCl in Dorogokupets and Dewaele [2007] which provides an
internally consistent pressure scale of B1-NaCl with Pt [Fei et al., 2007a]. As shown in Table 2, the thermoelastic
parameters are not sensitive to the variation of θD0. We thus have used θD0 = 1000 K (ﬁxed), which is an average
value in literature [Kawai and Tsuchiya, 2014; Zhang et al., 2006]. q was ﬁxed to be 1 in two previous studies
because of the limited experimental data points in Shim et al. [2000] and limited P-T range in Wang et al.
[1996]. To compare with theoretical results, we recalculated the theoretical thermoelastic parameters using a
reference temperature of 300 K, a ﬁxed value of θD0 = 1000 and K0T′ = 4 (Table 2) [Kawai and Tsuchiya, 2014;
Zhang et al., 2006]. Since thermoelastic parameters of the cubic CaSiO3 perovskite determined in a multicomponent system (KLB-1 peridotite) could be inﬂuenced by the element partitioning, we did not compare our
derived thermoelastic parameters to the values reported in Ricolleau et al. [2009].
Using the obtained thermoelastic parameters, we have modeled ρ, KT, and VΦ of the cubic CaSiO3 perovskite
at lower mantle pressures along an expected mantle geotherm and compared them with recent literature
results (Figure 5) [Brown and Shankland, 1981; Kawai and Tsuchiya, 2014; Noguchi et al., 2013; Shim et al.,
2000; Zhang et al., 2006]. Our obtained ρ of the cubic CaSiO3 perovskite is most consistent with the theoretical
prediction results by Zhang et al. [2006]. KT of the cubic CaSiO3 perovskite derived from our experimental
results is almost the same as those of PREM within uncertainties, and the difference between our calculated
VΦ and that of PREM is less than 0.2(±0.4) km/s (Figure 5). The ρ proﬁle calculated using the thermoelastic
parameters of Shim et al. [2000] is lower than our results and other studies [Kawai and Tsuchiya, 2014;
Noguchi et al., 2013; Zhang et al., 2006], largely due to their greater value of V0 at ambient conditions.
Meanwhile, a greater value of KT and VΦ of Shim et al. [2002] mainly results from an anomalous small γ0 value
(Table 3). The thermal EoS parameters of Shim et al. [2002] were obtained from the P-V-T data up to 69 GPa
and 2380 K. Relatively limited P-T
Table 2. Thermoelastic Parameters of Cubic CaSiO3 Perovskite
range could be the potential cause
for the difference in the thermal EoS
Model 1
Model 2
Model 3
parameters as compared to this
K0T (GPa)
249 (4)
249 (4)
249 (4)
study. Although the calculated ρ in
4 (ﬁxed)
4 (ﬁxed)
4 (ﬁxed)
K0T′
3
Wang et al. [1996] is consistent with
V0 (Å )
45.4 (1)
45.1 (1)
45.6 (1)
1000 (ﬁxed)
1300 (ﬁxed)
1500 (ﬁxed)
θ0 (K)
our results, their KT and VΦ proﬁles
γ0
1.8 (2)
1.8 (2)
1.9 (2)
are 4–8(±0.9)% lower. We should
q
1.1 (4)
1.0 (4)
1.0 (4)
mention that the P-V-T data of

SUN ET AL.

A PYROLITIC LOWER MANTLE

4882

Journal of Geophysical Research: Solid Earth

10.1002/2016JB013062

Table 3. Thermoelastic Parameters of Cubic CaSiO3 Perovskite

K0T (GPa)
K0T′
3
V0 (Å )
θ0 (K)
γ0
q
a
Technique
Pmax (GPa)
Tmax (K)
P. Medium
P. Calibrant
a

This Study

Wang 1996

Noguchi 2013

Shim 2000

Zhang 2006

Kawai 2013

249 (4)
4 (ﬁxed)
45.4 (1)
1000
1.8 (2)
1.1 (4)
LHDAC
151
2600
KCl + NaCl
Pt

237(9)
4 (ﬁxed)
45.6(1)
1000
1.8(3)
1(ﬁxed)
DIA-6
13
1600
NaCl
NaCl

208(8)
4 (ﬁxed)
46.1(3)
1000
2.3 (3)
0.97(27)
LHDAC + EHDAC
127
2300
NaCl
Pt

248 (13)
4 (ﬁxed)
46.6 (3)
1000
0.96 (23)
1(ﬁxed)
LHDAC
96
2419
NaCl + Ar
Pt

250 (1)
4 (ﬁxed)
45.65 (2)
1000
1.64 (3)
1.43 (7)
Theory

227 (1)
4 (ﬁxed)
45.51 (2)
1000
1.58 (2)
1.31 (5)
Theory

LHDAC: laser-heated DAC and EHDAC: externally heated DAC.

