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Abstract (Mg, Fe)SiO3 orthopyroxene is an abundant mineral of oceanic subducting slabs. In‐situ
high‐pressure and high‐temperature single‐crystal X‐ray diffraction has been used to investigate the phase
transition of orthopyroxene across the enstatite‐ferrosilite (En‐Fs) join (En70Fs30, En55Fs45, En44Fs56 and
Fs100) up to 24.3 GPa and 800 K, simulating conditions within the coldest part of a subduction zone
consisting of an old and rapidly subducting slab. Instead of the orthopyroxene → high‐pressure
clinopyroxene transition, the α‐opx → β‐opx and β‐opx → γ‐opx phase transition are observed at 7.2–15.3
and 11.6–21.1 GPa (depending on the Fs content), respectively. This study indicates that the
pressure‐induced phase transition of (Mg, Fe)SiO3 orthopyroxene under relatively low temperature (<800 K)
could be different than those occurring under relatively high temperature (>800 K). Additionally, the
α‐opx → β‐opx → γ‐opx phase transition could exist within the center of the extremely cold slabs (like
Tonga), where such low temperature persists to ~600‐km depth.

Plain Language Summary (Mg, Fe)SiO3 is the most abundant chemical compound in Earth's
mantle. Investigating its phase relations at high‐pressure and high‐temperature is of fundamental
importance in constraining the composition and understanding the structure of the Earth's interior.
Previous studies have well established the phase diagram of (Mg, Fe)SiO3 at high pressure and high
temperature. Orthopyroxene is a low‐pressure phase; with increasing pressure and temperature,
orthopyroxene transforms to the high‐pressure clinopyroxene, then, it transforms to akimotoite or
decomposes to wadsleyite + stishovite. These phase transitions require temperatures higher than 900 K,
which are easily satisfied in the normal mantle or relatively warm subduction zone conditions. However,
extremely low‐temperature region exists in the center of some old and rapidly subducting slabs (e.g., Tonga),
and such low‐temperature region (~800 K) can extend to ~600‐km depth. In this study, we investigate the
phase relations of (Mg, Fe)SiO3 orthopyroxene with several different compositions to 24.3 GPa and 800 K. A
different phase transition path is observed, that is, the α‐opx → β‐opx → γ‐opx at pressures within the
transition zone depths. Therefore, the result of this study adds one more piece of information to our
understanding of phase relations of (Mg, Fe)SiO3 orthopyroxene within the extremely cold subducted slabs.

1. Introduction

Orthopyroxene is a major component of the Earth’s crust and upper mantle. Thus, understanding its equa-
tion of state (EoS) and phase transition at high pressure and high temperature is very important for con-
straining the composition and structure of these regions (e.g., Frost, 2008). Ultramafic rocks were
transported as xenoliths to the Earth's surface and are direct samples of the upper mantle; peridotite (harz-
burgite and lherzolite) and pyroxenite (websterite) have orthopyroxene as one of their major mineral consti-
tuents. For instance, the orthopyroxene content of mantle harzburgite and lherzolite can be as high as 40%
(Bodinier & Godard, 2007), and the orthopyroxene content of websterite is generally higher than that of peri-
dotite and can be as high as 60% (e.g., Xu et al., 2013).

Enstatite (En100, MgSiO3) and ferrosilite (Fs100, FeSiO3) are two important endmembers of mantle orthopyr-
oxene, and the composition of orthopyroxene (Mgx, Fe1‐x)SiO3 varies in different rock types. Mineral inclu-
sions in diamond provide key information on the chemical composition and mineral assemblages of mantle
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rocks. Statistics on diamond inclusions (Stachel & Harris, 2008) indicated that peridotitic orthopyroxene has
an average Mg# (100 Mg/(Mg + Fe)) of 94, while its minimum and maximum Mg# are 81 and 97, respec-
tively. In comparison, websteritic orthopyroxene is much richer in Fe than peridotitic orthopyroxene, and
the average, minimum, and maximumMg# are 84, 76, and 93, respectively. Some orthopyroxene inclusions
in diamond have very high‐Fe contents, with Mg# as low as 57, and have been identified as the result of the
retrograde transformation of bridgmanite (Walter et al., 2011). Orthopyroxene with Fs contents greater than
50 (mol.%) to content amounts near that of the Fs100 endmember is also present in high‐pressure meta-
morphic rocks (e.g., Brothers & Yokoyama, 1990; Davidson, 1968; Jaffe et al., 1978). Therefore, it is necessary
to investigate the effects of the variation in Fe on the phase transition of orthopyroxene for modeling ortho-
pyroxene in the deep crust and upper mantle.

