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Abstract The phase transitions of natural San Carlos Fe-, Al- and Ca-bearing orthopyroxene and two
synthetic orthopyroxenes containing Al (up to 12 wt. % Al,O,) and Fe (up to 15 wt. % FeO) were investigated
at high pressures and temperatures up to ~30 GPa and 700 K using synchrotron-based single-crystal X-ray
diffraction. These orthopyroxenes undergo a-opx — P-opx — y-opx phase transitions with increasing pressure
and temperature. We quantitatively described how the composition influences the pressures of the phase
transitions. The results indicated that the variations in Mg, Fe, and Al contents do not significantly influence
the pressure of the a-opx — f-opx transition (P, ). For the f-opx — y-opx phase transition, increasing Fe
content decreases the Pﬁ—v while increasing Al content increases the PM. The incorporation of Ca increases the
P, ; and decreases the Py . The thermal equations of states of a-opx and f-opx for these three orthopyroxenes
were determined using the unit-cell volume collected at high pressures and temperatures, which have been used
to establish a density model to interpret the cold stagnant slabs. Our experimental results have indicated that
B-opx and y-opx are possible metastable phases of natural orthopyroxenes within cold stagnant slabs in the
mantle transition zone.

Plain Language Summary Orthopyroxene (Mg, Fe, Ca)(Mg, Fe, Al)(Si, Al),O,) is a major rock-
forming mineral in subducting slabs, and its metastable phases are considered to be related to the stagnation of
slabs which are located at the transition zone due to its low density in comparison to other major slab minerals.
Studies on the phase transitions of orthopyroxenes under the pressure-temperature conditions of subducting
slabs are necessary to understand the metastable phases of orthopyroxenes within stagnant slabs. Here, for

the first time, we investigated the phase transitions of natural and synthetic orthopyroxenes in a large range

of compositional variations under the pressure-temperature conditions present in extremely cold subducting
slabs up to the bottom of Earth's transition zone. The results indicated that the a-opx — p-opx — y-opx phase
transitions could occur for natural orthopyroxenes under such pressure-temperature conditions. Therefore,

the f-opx and y-opx are possible metastable phases of orthopyroxenes within stagnant slabs in the transition
zone. Using the obtained thermal equation of state of orthopyroxene and its high-pressure phases together with
literature results, we modeled the densities of cold subducting slab which includes metastable orthopyroxene
and olivine. We show that the existence of metastable orthopyroxene and olivine could result in slab stagnation
within the upper range of the transition zone.

1. Introduction

Orthopyroxene is an important mineral in the typical peridotite and pyroxenite of Earth's upper mantle, and it also
occurs as a constituent of many other types of igneous and metamorphic rocks, for example, gabbro, diorite, ba-
salt, andesite, dacite, and granulite (Nesse, 2000). Orthopyroxene is found as typical inclusion in lithospheric dia-
monds (Nestola, 2015; Stachel & Harris, 2008) and super-deep diamonds (Smith et al., 2018; Walter et al., 2011),
indicating that it is a common mineral in the mantle. In addition, orthopyroxene is an abundant mineral in many
meteorites and interplanetary dust particles (e.g., Hazen et al., 2008).
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Owing to its abundance in the Earth's upper mantle (the volume content can be as high as 40% in mantle peridot-
ite; Bodinier & Godard, 2007; Faccincani et al., 2021), orthopyroxene has been extensively investigated at high
pressure (P) and high temperature (7) to understand its phase transitions and elastic properties. Under normal
mantle geotherms, orthopyroxene transforms from the orthorhombic phase with Pbca symmetry into monoclin-
ic clinopyroxene with C2/c symmetry at depths of approximately 250 km (e.g., Akashi et al., 2009; Shinmei
et al., 1999); with increasing depth, it gradually dissolves into majoritic garnets and is exhausted in the transition
zone (Ita & Stixrude, 1992). Geophysical observations and modeling show that the upper mantle and transition
zone are heterogeneous in both temperature and chemical content. For instance, widespread stagnant slabs are
found in the transition zone regions of many cold subduction zones (e.g., Fukao & Obayashi, 2013). Based on
geophysical and geodynamic modeling, the temperatures in these stagnant slabs are much lower than those in the
normal mantle. For example, slab stagnation in the transition zone exists in the Tonga subduction system (Fukao
& Obayashi, 2013; Liu et al., 2021) and the temperature of the Tonga slab is estimated to be ~800 K at 600 km
(Ganguly et al., 2009; King et al., 2015). Experimental studies on the diffusion of majorite suggest that pyroxene
minerals could be preserved within slabs as metastable phases at transition zone depths in cold subduction zones
(Nishi et al., 2013; Van Mierlo et al., 2013). These observations have inspired many experimental and compu-
tational studies on the metastable phases of pyroxene minerals at high P and relatively low T and the effects of
their metastability on slab dynamics (e.g., Agrusta et al., 2014; Faccenda & Dal Zilio, 2017; King et al., 2015;
Xu et al., 2019).