CaSiO3 perovskite in Wang et al. [1996] was obtained using the energy-dispersive XRD technique which typically gives a lower resolution in the diffraction peaks than the angle-dispersive XRD technique used here.
Nearly half of the P-V-T data in Wang et al. [1996] were collected below 10 GPa and 600 K which is outside
the stability ﬁeld of the cubic CaSiO3 perovskite [Stixrude et al., 2007]. Considering the small difference in
the diffraction patterns between tetragonal and cubic CaSiO3 perovskite (Figure 2), it could be quite difﬁcult
to identify the potential back transformation of the cubic CaSiO3 perovskite to the lower P-T phase using the
energy-dispersive XRD technique,
leading to greater uncertainties in
the derived thermal EoS parameters
[Wang et al., 1996]. In addition, due
to a signiﬁcantly low K0T value, KT
and VΦ calculated using the thermoelastic parameters of Noguchi et al.
[2013] are signiﬁcantly lower than
our results and other literature
values, whereas ρ exhibits a much
greater slope with pressure. The difference in KT and VΦ between our
modeled results and that of Noguchi
et al. [2013] is as large as 22%
and 18%, respectively, at lower mantle P-T conditions. Thermoelastic
parameters of CaSiO3 perovskite in
Noguchi et al. [2013] were derived by
ﬁtting the experimental P-V data along
three different isotherms. Although
data at 700 K were obtained using
the externally heated DACs, other data
at 1600 K and 2100 K were obtained
using laser-heated DACs which could
suffer from similar experimental uncertainties as this study [Noguchi et al.,
2013]. However, limited measurements at high P-T and deviation
between the experimental data and
Figure 5. Modeled density (ρ), isothermal bulk modulus (KT), and bulk sound the ﬁtting line at 1600 K could lead to
velocity (VΦ) of CaSiO3 perovskite along a representative mantle geotherm.
great uncertainties in the thermal
Red line: this study; blue dashed line: Noguchi et al. [2013]; blue dashedelastic parameters, ρ, KT, and VΦ of
dotted line: Shim et al. [2000]; blue dotted line: Kawai and Tsuchiya [2014];
CaSiO3 perovskite [Noguchi et al.,
and black line: PREM [Dziewonski and Anderson, 1981].
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2013]. In a theoretical study, Kawai and Tsuchiya [2014] predicted a much greater ρ and lower KT and VΦ proﬁle of CaSiO3 perovskite than our results and another theoretical study of Zhang et al. [2006]. Although both
Zhang et al. [2006] and Kawai and Tsuchiya [2014] used molecular dynamic simulations to study the thermoelastic EoS of CaSiO3 perovskite, thermoelastic parameters as well as the ρ, KT, and VΦ proﬁles of CaSiO3 perovskite in
Zhang et al. [2006] are more consistent with our experimental results.

5. The EoS of Bridgmanite and Ferropericlase
5.1. Bridgmanite
Based on previous studies, the lower mantle bridgmanite is assumed to have an average composition of
Mg0.9Fe0.1Al0.1Si0.9O3 (Al-Bm10) in our modeling [Irifune et al., 2010; Ringwood, 1975]. Since the presence
of Al will greatly limit the amount of B site Fe3+, which will undergo the HS to LS transition, and the experimental constraints on the EoS parameters of bridgmanite with the LS Fe3+ are signiﬁcantly limited, we thus
did not consider the effect of Fe spin transition on the EoS parameters of bridgmanite [Catalli et al., 2011;
Dobson and Brodholt, 2005; Mao et al., 2015].
We have reevaluated the literature data for the EoS parameters of bridgmanite in the Fe-diluted system
because the lower mantle bridgmanite is expected to contain ~10% Fe and 10% Al (Table 4). The EoS of
bridgmanite is mainly studied by DAC together with synchrotron XRD techniques using either Au, Pt, or
Ruby pressure scales (Table 4). Experiments using polycrylline bridgmanite samples in various pressure medium
have performed laser-annealing at high pressures to reduce the deviatoric stress, whereas single-crystal studies
used a softer pressure medium, He, and conducted measurements at 300 K (Table 4). To directly comparing the
results in previous high-P studies, we have reanalyzed the pressures in literature using the self-consistent pressure scale of Fei et al. [2007a]. Pressures in previous studies using Au as the pressure calibrant and the pressure
scale of Tsuchiya [2003] were recalculated using the Au scale of Fei et al. [2007a] [Catalli et al., 2011; Lundin et al.,
2008; Nishio-Hamane et al., 2008]. Ruby has also been used as the pressure calibrant [Andrault et al., 2001;
Ballaran et al., 2012]. We have also recalculated the pressure using the Ruby pressure scale of Dewaele et al.
[2004] which is most consistent with the metal pressure scales in Fei et al. [2007a] (Table 4) [Andrault et al.,
2001; Ballaran et al., 2012]. We should note that the obtained KT0 after the recalibration spreads in values across
studies, indicating a greater uncertainty of KT0 in existing high-pressure experiments.
K0T suffers from a well-known tradeoff with K0T′. To have a direct comparison between different studies for various compositions, we analyzed the P-V data of bridgmanite in literature to obtain K0T with a ﬁxed K0T′ = 4. It is
shown that ρ0 of Fe-bearing bridgmanite increases linearly with increasing Fe content, while K0T does not show
a notable change with increasing Fe content within experimental uncertainties (Figure 6). However, the combined effect of Fe and Al in the Fe-diluted system is less well constrained due to limited experimental studies
and conﬂicting results in the literature [Andrault et al., 2001; Catalli et al., 2011; Nishio-Hamane et al., 2008;
Saikia et al., 2009; Mao et al., submitted manuscript, 2016]. Here the net effect of Fe and Al on ρ0 and K0T of
bridgmanite is mainly considered using the high-quality single-crystal XRD results of Mao et al. (submitted
manuscript, 2016). We simply assumed that ρ0 of bridgmanite is mainly controlled by the amount of Fe, while
K0T is independent of the Fe content and follows a linear increase with the Al content (Table 4) (Mao et al.,
submitted manuscript, 2016):
ρ0_Pv ¼ 4:11 þ 1:07X Fe þ 0:11X Al
K 0T_Pv ¼ 253 þ 100X Al ;