The structure of orthopyroxene under ambient conditions has been described in great detail (e.g., Cameron
& Papike, 1981) and is orthorhombic with Pbca symmetry. The phase transition of orthopyroxene at high
pressure is largely dependent on temperature. Along the normal mantle geotherm in a pyrolite mineralogy
model, orthopyroxene undergoes a phase transition at ~8 GPa; the transition is from an initial orthorhombic
Pbca symmetry to a monoclinic C2/c symmetry (high‐pressure clinopyroxene; e.g., Shinmei et al., 1999;
Akashi et al., 2009), and finally, it is absorbed into majoritic garnet (Frost, 2008). On the other hand, inves-
tigating the metastable phase transition of orthopyroxene at high pressure and relatively low temperature
has important geophysical implications; low‐temperature zones exist in Earth's subduction zones, allowing
slab minerals to be preserved as a metastable phase at greater depths than those under equilibrium condi-
tions (e.g., Faccenda & Dal Zilio, 2017; Kirby et al., 1991; Kirby et al., 1996; Van Mierlo et al., 2013). To date,
several metastable phase transitions of orthopyroxene have been identified by various experimental meth-
ods, including X‐ray diffraction (XRD; e.g., Hugh‐Jones et al., 1996; Zhang et al., 2012; Dera et al., 2013;
Zhang et al., 2013; Li et al., 2014; Finkelstein et al., 2015; Xu et al., 2018), ultrasonic measurements (Kung
et al., 2004), Raman spectroscopy (Lin, 2004; Serghiou et al., 2000; Zhang et al., 2013; Zhang et al., 2014),
Brillouin spectroscopy (Zhang & Bass, 2016), Mössbauer spectroscopy (Zhang et al., 2011), and nuclear reso-
nant inelastic X‐ray scattering spectroscopy (Zhang, Jackson, et al., 2013).

One conclusion from previous studies is that the metastable phase transition of orthopyroxene is composi-
tionally dependent. En100 transforms from its initial orthorhombic Pbca symmetry (α‐opx) to β‐opx (P21/
c) at ~12 GPa (Kung et al., 2004; Lin, 2004; Xu et al., 2018), which survives to ~40 GPa until it undergoes
a phase transition accompanied by a IV‐to‐VI coordination change of Si (Serghiou et al., 2000). Natural
En90Fs10 orthopyroxene undergoes two further phase transitions (at 29.9 and 40.3 GPa) after the α‐
opx→ β‐opx transition (14.6 GPa), which are named α‐popx and β‐popx, and both α‐popx and β‐popx have
Pca21 symmetry (Finkelstein et al., 2015). Natural Fe‐rich En18Fs82 orthopyroxene undergoes the α‐opx→ β‐
opx transition at 11.1 GPa; however, this transition is followed by a different high‐pressure phase at
13.0 GPa, named γ‐opx, which has Pbca symmetry (Dera, Finkelstein, et al., 2013). Fs100 orthopyroxene is
very different from the above‐mentioned orthopyroxenes and transforms into a monoclinic phase with
C2/c symmetry at ~4.2 GPa (Hugh‐Jones et al., 1996). Therefore, the phase transitions of orthopyroxene
across the En‐Fs solid solution cannot be well constrained until investigating orthopyroxenes with inter-
mediate compositions between En90Fs10 and En18Fs82.