(Mg, Fe)SiO, is generally referred to as the chemical composition of mantle orthopyroxene (e.g., Frost, 2008),
whereas other cationic elements (e.g., Al and Ca) also prevail. The phase transitions of Mg and Fe-endmembers,
as well as their solid solutions, have been extensively investigated at both room T (e.g., Hugh-Jones et al., 1996;
Kung & Li, 2014; Li et al., 2014; Serghiou et al., 2000; Zhang et al., 2011; Zhang et al., 2012; Zhang et al., 2014;
Zhang & Bass, 2016; Zhang, Reynard, et al., 2013) and high 7 (e.g., Kung et al., 2004; Wang et al., 2019; Xu
et al., 2018; Xu et al., 2020; Zhang et al., 2014) by various techniques, for example, X-ray diffraction (XRD),
ultrasonic interferometry (UI), Raman spectroscopy, Brillouin spectroscopy (BS), and nuclear resonant inelastic
X-ray scattering spectroscopy. High P-T single-crystal (SC) XRD experiments have revealed the phase transition
path of (Mg, Fe)SiO, orthopyroxene, which transforms from the initial a-opx (Pbca) to B-opx (P2,/c; Zhang
et al., 2012) and then, depending on the iron content, transforms either to P2,ca (a-popx; Finkelstein et al., 2015)
or to Pbca symmetry (y-opx; Dera, Finkelstein, et al., 2013). The iron content also decreases the onset pressure
of these phase transitions (Xu et al., 2020; Zhang, Reynard, et al., 2013).

Numerous studies have reported Al-bearing orthopyroxenes in various geological settings. Orthopyroxene in
mantle peridotites generally contains Al,O; up to ~7 wt. % (e.g., Arai & Abe, 1995). Al-bearing orthopyroxene
is also not uncommon in mantle pyroxenite xenoliths, and the highest content of Al,O, reaches ~12 wt. % (e.g.,
Stachel & Harris, 2008). Al-bearing orthopyroxene (higher than 10 wt. % Al,O,) has also been reported in high-P
metamorphic rocks (e.g., Belyanin et al., 2012) and some interplanetary dust particles (Klock et al., 1989). Thus,
itis necessary to investigate the high-P behavior of orthopyroxenes with various contents of Al,O;, to evaluate the
effects of Al on the phase stability. The Ca content in orthopyroxene is usually much lower than that of Fe and Al.
The CaO content is generally lower than 1 wt. % (Stachel & Harris, 2008).

To date, several studies have investigated the phase transition of Al-bearing orthopyroxenes. Zhang, Reynard,
et al. (2013) investigated the phase transition of natural orthopyroxene with moderate content of Al,O; (~5 wt. %)
and CaO (~1 wt. %) under room T and high P up to 18 GPa using Raman spectroscopy, and they suggested that Al
and Ca increase the pressure of the phase transition. Subsequently, with the same method, the phase transition of
a natural Fe-, Al-, and Ca-bearing orthopyroxene (San Carlos, Arizona) was investigated under high P and high T’
up to 18 GPa and 673 K (Zhang et al., 2014). In addition, several other studies (Chai et al., 1997; Hua et al., 2020;
Hugh-Jones et al., 1997; Hugh-Jones & Angel, 1997; Xu et al., 2016; Xu, Ma, et al., 2017) investigated natural or
synthetic Al-bearing orthopyroxene with various Al,O, contents (<5 wt. %) at high P, and no phase transition was
observed within their experimental pressure range (<13 GPa). Therefore, existing studies cannot provide precise
information on the metastable phases of orthopyroxenes with large chemical (Fe, Al, and Ca) variation within the
stagnant slabs where the pressure could be well above 20 GPa.

To investigate possible metastable phases of orthopyroxenes with complex chemical compositions comparable to
those of natural orthopyroxenes within extremely cold stagnant slabs, in this study, synchrotron-based SCXRD
experiments were carried out on a natural Fe-, Al, and Ca-bearing San Carlos orthopyroxene and two synthetic
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Fe- and Al-bearing orthopyroxenes with different Al,O, contents (5-12 wt. %) at various P-T conditions (up to
~30 GPa and 700 K). The obtained results were used to model the density profile of cold subducting slab which
incorporates the metastable orthopyroxene. In addition, the role of metastable orthopyroxene and its high-P phas-
es in the slab stagnation within the transition zone was discussed.

2. Sample and Experimental Methods

Three orthopyroxenes with different A1,O, contents were investigated in this study. The first was a natural San
Carlos orthopyroxene (Al-opx#1, Na ,sCa, ;Mg 5,F€)00Cr0005ALp 11515 0505); the chemical composition ex-
pressed in end-member molar percentages (M; mol. %) is En, Fs;MgTs, Wo,, where En = enstatite (MgSiO,),
Fs = ferrosilite (FeSiO,), MgTs = Mg-tschermakite (Mg, Al sSi ;Al,;05), and Wo = wollastonite (CaSiO,).
The other two were synthetic orthopyroxenes, Al-opx#2 (Mg, ,,Fe,,;Al;,Si, 4505 or Eng;Fs,;MgTs, ) and Al-
opx#3 (Mg, ¢ Fe osAl) 5451 4,05 or EngFs;MgTs,,). The synthetic methods are similar to those of our previous
study (Xu et al., 2018). The chemical compositions are derived from the results of electron microprobe analyses
(EMPA; Table S1 in the Supporting Information S1). The analyses were carried out with a JXA 8230 operating
at an acceleration voltage of 15 kV with a beam current of 20 nA, and the focused electron beam was ~5 pm.

Crystals with high-quality diffraction peaks were selected for the ambient and high P-T' SCXRD experiments
(Figure S1 in the Supporting Information S1). Polymer micromesh sample holders (MiTeGen) were used to
mount the crystals of Eng;Fs,,MgTs, and EngFs;MgTs,,, while the ambient measurement of En,,Fs,MgTs,;Wo,
was performed in a diamond anvil cell (DAC). Two types of DACs were used: short symmetric DACs equipped
with Boehler-Almax-type diamonds and WC seats were used for the room-7 high-P SCXRD experiments, while
externally heated DACs (EHDAC) was used for high P-T experiments. For each DAC, a gold foil and a crystal
were loaded together into the sample chamber followed by gas loading with neon as the pressure medium using
the GSECARS gas loading system (Rivers et al., 2008). A detailed description of the sample preparation can be
found in our previous studies (e.g., Xu, Zhang, et al., 2017).