(7)

where XFe = Fe/(Fe + Mg) and XAl = Al/(Al + Si).
A survey of the literature indicates that experimental studies on the thermoelastic parameters of bridgmanite
remain to be reconciled including the Fe and Al compositional effects on the EoS parameters [Fiquet et al.,
2000; Tange et al., 2012; Wolf et al., 2015]. Here we have examined how the variations in the values of θD0, γ0,
and q reported in literature could inﬂuence the modeled ρ and VΦ proﬁles of bridgmanite. We modeled ρ
and VΦ of Al-Pv10 along a typical lower mantle geotherm using equations (1)–(6) together with literature thermoelastic parameters [Fiquet et al., 2000; Tange et al., 2012; Wolf et al., 2015]. Our modeling results show that
using different literature thermoelastic parameters can result in about 0.4(±0.5)% difference in the ρ and VΦ proﬁles [Fiquet et al., 2000; Tange et al., 2012; Wolf et al., 2015]. Considering the content of bridgmanite in the
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Table 4. Experimental Thermal Equation of State (EoS) Parameters of Major Lower Mantle Minerals
Minerals
HS. Fp

LS. Fp

Bm

Composition

Technique

Sample

P. Calibrant

P. Medium

T (K)

Pmax (GPa)

(Mg0.8Fe0.2)O
(Mg0.75Fe0.25)O
(Mg0.65Fe0.35)O
(Mg0.94Fe0.06)O
(Mg0.85Fe0.15)O
(Mg0.76Fe0.24)O
(Mg0.73Fe0.27)O
MgO
(Mg0.8Fe0.2)O
(Mg0.75Fe0.25)O
(Mg0.65Fe0.35)O
MgSiO3
(Mg0.96Fe0.04)SiO3
(Mg0.94Fe0.06)SiO3
(Mg0.9Fe0.1)SiO3
(Mg0.91Fe0.09)SiO3
(Mg0.85Fe0.15)SiO3
(Mg0.95Fe0.05)SiO3
(Mg0.91Fe0.09)SiO3
Mg0.6Fe0.41Al0.36Si0.62O3
Mg0.6Fe0.4Al0.37Si0.63O3
Mg0.95Fe0.05Al0.05Si0.95O3
Mg0.89Fe0.12Al0.11Si0.89O3
Mg0.85Fe0.15Al0.15Si0.85O3
Mg0.88Fe0.13Al0.11Si0.88O3

DAC
LHDAC
DAC

powder
powder
powder
single-crystal
single-crystal
single-crystal
single-crystal
powder
powder
powder
powder
single-crystal
single-crystal
single-crystal
powder
powder
powder
powder
powder
single-crystal
single-crystal
powder
single-crystal
powder
powder

NaCl
Au
Ruby

NaCl
NaCl + KCl
Ne

NaCl
Au
Ruby
Ruby
Ruby
Pt
Pt
Au
Au
Ruby
Pt
Ruby
Ne
Ruby
Pt
Au
Au

NaCl
NaCl + KCl
Ne
He
He
He

300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

40
140
126
1 bar
1 bar
1 bar
1 bar
1 bar
40
140
126
75
75
85
1 bar
86
110
70
77
75
80
70
130
143
95