Most of the previous studies were carried out at room temperature; however, geophysical modeling sug-
gested the lowest temperature at the coldest part of the famous cold subducting slab in Tonga is ~800 K at
~600‐km depth (e.g., Bina & Navrotsky, 2000; Ganguly et al., 2009; King et al., 2015). Existing
high‐pressure and high‐temperature studies on the metastable phase transition of orthopyroxene cannot
prove the existence of these identified room‐temperature high‐pressure metastable phases (e.g., β‐ and γ‐
opx) in deep subduction zones, even in a cold subduction zone, either because of the limited experimental
pressure range or because of the limited compositional range of sample (de Vries et al., 2013; Xu et al., 2018;
Zhang et al., 2014; Zhao et al., 1995).

A large number of studies have measured the EoS of orthopyroxene with different compositions utilizing
XRD combined with diamond anvil cells (DACs). These studies have provided good constraints on the
EoS of En100 and Fs100 (e.g., Angel & Hugh‐Jones, 1994; Zhao et al., 1995; Hugh‐Jones & Angel, 1997;
Angel & Jackson, 2002; Periotto et al., 2012; Xu et al., 2018); additionally, numerous studies have been car-
ried out on orthopyroxene with intermediate compositions, including natural (e.g., Hugh‐Jones &
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Angel, 1997; Nestola et al., 2008; Dera, Finkelstein, et al., 2013; Xu et al., 2016) and synthetic samples (e.g.,
Hugh‐Jones & Angel, 1997; Zhang, Jackson, et al., 2013). On the other hand, the thermal expansion proper-
ties of synthetic orthopyroxene along the En‐Fs join have been investigated (Hugh‐Jones, 1997; Sueno
et al., 1976; Yang & Ghose, 1994); however, thermal EoS studies in terms of measuring volume at simulta-
neously high pressure and high temperature are still limited to endmember orthopyroxenes (de Vries
et al., 2013; Xu et al., 2018; Zhao et al., 1995).

In this study, we synthesized orthopyroxene with four different compositions along the En‐Fs join (En70Fs30,
En55Fs45, En44Fs56, and Fs100) and investigated them with high‐pressure single‐crystal XRD (SCXRD) using
DAC. Furthermore, SCXRD data were also collected at simultaneously high pressure and high temperature
on En70Fs30, En44Fs56, and Fs100 to 24.3 GPa and 800 K, and the collected pressure‐volume‐temperature (P‐
V‐T) data were used to derive the thermal EoS. This work aims to constrain the metastable phase transition
and thermal EoS of orthopyroxene along the En‐Fs join under conditions within the coldest part of a subduc-
tion zone consisting of an old slab.

2. Methods

We synthesized four orthopyroxenes with compositions along the En‐Fs join, including En70Fs30, En55Fs45,
En44Fs56, and Fs100 (supporting information Figures S1–S2 and Table S1). SCXRD experiments (Figures
S3–S6) were carried out at the13‐BM‐C experimental station of the Advanced Photon Source, Argonne
National Laboratory. Data were analyzed by GSE_ADA/RSV (Dera et al., 2013), APEX3 Crystallography
Software Suite, and SHELXL package (Sheldrick, 2008). The details of sample synthesis, SCXRD experi-
ments, and data processing are provided in Text S1 (Balan et al., 2013; Bell et al., 1995; Dera, Zhuravlev,
et al., 2013; Dolomanov et al., 2009; Fan et al., 2017; Fei et al., 2007; Koch‐Müller et al., 2004; Momma &
Izumi, 2011; Rauch & Keppler, 2002; Rivers et al., 2008; Sheldrick, 2008; Stalder et al., 2015; Xu et al., 2017;
Xu et al., 2018; Xu et al., 2019; Zhang et al., 2017).