Several runs of experiments were conducted for the orthopyroxenes to investigate their phase transitions and ther-
mal equation of state (EoS) at high P-T conditions. In the first run (run #1), room-7 high-P SCXRD experiments
were performed on Eng,Fs,;MgTs,, and EngFs;MgTs,, up to 32.6 and 35.1 GPa, respectively. The high P-T
experiments of Eng;Fs,,MgTs, and EnFs,;MgTs,, up to 13.4 GPa and 700 K were performed in run #2. In run
#3, the SCXRD data were collected at high P-T up to 29.5 GPa and 700 K for EngFs;MgTs,,. The SCXRD ex-
periments of En,Fs,;MgTs,, at high P-T up to 24.4 GPa and 700 K were performed in run #4. In run #5, room-T
high-P SCXRD experiments were performed on En,,Fs;MgTs,,Wo, up to 34.8 GPa. The high P-T experiments
for the En,yFs,;MgTs, Wo, up to 25.0 GPa and 700 K were performed in run #6.

All the experiments except for run #3 were performed at the 13-BM-C experimental station of the Advanced
Photon Source, Argonne National Laboratory. The incident X-ray beam at 13-BM-C was monochromated to
0.4340 A with a focal spot size of 12 x 18 pm?. Different detectors (MAR 165 CCD for run #1 and run #4 and
Pilatus 1 M for run #2, run #5 and run #6) were used for these experiments. A detailed description of the exper-
imental procedures at 13-BM-C can be found in the report by Zhang et al. (2017). The high P-T experiments on
EngFs;MgTs,, (run #3) were performed at the 13-BM-D experimental station of the Advanced Photon Source,
Argonne National Laboratory. The incident X-ray had a wavelength of 0.3344 A and a beam size of 3 X 7 pm?.
The diffraction images were acquired using a stationary Perkin-Elmer area detector. The diffraction images col-
lected by the Pilatus 1 M detector were analyzed by the APEX3 Crystallography Software Suite, while the
GSE_ADA/RSV (Dera, Zhuravley, et al., 2013) software package was employed to process the data collected by
the MAR165 CCD and Perkin-Elmer area detectors.

3. Results
3.1. Ambient SCXRD

The ambient SCXRD data were used to refine the structures of Eng;Fs,;MgTs,, and EnFs;MgTs,,. We did not
refine the structure of En,,Fs,MgTs, Wo, under ambient conditions because it was investigated in a previous
study (Zhang et al., 2012). The crystal structures of En;Fs,,MgTs,, and EnFs,MgTs,, were refined using ShelxI
software (Sheldrick, 2008) facilitated by the Olex 2 user interface (Dolomanov et al., 2009). Orthopyroxene has
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a general formula of M2M1T1T20, according to previous studies (e.g., Periotto et al., 2012). The EMPA results
were used to constrain the atomic fractions of the cations when we refined the site occupancies. Cations sitting at
the same site were constrained to share the same atomic coordinates and displacement parameters. The structural
refinements show that Al prefers to enter the M1 site rather than the M2 site in both orthopyroxenes, as the Al
occupancy in the M2 site is below the detection limit of the diffraction, which is very consistent with those of
previous studies on Al-bearing orthopyroxenes (e.g., Nestola et al., 2008; Tarantino et al., 2002). Moreover, Al
prefers the T2 site in Eng;Fs,,MgTs,, which is consistent with the results of previous studies on orthopyroxenes
with similar Al contents (Al,O; < 5 wt. % (Nestola et al., 2008; Tarantino et al., 2002). Therefore, the occupancies
of Al in the M1 and T2 sites were fixed according to the EMPA results when we refined the structure of Eng,
Fs,;MgTs,, (Table S2a in the Supporting Information S1). Following the same procedure as for En;Fs,,MgTs,,
the structure of EngFs;MgTs,, was refined. The M1 site occupancy of Al in EngFs;MgTs,, was similar to that in
EngFs,;MgTs, , and no Al resides on the M2 site. However, in EngFs;MgTs,,, a significant amount of Al resides
on the T1 site in addition to the T2 site, indicating that the occupancies in the T sites of Mg-Fe-Al orthopyroxene
depend upon the Al content. In the refinement of the EnFs,MgTs,, structure, the occupancy of Al in the M1 site
was fixed according to the EMPA results (Table S2b in the Supporting Information S1).

3.2. Phase Transition at Room-7" High-P

The room-T high-P data indicated that En,,Fs,MgTs, Wo, underwent two phase transitions with increasing pres-
sure up to 34.8 GPa. As shown in Figure S2a in the Supporting Information S1, the diffraction image did not
change significantly with increasing pressure up to 15.5 GPa, and the diffraction peaks were perfectly indexed
with the initial orthorhombic Pbca unit cell (x-opx). Up to that pressure, the unit-cell parameters decreased
smoothly with increasing pressure (Figure S3a in the Supporting Information S1). After 15.5 GPa, new peaks
emerged, and the peaks of a-opx disappeared, indicating a phase transition. The new peaks were successfully in-
dexed with a monoclinic unit cell that is similar to that of the f-opx phase reported in previous studies (Dera, Fin-
kelstein, et al., 2013; Zhang et al., 2012). The peak indexing indicated that pseudo-merohedral twinning existed
in the high-P phase, as indicated by the two symmetrically related crystal domains shown in the diffraction image
(Figure S2a in the Supporting Information S1). The structural refinement failed to converge for this high-P phase
due to the substantial peak overlap caused by the twinning, but the analysis of the space group suggested that it
had the same symmetry (P2,/c) as the -opx phase. Moreover, the diffraction images and unit-cell parameters of
this high-P phase of En, Fs;MgTs,;Wo, were similar to those of the 3-opx phase (Dera, Finkelstein, et al., 2013;
Xu et al., 2018; Zhang et al., 2012); therefore, this high-P phase is isostructural with the f-opx phase.