DAC
LHDAC
DAC
DAC
DAC
DAC
LHDAC
LHDAC
LHDAC
LHDAC
DAC
LHDAC
LHDAC
DAC
LHDAC
LHDAC

Ar
Ar
Ar
Ne + NaCl
He
Ne
Ar
He
NaCl
Ar

pyrolitic lower mantle to be 75%, the ρ and VΦ proﬁles of Al-Pv10 calculated using different thermoelastic parameters will differ by ~0.3(±0.5)%. Here the thermal EoS parameters of Al-Pv10 bridgmanite used in our following
modeling are listed in Table 5.
5.2. Ferropericlase
In our modeling, ferropericlase in the lower mantle is assumed to have a composition of (Mg0.83Fe0.17)O (Fp17)
[Irifune et al., 2010; Ringwood, 1975]. It is well known that Fe in ferropericlase will transform from the HS to LS
state at lower mantle P-T conditions which can inﬂuence the EoS parameters of ferropericlase in the region
[e.g., Badro et al., 2003; Crowhurst et al., 2008; Lin et al., 2013; Marquardt et al., 2009b; Wentzcovitch et al.,
2009]. To directly compare results from different studies using various pressure scales and derive the effect
of Fe on the thermoelastic parameters of ferropericlase, we also recalculated the pressure of literature data
using the self-consistent pressure scale (Table 4) [Fei et al., 2007a]. Similar to the analysis of bridgmanite, pressures in the literature using either Pt or Au were recalculated using the internally consistent pressure scale of [Fei
et al., 2007a], whereas pressures determined by the ﬂuorescence of Ruby were recomputed using the pressure
scale of Dewaele et al. [2004]. We limit the Fe content in ferropericlase of literature data up to 40% because ferropericlase in the lower mantle is assumed to have a composition of Fp17 [Irifune et al., 2010; Ringwood, 1975].
We ﬁtted the relevant literature P-V data at 300 K using the third-order Birch-Murnaghan EoS to constrain K0T of
ferropericlase with ﬁxed K0T′ = 4 in both HS and LS states (Figure 6). V0 was also ﬁxed using the experimental
values obtained at ambient conditions. The effect of Fe on ρ0 and K0T of the LS ferropericlase is evaluated using
three experimental results [Chen et al., 2012; Fei et al., 2007b; Mao et al., 2011a] because the P-V data in other
experimental studies are quite limited and cannot be used to provide reliable constraints on the EoS parameters of LS ferropericlase [Komabayashi et al., 2010; Lin et al., 2005; Marquardt et al., 2009a; Speziale et al., 2007].
We have noted that ρ0 of both HS and LS ferropericlase increases linearly with the Fe content (Figure 6). K0T of
the HS ferropericlase was found to be independent of the Fe content when the molar percentage of Fe in
ferropericlase is less than 25% (Figure 6) [Jacobsen et al., 2002]:
ρ0_ HSFp ¼ 3:57 þ 2:48X Fe ;
K 0T _ HSFp ¼ 159;
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Table 4. (continued)
Original Data
3

Recalibrated Data

V0 (Å )

K0 (GPa)

K′

ρ0 (g/cm )

3

K0 (GPa)

K′

ρ0 (g/cm )

3

References

74.2(1)
74.4(6)
72.9 (1.3)
75.10(1)
75.63(1)
76.34(1)
76.34(1)
74.7(3)
74.2(1)
74.4(6)
72.9 (1.3)
162.36 (4)
163.09(6)
162.96(1)
162.6(3)
163.18(3)
163.3(7)
162.7(1)
163
168.93(5)
169.9(3)
163.2(3)
164.05(1)
164.96(18)
162(1)

170(3)
166(7)
182(17)

4
4
4

170(3)
166(7)
181(12)

4
4
4

4.17(1)
4.3(3)
4.63(9)
3.723(8)
3.948(6)
4.157(6)
4.227(14)

160(3)
170(3)
166(7)
182(17)
251(2)
253(2)
255(2)

4
4
4
4
4.11(7)
3.99(7)
4

4.17(1)
4.3(3)
4.63(9)
4.110(2)
4.141(2)
4.170(1)

4
4
4
4
4.12(8)
4
4
4
4
4

170(3)
166(7)
181(12)
251(2)
250(2)
255(2)
-251(1)
254(1)
260(2)
251(13)
240(1)
233(3)
265(4)
264(1)
242(4)
232(4)

4
4
4
4
4
4

257(1)
257(1)
255.4
251(13)
240(2)
233(4)
265(4)
264
252(1)
269(13)

4.17(1)
4.3(3)
4.68(8)
3.723(8)
3.948(6)
4.157(6)
4.227(14)
3.57(1)
4.17(1)
4.3(3)
4.68(8)
4.108(1)
4.141(1)
4.170(1)
4.231(7)
4.203(1)
4.277(2)
4.164(1)
4.21
4.429(1)
4.403(8)
4.149(1)
4.224(4)
4.227(5)
4.28(3)

4
4
4
4
4
4
4
4
4
4

4.203(1)
4.277(2)
4.164(1)
4.21
4.43(4)
4.403(8)
4.149(1)
4.224(4)
4.230(1)
4.21(2)

Fei et al. [2007b]
Mao et al. [2011b]
Chen et al. [2012]
Jacobsen et al. [2002]
Jacobsen et al. [2002]
Jacobsen et al. [2002]
Jacobsen et al. [2002]
Jacobsen et al. [2002]
Fei et al. [2007b]
Mao et al. [2011b]
Chen et al. [2012]
Ballaran et al. [2012]
Ballaran et al. [2012]
Mao et al. (submitted manuscript, 2016)
Mao et al. [2015]
Lundin et al. [2008]
Lundin et al. [2008]
Andrault et al. [2001]
Dorfman et al. [2013]
Ballaran et al. [2012]
Glazyrin et al. [2014]
Andrault et al. [2001]
Mao et al. (submitted manuscript, 2016)
Nishio-Hamane et al. [2008]
Catalli et al. [2011]