3. Results and Discussion
3.1. Phase Transition of En‐Fs Orthopyroxene at High Pressure and Room Temperature

The ambient SCXRD results firmly confirmed that En70Fs30, En55Fs45, En44Fs56, and Fs100 were successfully
synthesized. However, the incorporation of several hundred ppm water results in a weak positive volume in
the mixing properties of En‐Fs solid solutions (Text S2 and Figure S7; Domeneghetti & Steffen, 1992;
Hugh‐Jones et al., 1997; Tarantino et al., 2002; Ohi & Miyake, 2016; Ye, 2016; Xu et al., 2018). Analyses of
the high‐pressure and room‐temperature SCXRD data of En70Fs30, En55Fs45, En44Fs56, and Fs100 indicated
that all orthopyroxenes exhibited similar behaviors of phase transition, which resembled the phase transi-
tion path of En18Fs82 from a previous study (Dera, Finkelstein, et al., 2013), although they contained several
hundred ppm water. As shown in Figure S5, these orthopyroxenes underwent two phase transitions charac-
terized by significant changes observed in the SCXRD image. The SCXRD images of the first high‐pressure
phase have more peaks than the initial α‐opx phase, while the number of peaks is shown to significantly
decrease after the second phase transition. The diffraction peaks of the initial orthopyroxene phase of the
four compositions were well indexed using the orthorhombic Pbca α‐opx unit cell (Tables S2–S3).
Indexing and symmetry analyses of the first high‐pressure phase resulted in a similar monoclinic phase
(Table S2) as the β‐opx phase (P21/c) reported by previous studies (Dera, Finkelstein, et al., 2013;
Finkelstein et al., 2015; Xu et al., 2018; Zhang et al., 2012). The structures were refined only for En70Fs30
and En44Fs56 (Table S4) due to the limited effective diffraction peaks caused by the partial overlap of peaks
from two twinning domains (Dera, Finkelstein, et al., 2013; Finkelstein et al., 2015; Xu et al., 2018). The sec-
ond high‐pressure phase occurs with a higher crystal symmetry, as indicated by the disappearance of the
twinning domains introduced by the first transition. Again, the four orthopyroxenes share the same symme-
try as that of the Pbca space group. Similarly, the second high‐pressure phase is the same as the γ‐opx phase
reported by the previous study on En18Fs82 since the structure has been successfully refined on the four
orthopyroxenes in this study using the γ‐opx phase as an initial model (Table S5). The features of the α‐
opx→ β‐opx and β‐opx→ γ‐opx phase transitions are predominantly characterized by a tetrahedral rotation
(Dera, Finkelstein, et al., 2013; Finkelstein et al., 2015; Xu et al., 2018; Zhang et al., 2012).
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The unit‐cell parameters of the orthopyroxenes as a function of pres-
sure are shown in Figures 1 and S8, which characterize the α‐
opx → β‐opx and β‐opx → γ‐opx phase transition as a first‐order
phase transition. The evolution of the monoclinic angle through the
phase transition indicates that the symmetry varies from orthorhom-
bic in the initial α‐opx phase to monoclinic in the β‐opx, and orthor-
hombic symmetry appears again in the γ‐opx (Figure S8). As shown
in Figure 1, the volume drops are 1.5–3.4% and 1.7–2.5% for the α‐
opx → β‐opx and β‐opx → γ‐opx transitions, respectively. The a‐
and b‐axes show different behaviors among the four orthopyroxenes.
In the first transition, the a‐axis of En70Fs30, En44Fs56, and Fs100
expands more obviously (0.4–0.6%) than that of En55Fs45, which
shows that the a‐axis behaves continuously. In the second phase tran-
sition, the a‐axis of the only Fs100 expands by 0.2%, while those of the
other orthopyroxenes show continuous decompressions. The b‐axis
of En70Fs30 and En44Fs56 expands by 0.4–0.6% in the α‐opx → β‐opx
transition, while those of En55Fs45 and Fs100 decrease by 0.1–1%. In
the β‐opx → γ‐opx transition, the b‐axes of En70Fs30, En55Fs45, and
En44Fs56 expand by 0.1–0.5%, which are significantly larger than that
of Fs100. The behavior of the c‐axis of the four orthopyroxenes are
very consistent and continuously decrease by 1.9–2.7% and 2.0–2.8%
across the α‐opx → β‐opx and β‐opx → γ‐opx phase transitions,
respectively.

This study, combined with previous studies, leads to a better con-
straint on the metastable phase relations of orthopyroxene across

Figure 1. (a–d)Unit‐cell parameters a, b, c, and volume V of En70Fs30, En55Fs45, En44Fs56, and Fs100 as a function of
pressure, across the α‐opx → β‐opx and β‐opx → γ‐opx phase transitions.