The B-opx phase of En. Fs,;MgTs, Wo, persisted up to 26.3 GPa with unit-cell parameters a, b and ¢ decreasing
with pressure, while its # angle increased slightly (Figure S3a in the Supporting Information S1). At 29.7 GPa,
the number of peaks largely decreased (Figure S2a in the Supporting Information S1). Indexing the peaks result-
ed in an orthorhombic unit cell, and the twinning observed in the p-opx phase disappeared (Figure S2a in the
Supporting Information S1). No further phase transitions were observed up to 34.8 GPa. The structure of this
high-P phase was solved and refined with Pbca symmetry (Table S3a in the Supporting Information S1) using
diffraction data collected at 28.1 GPa during the decompression. This structure is the same as that of the y-opx
phase previously observed in Fe-rich orthopyroxene at high P (Dera, Finkelstein, et al., 2013; Xu et al., 2020).

The phase transition path of En,Fs,;MgTs,, was similar to that of En,,Fs,MgTs, Wo, (Figure 3b). The p-opx
phase occurred at 14.9 GPa, and the y-opx phase (Table S3b in the Supporting Information S1) emerged at
32.6 GPa. However, EngFs;MgTs,, underwent only one phase transition as the pressure increased from room P to
35.1 GPa. At 15.7 GPa, B-opx emerged and survived up to the maximum pressure (Figure S2¢ in the Supporting
Information S1). Its § angle increased, and its unit-cell parameters a, b and ¢ decreased with increasing pressure
(Figure S3c in the Supporting Information S1).

The unit-cell parameters and volume varied discontinuously through the phase transitions (Figure S3 in the Sup-
porting Information S1), indicating that these phase transitions are first order. As shown in Figure 1 and Figure
S3 in the Supporting Information S1, in the a-opx — p-opx transition, the unit-cell volume of En.,Fs,MgTs, ;Wo,,
Eng,Fs,;MgTs,, and EnFs,MgTs,, dropped by 1.1%, 1.1% and 1.2%, respectively. In the -opx — y-opx transi-
tion, the unit-cell volume drops of En, Fs,MgTs,Wo, and Eng;Fs,;MgTs,, were 1.8% and 2.4%, respectively. The
unit-cell parameters a, b and c behaved very similarly for En, Fs,;MgTs, Wo,, Eng;Fs,,MgTs, ; and En,Fs;MgTs,,
in the a-opx — B-opx transition. Unit-cell parameter a increased by 0.5%, 0.9% and 0.9%, and ¢ decreased by
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Figure 1. The unit-cell volumes of En,,Fs;MgTs,,Wo, (a), Eng,Fs,;MgTs,, (b) and EnFs;MgTs,, (c) as a function of
pressure and temperature. The light blue, green, cyan, magenta, and red symbols represent the measured unit-cell volumes
at 300 K, 400 K, 500 K, 600 K, and 700 K, respectively, in the high P-T experiments; the deep blue symbols represent data
collected in the room-T high-P experiments. The shaded areas indicate the regions of the a-opx, f-opx, and y-opx phases.
The space group of each phase is also shown. The thermal EoS parameters, including V, K, K’y @, and (0K /0T), are
shown for a-opx and p-opx. The blue, cyan, and red lines represent the isothermal compression curves at 300 K, 500 K, and
700 K, respectively; these were calculated by using the thermal EoS parameters. Error bars smaller than the symbol size are

not shown.

XUET AL.

Sof 18



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023133

1.8%, 2.3% and 2.2% for En,,Fs)MgTs, Wo,, En,Fs,;MgTs,, and En,Fs;MgTs,,, respectively, while b varied
much more continuously. In the f-opx — y-opx transition of En, Fs,;MgTs, Wo, and EngFs,,MgTs,, the unit-
cell volume dropped by 1.8% and 2.4%, ¢ dropped by 2.0% and 2.3%, respectively, and @ and b varied much more
continuously (Figure S3 in the Supporting Information S1).

3.3. Phase Transition at High P-T

The diffraction data collected at high P-T conditions for En, Fs;MgTs, Wo,, En,Fs,,MgTs, ,, and En,Fs;MgTs,,
indicated that each sample underwent two phase transitions (Figure S4 in the Supporting Information S1). No
structural refinement was performed for the samples at high P-T because the number of diffraction peaks col-
lected at high P-T was very limited due to the limited opening angle of the used EHDAC. Nonetheless, the peak
indexing and space group analyses indicated that the high-P phases observed at high P-T were the same as those
observed at room-T high-P. The diffraction peaks of the high-P phases were successfully indexed with B-opx and
y-opx (Figures 1 and S4 in the Supporting Information S1). The a-opx — p-opx and p-opx — y-opx phase transi-
tions were observed for all three orthopyroxenes (Figure S4 in the Supporting Information S1). The p-opx phase
occurred at 17.1 GPa/600 K, 20.0 GPa/700 K, and 19.9 GPa/500 K for En, Fs;MgTs,Wo,, EngFs,,MgTs,,
and EnFs,MgTs,,, respectively (Figure S5 in the Supporting Information S1). Similar to the room-7 high-P
experiments, the f-opx phase occurred as pseudo-merohedral twinning for all three samples at high P-T (Fig-
ure S4 in the Supporting Information S1). The y-opx phase occurred at 25.0 GPa/700 K, 24.4 GPa/700 K and
29.5 GPa/700 K for En,,Fs,MgTs,,Wo,, En.;Fs,.MgTs, , and EngFs;MgTs,,, respectively (Figures S4 and S5 in
the Supporting Information S1).