Figure 6. Density (ρ0) and isothermal bulk modulus (K0T) of bridgmanite and ferropericlase at ambient conditions.
(a) Bridgmanite and (b) ferropericlase. Open orange circles and line: polycrystalline Fe-bridgmanite [Andrault et al., 2001;
Catalli et al., 2010; Dobson and Brodholt, 2005; Dorfman et al., 2013; Lundin et al., 2008]; solid orange circles: single-crystal
Fe-bridgmanite [Ballaran et al., 2012; Mao et al., submitted manuscript, 2016]; open blue circles: polycrystalline (Fe, Al)bridgmanite [Andrault et al., 2001; Catalli et al., 2011; Nishio-Hamane et al., 2008]; solid blue circles: single-crystal (Fe,
Al)-bridgmanite [Saikia et al., 2009; Mao et al., submitted manuscript, 2016]; red circles and line: HS ferropericlase [Fei
et al., 2007b; Jacobsen et al., 2002; Komabayashi et al., 2010; Lin et al., 2005; Mao et al., 2011a; Marquardt et al., 2009a;
Speziale et al., 2007]; and green circles and line: LS ferropericlase [Fei et al., 2007b; Mao et al., 2011a].
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where XFe = Fe/(Fe + Mg). The HS to LS transition of Fe2+ in ferropericlase will cause a sudden drop in the unit
cell volume because of a smaller ionic radius of the LS Fe2+. Both theoretical and experimental studies have
found that K0T of the LS ferropericlase is greater than that of the HS phase with the same amount of Fe
content, indicating that the LS Fe2+ with a smaller ionic radius is more incompressible than the HS Fe2+.
K0T of ferropericlase exhibits a positive dependence on the amount of LS Fe2+. Since reliable experimental
constraints on K0T of the LS ferropericlase are limited [Chen et al., 2012; Fei et al., 2007b; Mao et al., 2011a],
we assumed a linear relationship between K0T and the LS Fe content in ferropericlase:
ρ0_ LSFp ¼ 3:57 þ 2:95X Fe
K 0T _ LSFp ¼ 159 þ 0:36X Fe :

(9)

We note that the thermal EoS of ferropericlase is not available for Fp17 but is well constrained for Fp25
[Mao et al., 2011a]. Here we reﬁtted the high P-T-V data of Fp25 using the Mie-Grüneisen EoS to obtain
the thermal EoS parameters of both HS and LS Fp25, which are then compositional-corrected for obtaining
the thermal EoS parameters of Fp17 in our modeling. It should be noted that θD0 of Fp25 cannot be well
constrained from the experimental P-V relationships [Mao et al., 2011a]. We thus ﬁxed θD0 = 763 K which
is the value used for Mie-Grüneisen EoS modeling of the experimental P-V-T data of MgO [Speziale et al.,
2001]. θD0, γ0, and q of Fp17 were assumed to be the same as those of Fp25 (Table 5). The width and the
onset of the Fe spin transition in ferropericlase do not show an obvious dependence on the Fe content
[Lin et al., 2013]. The P-T conditions of the spin crossover for Fp17 along a mantle geotherm thus have been
assumed to the same as Fp25 [Mao et al., 2011a].