Figure 2. Metastable phase boundary of orthopyroxene across the En‐Fs join at
room temperature and high pressure. The data included are from this study and
previous studies (Dera, Finkelstein, et al., 2013; Finkelstein et al., 2015;
Lin, 2004; Xu et al., 2018; Zhang et al., 2012; Zhang, Jackson, et al., 2013; Zhang,
Reynard, et al., 2013). The PREM model (Dziewonski & Anderson, 1981) is used
to convert pressure to depth.
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the En‐Fs join (Figure 2). As shown in Figure 2, upon compression, α‐opx
transforms to the β‐opx in orthopyroxene with any composition along the
En‐Fs join. Considering that the incorporation of several hundred ppm
water could have insignificant effects on the phase transition pressure of
enstatite (Xu et al., 2018), the discussion does not consider the effects of
water on shifting the transition pressure. The increasing Fe content
results in a decreasing pressure of the α‐β transition, while the effects
are weaker within the low‐Fs range (Fs < 56%) than within the high‐Fs
range. As shown in Figure 2, within the low‐Fs range, the transition pres-
sures are between 11(1) and 13(1) GPa, while Fs82 and Fs100 have lower
transition pressures of 10.6(5) and 6(2) GPa, respectively. By comparison,
the effects of increasing the Fe content are more evident for the β‐opx→ γ‐
opx transition. Within the low‐Fs region, from lowest to highest, the tran-
sition pressure decreases from 28(2) to 18(1) GPa, while Fs82 and Fs100
have approximately identical transition pressures of 12.6(4) and
12.5(7) GPa, respectively. Beyond shifting the transition pressure, increas-
ing the Fe content also affects the structure of the second high‐pressure
phase. En100 does not have a second high‐pressure phase transition char-
acterized by a tetrahedral rotation (Xu et al., 2018). The incorporation of
Fe leads to the appearance of the α‐popx or γ‐opx phase (Figure 2); the
existing experimental results suggest that the onset of the Fs content dur-
ing the presence of the α‐popx is between 0% and 10%, and that the bound-
ary between the α‐popx and γ‐opx phase is within Fs = 10–30%.

3.2. Phase Transition of En‐Fs Orthopyroxene at High Pressure
and High Temperature

Analyses of the high‐pressure and high‐temperature SCXRD data of
En70Fs30, En44Fs56, and Fs100 indicated that their phase transitions are
the same as what occurs under room temperature and high pressure
(Figures S6 and S9). Refining the crystal structures at high pressure and
high temperature was not possible due to the limited opening angle of
the externally heated DAC (±16°); however, the obtained unit‐cell
parameters and analyses of space group confirmed the α‐opx → β‐opx
and β‐opx → γ‐opx phase transition for En70Fs30, En44Fs56, and Fs100 at

high pressure and high temperature (≤800 K). As shown in Figure 3 and Table S6, which indicates that these
metastable high‐pressure phases of En‐Fs orthopyroxene could exist under relatively low temperature
(800 K), as suggested by the previous studies on low‐Fe orthopyroxenes (Xu et al., 2018; Zhang et al., 2014).

3.3. EoS of the En‐Fs Orthopyroxene

The P‐V data of the four orthopyroxenes within the α‐opx phase region were fitted to the third‐order Birch‐
Murnaghan‐EoS (BM3‐EoS; Birch, 1947) to obtain the EoS parameters including the zero‐pressure volume
(VT0), isothermal bulk modulus (KT0), and its pressure derivative (K′T0). We compared the results of this
study to those results of previous studies, and we found that the effects of the Fs content on the EoS para-
meters are nonlinear for the hydrous orthopyroxenes, while they are linear for the anhydrous orthopyrox-
enes (Figure S10 and Table S7; Text S3; Weidner et al., 1978; Bass & Weidner, 1984; Hugh‐Jones &
Angel, 1994; Flesch et al., 1998; Jackson et al., 1999; Angel, 2000; Jackson et al., 2007; Angel et al., 2014).