3.4. Thermal Equation of State

The thermal EoS parameters of the a-opx and f-opx phases of En,gFsyMgTs,;Wo,, Eng,Fs);MgTs,, and Eng
FsgMgTs,, were determined by fitting the high P-T unit-cell volume (P-V-T) data (Table S4 in the Supporting
Information S1) to the high-T third-order Birch-Murnaghan EoS (BM3 EoS). The high-7' BM3 EoS (Birch, 1947)
5 2
3 3

is defined as follows (1-3):
VT() E 3 ’ [‘TO
-(5) ]{1+1<Kro‘4) [(7) -1 } M

where V is the unit-cell volume at zero pressure at T, K is the isothermal bulk modulus, K’ is the pressure de-

7
p = 3K [(@)3
2 14

rivative of K, and P and V are the measured pressure and unit-cell volume in the experiments, respectively (Ta-
ble S4 in the Supporting Information S1). The K, in Equation 1 is assumed to be a linear function of temperature:

Kro = K300 + (0K7 /0T)p(T — 300) )

where Ky, , is the isothermal bulk modulus at room P-T, and (0K,/0T), is the temperature derivative of the
isothermal bulk modulus. V,, in Equation 1 is expressed as a function of the thermal expansion coefficient (a;):

T

Vro = V300,0€XP/ ardT 3)

300

where Vs, is the unit-cell volume at room P-T. In this study, the effects of temperature on a; are not considered
due to the limited number of high-T data points.

The obtained thermal EoS parameters of the a-opx phase for En,,Fs;MgTs,,Wo,, EnFs,;MgTs , and Eng
Fs,MgTs,, are summarized in Figure 1, showing that the K, K, (0K7/6T)R and a are within 113(2) - 136(2)
GPa, 3.5(5) - 7.1(4), —0.031(9) - —0.016(12) GPa/K and 3.0(2) - 3.5(5) x 10~ K1, respectively. Ky, was fixed at
4, and (0K /0T), was fixed at —0.02 GPa/K (identical to the (dK,/0T), of the -opx phase of En; Xu et al. (2018))
when we fitted the -opx P-T-V data to the high-7BM3 EoS due to the limited data range (Figure 1). V,, K,y and
ar were 803.9(14) - 816.7(30) A3, 145(4) - 201(4) GPa, and 2.2(3) - 3.2(16) x 10~ K™, respectively.
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4. Discussion
4.1. Compositional Effects on the Phase Transition of Orthopyroxene

The phase transitions of orthopyroxene with various compositions (Ca-Mg-Fe-Al) at room-T high-P are summa-
rized in Figure 2. The first phase transition (x-opx — f-opx) is independent of the compositional variation, but
the second phase transition is composition-dependent. As shown in Figure 2a, the a-opx — f-opx phase transition
occurs for orthopyroxene with any compositions. Following the a-opx — p-opx phase transition, the f-opx —
y-opx phase transition occurs for orthopyroxenes whose Mg, is lower than ~80, however, different phase transi-
tions were observed for EnyFs,, and En (Figure 2a). Finkelstein et al. (2015) investigated the phase transitions
of Al-free orthopyroxene (EngyFs, ) up to 48.5 GPa at room-T using SCXRD. They did not observe the -opx —
y-opx phase transition; instead, EnyFs,, underwent the B-opx — a-popx phase transition at 26.9-29.9 GPa fol-
lowed by a third phase transition (a-popx — f-popx) at 36.8—40.3 GPa. In addition, Serghiou et al. (2000) per-
formed a high-P Raman spectroscopic study on En to 70 GPa and identified two phase transitions at 7-15 GPa
and 3840 GPa. The first phase transition was the a-opx — p-opx phase transition, as confirmed by SCXRD ex-
periments (Xu et al., 2018), and the second phase transition was likely the $-opx — p-popx phase transition, as oc-
tahedrally-coordinated Si, which is similar to the Si in the B-popx phase of the En,yFs,, (Finkelstein et al., 2015),
emerged after the phase transition (Serghiou et al., 2000).

The compositional effects on the pressures of the phase transitions of orthopyroxene have been qualitatively
described in previous studies. Generally, increasing the Fe content decreases the pressures (P, ; and Py ) of the
a-opx — P-opx and f-opx — y-opx phase transitions, while the effects of Al are the opposite (Xu et al., 2020;
Zhang, Reynard, et al., 2013). The addition of new data (Figure 2 and Table S5 in the Supporting Information S1)
in this study allows a more quantitative description of the compositional effects on the P, , and Py

We first investigated the compositional effects of Ca- and Al-free En-Fs solid solutions. The Pa,ﬁ and Pﬁ,y are
shown in Figure 2a as a function of M. As shown in Figure 2a, the P, ; - My, data follow different trends over
different regions (Mg, = 44-100 and Mg, = 0-44) of the data. A linear fit of the P, ; - M, data (M, = 44-100)
yields the following equation: Py (GPa) = 13.4(5) — 0.011(6)Mg,, and R?> = 0.43, and the end-member ensta-
tite is excluded from the fit as the scattered results from different measurements lead to unreasonable fitting.
Within the data range of My, = 0—44, there are only two data points available, so we did not carry out a linear
fitting; however, it is clear that the compositional effect within M = 0-44 is more significant than that within
Mg, = 44-100 (Figure 2a). In comparison to P4, P , increases steadily with increasing My, over the whole data
range, as shown by the linear regression equation Py, (GPa) = 12.2(8) + 0.17(1)My,, and R? = 0.98. Increasing
M., also increases the pressure of the third phase transition (a-popx — p-popx or -opx — p-popx), though only
two data points are available to date.