6. Modeling ρ, KS, and VΦ of the Lower Mantle
In this section, we used the thermal EoS parameters of bridgmanite, ferropericlase, and CaSiO3 perovskite to
model the ρ, KS, and VΦ proﬁles of a lower mantle with a pyrolitic composition or a chondritic composition
(Tables 3 and 5 and Figure 7). Here we limited all of our models up to 120 GPa (2600 km depth) which is
several hundred kilometers above the core-mantle boundary, because the thermal structure and mineralogy
in the region, especially in the D″ zone, are quite different from the expected lower mantle geotherm.
6.1. Seismic Proﬁle of a Pyrolitic Lower Mantle
We ﬁrstly considered a lower mantle with a pyrolitic composition and modeled ρ, KS, and VΦ of the lower mantle
with a volume ratio of 75% bridgmanite, 17% ferropericlase, and 8% CaSiO3 perovskite using Voigt-Reuss-Hill average along an expected mantle geotherm (Figure 7) [Brown and Shankland, 1981; Cottaar et al., 2014; Ringwood,
1975]. Excluding the bottom several hundred kilometers above the core-mantle boundary, both VP and VS of
the lower mantle increase almost in a constant gradient, indicating weak lateral variations and relative simple structure of the lower mantle [e.g., Dziewonski and Anderson, 1981; Garnero and McNamara, 2008; Lay et al., 1998].
Standard seismic 1-D model, such as PREM, is thus a good representative seismic average of the lower mantle,
except in the lowermost few hundred kilometers and some seismically heterogeneous regions. Therefore, we have
used it for comparison with our modeling results. It shows that ρ of a pyrolitic lower mantle is in an excellent agreement with ρ of PREM; the difference in ρ between them is within 0.2(±0.2)%. Our modeled ρ of a pyrolitic lower
mantle is also consistent with the experimentally obtained density of pyrolite and the theoretical predicted results
[Wang et al., 2015]. The density of a natural KLB-1 peridotite, which has a composition close to the pyrolite model,
was investigated up to 120 GPa and 2000 K [Ricolleau et al., 2009]. However, ρ at less than 90 GPa in Ricolleau et al.
[2009] is lower than our modeled results and theoretical calculations, which is caused by the relatively low density
of ferropericlase [Wang et al., 2015; Zhang et al., 2016]. The thermal EoS parameters in Ricolleau et al. [2009] for
each lower mantle minerals were constrained from limited high P-T XRD measurements, which can result
great uncertainties in the modeled ρ of the lower mantle in a pyrolitic composition.
Similar to the behavior of ρ, both KS and VΦ proﬁles of a pyrolitic composition in our modeling are in general
agreement with those of PREM (Figure 7). Except the spin crossover in ferropericlase, the difference in KS
between the pyrolitic mantle and PREM is within ±0.8(±1.2)%. The spin transition of Fe in ferropericlase
causes a great softening in KS between 75 and 120 GPa and increase the difference in KS between our pyrolitic
model and PREM up to 3(±1.2)%. The difference in VΦ between our pyrolitic model and PREM is within 1.6
(±0.9)% in the lower mantle. Similar softening in KS and VΦ in a pyrolitic lower mantle due to the spin transition
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Table 5. Thermoelastic Parameters of Bridgmanite and Ferropericlase
b

Fp (Mg0.83Fe0.17O)
a

K0T (GPa)
K0T′
3
V0 (Å )
θ0 (K)
γ0
q

Bridgmanite Mg0.9Fe0.1Al0.1Si0.9O3

HS

LS

262 (3)
4 (ﬁxed)
163.8 (5)
1100 (ﬁxed)
1.4 (1)
1.1 (1)

159 (1)
4 (ﬁxed)
76.1 (3)
763 (ﬁxed)
1.4(1)
0.16 (14)

165(4)
4 (ﬁxed)
74.4 (5)
763 (ﬁxed)
1.5(4)
0.01(1)

a
Fiquet
b

et al. [2000] and Mao et al. [2015].
Mao et al. [2011a].

of Fe in ferropericlase has also been proposed in previous theoretical calculation [Wentzcovitch et al., 2009]. The
anomalous variation in KS and VΦ of our modeled pyrolitic lower mantle extending down to ~800 km depth is not
shown in PREM potentially due to the limited spatial resolution in PREM over a wide pressure (depth) range.
Here we have also tested how the variation in the composition of bridgmanite and ferropericlase as well as temperature affects the ρ, KS, and VΦ proﬁles using the aforementioned pyrolite model as the reference (Figure 8)
[Irifune et al., 2010]. These analyses could help decipher possible lateral chemical and thermal heterogeneities
in the lower mantle as indicated by recent seismic studies [e.g., Ishii and Tromp, 2004; Ni et al., 2002; Trampert
et al., 2004; Wang and Wen, 2007]. The modeling was performed at three pressures: 40 GPa before the spin transition of ferropericlase; 90 GPa in the spin crossover; and 120 GPa after the completion of the spin transition
(Figure 8). The Fe content in bridgmanite is allowed to vary from 7 mol % (Al-Bm7) to 15 mol % (Al-Bm15).
With a ﬁxed Fe partition coefﬁcient between bridgmanite and ferropericlase of 0.54, we calculated the Fe content in ferropericlase accordingly. The Al content in bridgmanite is ﬁxed to be 10 mol %. Meanwhile, we have
tested a ±500 K variation in temperature using an expected mantle geotherm as the reference (Figure 7)
[Brown and Shankland, 1981]. At all the investigated pressures, our modeling results show that varying the Fe
content in bridgmanite by ±1 mol % will result in a ±0.5(±0.2)% variation in ρ, but only a ±0.2% variation in
VΦ with a ﬁxed temperature. With a ﬁxed Fe content, varying the temperature by ±100 K will lead to a ±0.2
(±0.2)% variation in both ρ and VΦ. In this case, the lateral variation in the chemical composition has a stronger
effect on ρ but only weakly affects the VΦ proﬁle of the lower mantle. The variation in temperature has similar
effect on ρ and VΦ. Considering the uncertainties of these parameters in our mineral physics modeling as well
as seismic proﬁles, the temperature variations and a small change in Fe content in bridgmanite, such as shown
in Irifune et al. [2010], are likely to be undetectable in one-dimensional seismic studies.
6.2. Seismic Proﬁle of a Chondritic Lower Mantle
Assuming a Si-enriched lower mantle, we have constructed the ρ, KS, and VΦ proﬁles of a lower mantle with two
chondritic compositions along an expected mantle geotherm using Voigt-Reuss-Hill average (Figure 8) [Brown
and Shankland, 1981; Watt et al., 1976]: (1) Model M1, consisted of 85 vol % bridgmanite, 7 vol % ferropericlase,
and 8 vol % CaSiO3 perovskite with an Mg/Si ratio of 1 [Anderson, 1989] and (2) Model M2, assuming that the
lower mantle is depleted in ferropericlase, which is used to test the seismic signature of a Si highly enriched lower
mantle with an Mg/Si ratio of 0.91. Model M2 is composed solely of 92% bridgmanite and 8% CaSiO3 perovskite.
We note that lower mantle with a chondritic composition has a ρ proﬁle less consistent with PREM than lower
mantle with a pyrolitic composition (Figure 8). Elevating the Si content in the lower mantle from a pyrolitic
composition to our model M1 with an Mg/Si ratio of 1 results in ρ ~0.4(±0.2)% greater than PREM at
24 GPa. Although the difference in ρ between our model M1 and PREM decreases with pressure and reaches
a minimum of 0 at 57 GPa, it starts to increase with pressure above 57 GPa and reaches ~0.4(±0.2)% at
120 GPa (Figure 8). The lower mantle, if depleted in ferropericlase, as shown in our model M2, will have a
ρ ~0.8(±0.2)% greater than PREM at 120 GPa (Figure 8). As a result, the ρ proﬁle of the lower mantle with a
chondritic composition will be less consistent with PREM as compared to a pyrolitic lower mantle.
Moreover, elevating the Si content also deviates KS and VΦ of the lower mantle away from those of PREM.
KS and VΦ in both model M1 and M2 in a chondritic composition exhibit stronger deviations from PREM than
a pyrolitic lower mantle [Dziewonski and Anderson, 1981].
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Figure 7. Modeled density (ρ), isothermal bulk modulus (KT), and bulk sound velocity (VΦ) of the lower mantle. Black line:
PREM [Dziewonski and Anderson, 1981]; red line: predictions for a pyrolitic lower mantle; blue dashed lines: chondritic model
M1 with an Mg/Si ratio of 1 which is consisted of 85% bridgmanite, 7% ferropericlase, and 8% CaSiO3 perovskite; and blue
solid line: chondritic model M2, depleted in ferropericlase with 92% bridgmanite and 8% CaSiO3 perovskite.