The P‐V‐T data of the α‐opx phase for En70Fs30, En44Fs56, and Fs100 were used to derive the thermal EoS
parameters by fitting the data to the high‐temperature BM3‐EoS (Text S4). The obtained thermal EoS
parameters including the VT0, KT0, K′T0, thermal expansion at room pressure (αT), and the temperature
derivative of KT0 at room pressure (∂KT/∂T)P are summarized in Table S8 and Figure 3. En70Fs30,
En44Fs56, and Fs100 have comparable values on (∂KT/∂T)P (−0.024(3) –−0.032(10) GPa/K) and αT
(α0 = 3.5(6)–4.1(5) ×10−5 K−1). In addition, the thermal expansion coefficients of En70Fs30, En44Fs56, and
Fs100 are larger than those of anhydrous orthopyroxenes (Figure S10; Sarver & Hummel, 1962;

Figure 3. (a–c)The unit‐cell volume of En70Fs30, En70Fs30, and Fs100 as a
function of pressure and temperature. The obtained thermal EoS
parameters (VT0, KT0, K′T0, α0, and (∂KT/∂T)P) of the α‐opx phase are also
shown. The solid curves represent isothermal compression curves at
various temperatures which are calculated by using the obtained thermal
EoS parameters.
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Skinner, 1966; Frisillo & Barsch, 1972; Dietrich & Arndt, 1982; Jackson
et al., 2003), which indicates that the incorporation of water enhances
the thermal expansion of orthopyroxene, being consistent with previous
studies of En100 and other nominally anhydrous silicates (Fan et al., 2017;
Xu et al., 2018; Ye, 2016). The thermal EoS parameters of the β‐ and γ ‐opx
phases were not successfully obtained due to the narrow data coverage
(Figure 3).

4. Geophysical Implications

The experimental results in this study have potential implications for the
phase relations of (Mg, Fe)SiO3 orthopyroxene within cold subducting
slabs. It is well known that low temperature in subduction zones enables
the preservation of metastable phases in the subducting slabs (e.g.,
Faccenda & Dal Zilio, 2017; Van Mierlo et al., 2013). Alternatively, the
phase transition path within a downgoing slab depends on the thermal
structure of the slab, and the phase transition of a mineral could be differ-
ent in different temperature regions. The phase relations of orthopyroxene
at high pressure and high temperature (the high‐temperature region of a
cold subducting slab) have been investigated by several authors (e.g.,
Akashi et al., 2009; Fei et al., 1990; Ito &Navrotsky, 1985; Ono et al., 2018).
As shown in Figure 4a, the orthopyroxene→high‐pressure clinopyroxene
transition occurs before the decomposition to wadsleyite plus stishovite.
Previous experimental studies suggested that the orthopyroxene → high‐
pressure clinopyroxene transition occurs at temperatures around
1,000 K (Akashi et al., 2009; Woodland, 1998) and the high‐pressure clin-
opyroxene → wadsleyite + stishovite reaction occurs at T > 1,000 K (e.g.,
Hogrefe et al., 1994; Ono et al., 2018). However, the phase transition of
orthopyroxene in the coldest part of a subducting slab could be different.

The thermal structure of a slab is controlled by several parameters (e.g.,
age and slab dip), and extremely low‐temperature conditions exist within
some old and rapidly subducting slabs (Syracuse et al., 2010). For instance,
the temperature of the slab center for the Tonga slab was calculated as
~800 K at ~600‐km depth (e.g., Bina & Navrotsky, 2000; Ganguly
et al., 2009; King et al., 2015). Recent studies suggested that the phase
transition of orthopyroxene under such low temperature could be differ-
ent than that occurs under temperatures higher than 800 K. Zhang
et al. (2014) investigated the phase transition of natural orthopyroxene
(En100 and En90Fs10) up to 673 K and 18.2 GPa using in‐situ high‐pressure
and high‐temperature Raman spectroscopy. Utilizing high‐pressure and
high‐temperature SCXRD, Xu et al. (2018) investigated the phase transi-

tion of synthetic En100 up to 23.8 GPa and 600 K. These two studies observed the α‐opx to β‐opx phase tran-
sition instead of the orthopyroxene→ high‐pressure clinopyroxene transition. In this study, we enlarged the
experimental pressure‐temperature scope (24.3 GPa and 800 K) and compositional range to investigate the
metastable phase transition of (Mg, Fe)SiO3 orthopyroxene. Similarly, we did not observe the
orthopyroxene → high‐pressure clinopyroxene transition, the decomposition to wadsleyite + stishovite, or
the polymorphic pyroxene‐akimotoite transition, instead, the α‐opx → β‐opx → γ‐opx phase transition
was observed (Figure 4a). Therefore, this study indicates that, in the coldest part of an old and rapidly
subducting slab (like Tonga), the phase transition path of (Mg, Fe)SiO3 orthopyroxene could be the
α‐opx → β‐opx → γ‐opx, which is different than those occurring in the higher temperature region
(Figure 4a).