The P, ;, and P, as a function of the M, are shown in Figure 2b. To determine the effects of variation of My,
on P, and to minimize the disturbance of the effects from other compositional changes (Fe and Ca), only the
Ca-free data within Mg, = 44-100 are considered, since varying M, does not significantly shift P, ; over this
data range (Figure 2a). The Al-free data are averaged for the fitting. A linear fit to the data yields the equation P
(GPa) = 12.9(8) + 0.08(6)M,,,, and R* = 0.64, indicating that increasing M, only weakly increase the P, .
For the same reason, only the Ca-free data within M /(Mg + M) = 70-100% are considered when we inves-
tigate the effects of variation of My, on P, since the compositional variation of En-Fs remarkably influences
P, (Figure 2a). The results indicate that increasing My, remarkably increases the Py, (Figure 2b), as indicated
by the linear regression equation: Py, (GPa) =26.3(1) + O.38(9)MMgTs, and R? = 0.89.

The incorporation of Ca influences the P, and Py,. The P, of Ca-bearing orthopyroxenes are higher than
those of Al-bearing Ca-free orthopyroxenes (Figure 2a), while Ca-bearing orthopyroxenes have a lower Py,
(Figure 2b). However, the limited amount of data and range of variation of the Ca content do not suffice for
quantitative analysis.

In summary, when My, = 40-100, within the En-Fs-MgTs, the compositional variation only weakly influences
the P, and increasing M, and My, remarkably increase the Py . In addition, the incorporation of Ca observ-
ably increases the P(x-[} and decreased the Pﬁ_y.
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Figure 2. Phase transitions of Mg-Fe-Al orthopyroxene at room-7"in the pressure-composition space, showing how the
phase-transition pressure changes with Mg, (a) and My, (b). The symbols represent experimentally determined pressures
of phase transitions, including a-opx — p-opx, p-opx — y-opx, p-opx — a-popx, B-opx — P-popx, and a-popx — P-popx.
The hollow and solid symbols represent Al-free and Al-bearing orthopyroxenes, respectively, within the En-Fs join. The
half-filled hexagon indicates that the phase transition was not observed at the highest pressure. The square and diamond
symbols represent Ca-bearing orthopyroxenes. The Al content of each Al-bearing orthopyroxene is signified by the My,
value written on the symbol in (a). The shaded areas indicate the regions of different phases, including a-opx, f-opx, a-popx,
y-opX, and B-popx. The space group of each phase is also shown. In (a), the dashed lines represent weighted regressions of
the data (P-Mp,) for the phase transitions, and only Al- and Ca-free data are considered. The regression equation of each
dashed line is shown nearby. The P- M, data for the a-opx — p-opx phase transition are split into two pieces (Mg, = 044
and Mg, = 44-100) for linear regression since the data follow different linear trends over different regions of the data, and
the end-member En is excluded as the scattered results from different measurements lead to unreasonable fitting. In (b), the
dashed lines represent weighted regressions of the data (P - My,) for the phase transitions, and only Ca-free orthopyroxenes
are included. Error bars smaller than the symbol size are not shown. The data used are from this study and previous studies
(Dera, Finkelstein, et al., 2013; Finkelstein et al., 2015; Lin et al., 2005; Serghiou et al., 2000; Xu et al., 2020; Xu et al., 2018;
Zhang, Jackson, et al., 2013; Zhang et al., 2012; Zhang, Reynard, et al., 2013), which are also available in Table S5 in the
Supporting Information S1.
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Figure 3. (a) Zero-pressure volume (V) and (b) Isothermal bulk modulus (K ) of Mg-Fe-Al orthopyroxenes at zero pressure as a function of Mg, . (¢) and (d) present
the effects of Al on the V. (E,, (V) and K, (E,, (Kp)) of orthopyroxene as a function of the Myt content defined by [V, (Al-bearing) — V., (Al-free)|/V, (Al-
free) and [Kp, (Al-bearing) — K, (Al-free)]/K, (Al-free), respectively. The hollow and solid symbols in (a) and (b) represent Al-free and Al-bearing orthopyroxenes,
respectively. In (a) and (b), the Al content of each Al-bearing orthopyroxene is denoted by the corresponding M, , value written on the symbol. The blue and violet
symbols represent results from previous studies, while the red symbols represent those from this study. In (b) and (d), the circular and triangular symbols represent
values derived from XRD and non-XRD methods (e.g., BS, UI), respectively. The K, determined by XRD in previous studies was obtained by refitting the data to the
BM3 EoS with fixed K’;;, = 8. The red and red half-filled symbols (this study) represent values obtained by fitting the data to the BM3 EoS with and without fixed
K';, = 8, respectively. The dashed lines in (a) and (b) represent linear fitting of the Al-free data, while the dashed lines in (c) and (d) represent linear fitting of all the
data with fixed y-intercept (0). In (d), the dash-dotted line represents linear fitting of all the data including the XRD data whose K, values are obtained with fixed
K’y = 8.0; while in the dashed-line linear fitting, the Ky of the data point (My,,, = 24) obtained without fixed K", = 8 instead of that obtained with fixed K’y = 8

is included. The formula of each line is shown in each subplot. The adiabatic bulk moduli (K;) obtained by non-XRD methods are converted to their corresponding
isothermal values (K;) using the following equation: Kro = Kgo/(1 + ayT), where a is thermal expansion coefficient, y is the Griineisen parameter (Yang &
Ghose, 1994), and T is temperature. Error bars smaller than the symbol size are not shown. The data used in this figure are available in Table S6 in the Supporting
Information S1.