6.3. Inﬂuence of CaSiO3 Perovskite on Seismic Proﬁles
Owing to lack of experimental constraints on the high P-T sound velocity of CaSiO3 perovskite, some previous
studies have neglected the contribution of CaSiO3 perovskite to the ρ and velocity proﬁles of the lower
mantle [Murakami et al., 2007, 2012; Wang et al., 2015]. Here we have examined how the variation in the
fraction of CaSiO3 perovskite affects the ρ, KS, and VΦ proﬁles of the lower mantle in order to understand
potential seismic signatures of CaSiO3 perovskite in the region.
Assuming that the relative volume ratio between ferropericlase and bridgmanite is the same as that of a pyrolitic mantle, we have constructed two ρ, KT, and VΦ models of the lower mantle with different CaSiO3 perovskite contents (Figure 9): (1) Model M3 with 0% CaSiO3 perovskite and (2) Model M4, 16% CaSiO3 perovskite
content in the pyrolitic mantle that is approximately doubled from a typical content. Our modeled results
show that decreasing the amount of CaSiO3 perovskite will lower ρ, KS, and VΦ of the lower mantle.
Although M3 with 0% CaSiO3 perovskite has a density proﬁle more consistent with PREM, the difference in
density between M3 and the pyrolitic mantle is quite small. In addition, variation of the CaSiO3 perovskite
content has a negligible effect on the KS and VΦ of the lower mantle considering the uncertainties in our
modeling. The variation in the fraction of CaSiO3 perovskite thus may not be seismically detectable using
the ρ and VΦ proﬁles. These modeled results show that ρ and VΦ proﬁles of the lower mantle mainly reﬂect
the relative bridgmanite to ferropericlase ratio.
6.4. Rρ/Φ
The relative variation in the density and sound velocity, Rρ/Φ = d ln ρ/d ln VΦ, has been applied to understand
the physical cause for the potential seismic and compositional heterogeneities in the Earth’s mantle [e.g.,
Romanowicz, 2001; Simmons et al., 2009]. Here we have modeled Rρ/Φ of the candidate lower mantle minerals
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Figure 8. Density (ρ) and bulk sound velocity (VΦ) variation of the lower mantle using those of a pyrolitic lower mantle as
the reference. (a) 40 GPa, (b) 90 GPa, and (c) 120 GPa. Bm: bridgmanite. The star indicates ρ and VΦ of a pyrolitic lower
mantle along a normal mantle geotherm [Brown and Shankland, 1981]. The variation in temperature is considered using the
normal mantle geotherm as the reference [Brown and Shankland, 1981]. The dashed line represents the zero value. Our
modeling also shows the tradeoff between temperature and Fe content in lower mantle minerals on the ρ and VΦ proﬁles
of the lower mantle.