We calculated the density‐depth profile of En100 and En70Fs30 along 800 K and to 650 km, and the results
were compared with the preliminary reference Earth model (PREM; Dziewonski & Anderson, 1981). The

Figure 4. (a) A schematic diagram of a cold subducting slab and the phase
relations of (Mg, Fe)SiO3 orthopyroxene. The temperature distribution is
drawn after Ganguly et al. (2009). The phase transition of orthopyroxene at
high‐temperature regions (>800 K) is from previous studies (e.g., Fei
et al., 1990), while the phase transition at low temperature (<800 K) is from
this study. The figure is not drawn to scale. Note that pyroxene component
would disappear due to the pyroxene‐garnet transition in the multiple
components rock such as peridotite, which would be inhibited at
temperatures <1,673 K in the geological timescales (e.g., Nishi et al., 2013;
Van Mierlo et al., 2013) and is not included in this figure. Hpcpx:
high‐pressure clinopyroxene (C2/c); wad: wadsleyite; rwd: ringwoodite;
akm: akimotoite; st: stishovite. (b) Calculated density profiles of En100 and
En70Fs30 orthopyroxene along 800 K adiabat and comparison with the
preliminary reference Earth model (PREM; Dziewonski & Anderson, 1981).
The density profiles of other minerals along 1,500 K (hpcpx‐MgSiO3, wad‐
Mg2SiO4, rwd‐Mg1.8Fe0.2SiO4, akm‐MgSiO3 and st‐SiO2) are also shown
for comparison.
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high‐temperature BM3‐EoS was used for the calculation. The thermal EoS parameters of En100 were adopted
fromXu et al. (2018). The thermal EoS parameters of the α‐opx phase of En70Fs30 were from this study, while
the thermal EoS parameters of the β‐opx of En100 were used for the β‐opx phase of En70Fs30. The density of
the γ‐opx phase of En70Fs30 was not calculated using the thermal EoS as no thermal EoS has been available,
instead, it was calculated from the measured unit‐cell volume at 22.98 GPa and 800 K. Furthermore, we cal-
culated the density profiles along 1,500 K for other high‐pressure polymorphs (high‐pressure clinopyroxene
and akimotoite) and the decomposition products (wadsleyite, ringwoodite, and stishovite) of orthopyroxene.
The used thermal EoS parameters are shown in Table S9 (Katsura et al., 2009; Liu et al., 1999; Nishihara
et al., 2004; Shinmei et al., 1999; Wang et al., 2004). As shown in Figure 4b, the density of En70Fs30 is higher
than that of En100 within the whole depth range, indicating the enrichment of Fe in orthopyroxene enhances
the slab subduction in the upper mantle. During the α‐opx→ β‐opx transition (~390 km) the density jumps
are less than 1%, which are much lower than the density jump (~5%) of the PREM at ~410 km. The density of
the γ‐opx phase of En70Fs30 is comparable to the density of the PREM at 650 km, as the Fe content of
En70Fs30 is significantly higher than those of normal mantle orthopyroxenes. In the transition zone, the den-
sity of En70Fs30 is higher than those of wadsleyite and high‐pressure clinopyroxene due to the higher Fe con-
tent; however, the density of En100 is the lowest among these minerals. The results indicate that the
metastable orthopyroxene has the lowest density compared to other high‐pressure polymorphs in the transi-
tion zone when the Fe contents are comparable. Therefore, the existence of metastable (Mg, Fe)SiO3 ortho-
pyroxene within the coldest part of a cold subducting slab would decrease the negative buoyancy of a slab
and thus contribute to the slab stagnation in the transition zone.
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