4.2. Effects of Temperature on the Phase Transitions of Orthopyroxene

Zhang et al. (2014) performed Raman spectroscopy experiments on orthopyroxenes at high P-T up to 18.2 GPa
and 673 K, and the results suggested that temperature has almost no effect on the P, ; (dP, /dT = 0). In this
study, the effect of temperature on the a-opx — B-opx phase transition of Eng;Fs,,MgTs,; and EnFs,MgTs,,
was vague due to the large pressure steps, but the En,FsyMgTs,;Wo, data collected at room-T high-P and high
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P-T were consistent with a zero dP, ,/dT (Figures 1 and S5 in the Supporting Information S1). In contrast, high
T significantly decreased the Py . The P, of En;gFs;MgTs,;Wo, was 29.7 GPa at room-T,, which is larger than
the Pﬁ-v at 700 K (25.0 GPa); The Pﬁ_y of Eng;Fs,;MgTs,, was 32.6 GPa at 300 K, and it was 24.4 GPa at 700 K.
The B-opx — y-opx phase transition of En Fs;MgTs,, was not observed at high P up to the maximum pressure of
35.1 GPa, but this phase transition occurred at 29.5 GPa at 700 K. Moreover, at high T the P, of EngFsMgTs,,
is ~5 GPa larger than those of Eng,Fs,;MgTs,, and En, Fs;MgTs,,Wo, (~25 GPa). Therefore, the P at high T
also increases with increasing Al content (Figures 1 and S5 in the Supporting Information S1).

4.3. Compositional Effects on the EoS of Orthopyroxene

To investigate the compositional effects on the EoS of orthopyroxene, we compared the thermal EoS parameters
(Vi Ky 0300, and (0K;/9T) ) of orthopyroxenes with various compositions from this study and from previous
studies (Bass & Weidner, 1984; Chai et al., 1997, de Vries et al., 2013; Dera, Finkelstein, et al., 2013; Dietrich &
Arndt, 1982; Flesch et al., 1998; Frisillo & Barsch, 1972; Frisillo & Buljan, 1972; Hugh-Jones, 1997; Hugh-Jones
et al., 1997; Hugh-Jones & Angel, 1994; Hugh-Jones & Angel, 1997; Jackson et al., 2003; Jackson et al., 1999;
Jackson et al., 2007; Kumazawa, 1969; Kung et al., 2004; Nestola et al., 2008; Periotto et al., 2012; Sarver
& Hummel, 1962; Saxena, 1988; Scandolo et al., 2015; Sueno et al., 1976; Webb & Jackson, 1993; Weidner
et al., 1978; Xu et al., 2016; Xu et al., 2018; Xu et al., 2020; Xu, Ma, et al., 2017; Yang & Ghose, 1994; Zhao
et al., 1995; Zhang & Bass, 2016; Zhang, Jackson, et al., 2013). Due to the trade-off between K, and K';, the
thermal EoS parameters derived by XRD method were redetermined by refitting the data to BM3 EoS with fixed
K’y = 8, which is very close to the K, of En (Angel & Jackson, 2002; Periotto et al., 2012; Xu et al., 2018). In
addition, the adiabatic bulk moduli (K,) and their temperature derivative ((0K/dT),) obtained by methods other
than XRD (e.g., BS and UI) were converted to their corresponding isothermal values (K, and (9K,/0T),) using
the following equations: Kro = Kso/(1 + ayT) and (0K/0T), = (0K,/0T), + ayT/(1 + ayT), where a is thermal
expansion coefficient, y is Griineisen parameter (Yang & Ghose, 1994), and T is temperature. The results are
summarized in Figure 3 and Table S6 in the Supporting Information S1.

For the En-Fs orthopyroxenes, the V,;, decreases monotonically with increasing En, as suggested by Tarantino
etal. (2002) and shown in Figure 3a. A weighted linear regression of the En-Fs data yields the following equation:
Vi = —0.433(3)Mg, + 875.9(5), R* = 0.99. The incorporation of Al significantly decreases the V., as shown in
Figure 3a, and the V;, of the Al-bearing orthopyroxenes is smaller than those of their adjacent Al-free orthopy-
roxenes. For instance, the V,;, of Eng,Fs,;MgTs,, and EngFs;MgTs,, is 0.9% and 2.5% lower than that of En;Fs.,
within the En-Fs join. The K, of En-Fs orthopyroxene increases with increasing M, (Figure 3b), which can be
described by the linear regression equation: K,y = 0.08(1)My, + 99(1), R? = 0.58. In addition to influencing the
Vi the incorporation of Al also influences the K, of orthopyroxene. As shown in Figure 3b, Al-bearing or-
thopyroxenes have larger K, than Al-free orthopyroxenes. The exception is Eng,Fs; obtained by Zhang, Jackson,
et al. (2013), which has a significantly larger K, than the other En-Fs orthopyroxenes (Figure 3b).