Figure 9. Modeled density (ρ), isothermal bulk modulus (KT), and bulk sound velocity (VΦ) of the lower mantle with a
variation in the amount of CaSiO3 perovskite. Black line: PREM [Dziewonski and Anderson, 1981]; red line: lower mantle
with a pyrolitic composition; and blue dashed lines: Models M3 and M4. Both M3 and M4 assume that the volume ratio
between bridgmanite and ferropericlase is the same as the pyrolitic mantle composition. M3 has a CaSiO3 perovskite
content of 0%, whereas M4 has a greater CaSiO3 perovskite content of 16%.
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in both pyrolitic and chondritic mantle
compositions and examined how the
variation of CaSiO3 perovskite content
affects the lower mantle Rρ/Φ proﬁle
(Figure 10).
In the seismic PREM, Rρ/Φ is ~0.6 at the
top of the lower mantle at pressures of
24 GPa and continuously increases
with pressure to 1 at 120 GPa
(~2600 km depth) [Dziewonski and
Anderson, 1981]. Rρ/Φ in all of our
models has a value of ~0.72, which is
slightly greater than that of PREM
at 24 GPa, and weakly increases
Figure 10. dlnρ/dlnVΦ of the lower mantle with pyrolitic and chondritic with pressure up to 75 GPa (~2200 km
models. Black line: PREM [Dziewonski and Anderson, 1981]; red line: lower
depth) (Figure 10). The difference in
mantle with a pyrolitic composition; and green lines: chondritic models M1
and M2 assuming that CaSiO3 perovskite is 8%, the same as that of a pyrolitic Rρ/Φ between our models in various
compositions and PREM is within
mantle composition. M1 has an Mg/Si ratio of 1 with 85% bridgmanite, 7%
ferropericlase, and 8% CaSiO3 perovskite, whereas M2 is depleted of ferro±0.1 at less than 75 GPa. Varying the
periclase with 92% bridgmanite and 8% CaSiO3 perovskite; blue lines:
lower mantle composition, particularly
Models M3 and M4. Both M3 and M4 assume that the volume ratio between
the Mg/Si ratio, thus has a negligible
bridgmanite and ferropericlase is the same as the pyrolitic mantle composieffect on Rρ/Φ between 24 and 75 GPa
tion. M3 has a CaSiO3 perovskite content of 0%, whereas M4 has a greater
(Figure 10). Between 75 GPa and
CaSiO3 perovskite content of 16%.
120 GPa, Rρ/Φ in all of our models,
except the chondritic model M2,
exhibits a strong ﬂuctuation with pressure because of the spin transition of Fe in ferropericlase (Figure 9). The
value of Rρ/Φ within the spin crossover is about 2 to 5 times greater than that above and below the spin
transition [Watt et al., 1976; Yang et al., 2015]. In this case, the variation of Rρ/Φ with increasing pressure
across the spin crossover provides the crucial information on the presence of ferropericlase in the lower
mantle. However, the anomalous variation is absent in the seismic 1-D PREM potentially due to the limited
spatial resolution over a wide pressure (depth) range, which needs to be further examined in future
seismic studies.

7. Conclusions
In summary, we have performed high P-T XRD measurements to determine the thermal EoS parameters of
cubic CaSiO3 perovskite using laser-heated DACs and discussed the potential cause for the conﬂicting results
in literature. Using the new experimental results together with reevaluation the literature results for the
thermal EoS parameters of lower mantle bridgmanite and ferropericlase, we have modeled the ρ, KS, and
VΦ proﬁles of the lower mantle. Combining our modeling results for the ρ, KS, and VΦ proﬁles, we conclude
that predictions for a pyrolitic composition have seismic properties in better agreement with the PREM than
lower mantle with a chondritic composition, which is consistent with recent theoretical modeling results for
the shear and compressional wave velocities of the lower mantle [Wang et al., 2015; Zhang et al., 2016]. The
upper and lower mantle could thus be chemically homogenous, as a consequence of the whole mantle convection of material circulation.
In addition, our modeling also shows that the ρ and VΦ proﬁles of the lower mantle is not sensitive to the variations in the content of CaSiO3 perovskite but mainly controlled by the relative volume ratio of bridgmanite
and ferropericlase. Since cubic CaSiO3 perovskite in the lower mantle is expected to exhibit a stronger seismic
anisotropy and a lower shear velocity than bridgmanite, future experimental studies for the full-elastic tensor
of the cubic CaSiO3 perovskite are needed for critical examination of the role of CaSiO3 perovskite on the
seismic proﬁles of the lower mantle [Kawai and Tsuchiya, 2015]. It is worth noting that the composition of
the lower mantle in this study is only constrained by the modeled ρ and VΦ proﬁles. Future experimental
studies which provide direct constraints on VP and VS at relevant P-T conditions of the lower mantle are
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needed to conﬁrm the modeling results in the study and provide more comprehensive understanding on the
composition of the Earth’s lower mantle.
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