In this study, fitting the P-V-T data to the BM3 EoS yielded K, = 113.0(20) GPa and K',, = 7.1(4) for En,,
Fs,MgTs, Wo,, and K, = 113.0(20) GPa and K';;, = 7.0(5) for En;Fs,;MgTs,; with fixed K';,, = 8, the K, was
determined to be 109.9(6) and 109.1(6) GPa for En, Fs,MgTs,;Wo, and En,Fs,,MgTs, . respectively. However,
the BM3 EoS fitting yields K, = 136.0(20) GPa and K',, = 3.5(5) for En,Fs;MgTs,, without any constraint.
It should be noted that the K;;, = 136.0(20) GPa obtained for En Fs;MgTs,, is significantly (~20%) larger than
those of En,(Fs,;MgTs,Wo, and Eng;Fs,,MgTs,, and it is the highest K, of orthopyroxene obtained thus far.

Unlike other upper mantle minerals (olivine, clinopyroxene, and garnet) whose K'; are around 4 (e.g., Downs
et al., 1996; Sinogeikin & Bass, 2000; Xu, Zhang, et al., 2017), orthopyroxene has “anomalously” high value of
K’ such as K’y = ~8 for En (Angel & Jackson, 2002). In this study, the obtained K", for En,,Fs,MgTs,;Wo,
and Eng;Fs,,MgTs, are consistent with the values of K’y reported by previous studies on orthopyroxene (e.g.,
Angel & Jackson, 2002; Chai et al., 1997; Zhang & Bass, 2016). In contrast, the obtained K';, = 3.5(5) for
EngFs;MgTs,, is much smaller. Therefore, it should be cautious with such a small K';;. We compared the EoS
fits without constraint on K’y and with fixed K';;, = 8 for the three orthopyroxenes. As shown in Figures Sé6a
and S6b in the Supporting Information S1, for En,(Fs,;MgTs, Wo, and En;Fs,,MgTs, ., the EoS fit that has K",
fixed at 8 is very consistent with the EoS fit that has no constraint on K"y, indicating that K’y is very close to
8 for these two orthopyroxenes. However, for EngFs;MgTs,,, the EoS fit that has K", fixed at 8 significantly
increases the misfit to the data in comparison to the EoS fit that has no constraint on K"y, (Figure Sé6c in the
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Supporting Information S1). In addition, the f,-F plot (Angel, 2000) was used to assess the quality of the EoS
fit. As shown in Figure S7a and S7b in the Supporting Information S1, the f,-F data lie on an inclined line for
En,,Fs,MgTs,,Wo, and Eng;Fs,,MgTs,, and either the EoS fit that has K", fixed at 8 or the EoS fit that has no
constraint on K’y represents the f,-F,. data very well. For EnFs,MgTs,,, however, the EoS fit that has K’y fixed
at 8 does not represent the f,-F data (Figure S7¢ in the Supporting Information S1); and the f,-F data almost lie
on a nearly horizontal line, indicating that the K"y, is very close to 4 (Angel, 2000).

Moreover, fitting the P-V-T data to the BM3 EoS with/without fixed K',, = 8 yielded reasonable values of a,
and (0K,/dT),, for En,,Fs;MgTs, Wo, and EngFs,,MgTs, (Figure S8 and Table S6 in the Supporting Informa-
tion S1). However, with fixed K’ = 8, the EoS fitting yielded o, and (0K,/0T), with very large uncertainties
(Figure S8 and Table S6 in the Supporting Information S1), also indicating that, unlike En,,Fs;MgTs,;Wo, and
Eng,Fs,,MgTs,,, EngFs;MgTs,, has a K’ significantly deviating from 8.

Due to the trade-off between K, and K", when performing an EoS fit, the obtained high/low value of K /K",
of EnyFs,MgTs,, still needs confirmation from direct measurements of the elastic constants. However, our EoS
fits of En, Fs;MgTs, Wo, and Eng,Fs,.MgTs,, yield values of K, that are comparable to the values of orthopy-
roxenes that contain comparable Al contents obtained by direct measurements (Table S6 in the Supporting In-
formation S1). Thus, the BM3 EoS fitting of our data can yield reliable values of K. The volume data of
EngFs,MgTs,, were collected using the same method as that was used for the other two orthopyroxenes, the
obtained K, should also be comparable to that obtained by direct measurement. The obtained high/low value
of K;/K'y, of EngFs;MgTs,, is therefore unlikely the result of experimental artifacts but likely caused by the
extremely high Al content. Such a high K, can be explained by the high Al content because tetrahedral Al substi-
tutes Si and stiffens the orthopyroxene structure (e.g., Chai et al., 1997; Xu et al., 2016). In addition, for isostruc-
tural minerals, the bulk modulus normally increases with decreasing unit-cell volume (e.g., Gao et al., 2014), and
the incorporation of ~12 wt. % Al O, lowers the unit-cell volume of EnFs;MgTs,, by 2.5% in comparison with
Al-free orthopyroxene (Figure 3a). Moreover, the low value of K’ indicates that, when the Al content incorpo-
rated in orthopyroxene is as high as that in EnFs;MgTs,,, the incorporation of Al may change the compression
mechanism of orthopyroxene.

To quantitatively describe the effect of Al on V,,,, we defined E,; (V) = [V, (Al-bearing) — V, (Al-free)]/V
(Al-free) to evaluate the effect of Al incorporation on the V, and E,, (K;;)) = [K, (Al-bearing) — K, (Al-free)]/
K (Al-free) was defined in the same way. This relation highlights how the variation in Al content (M, ) in-
fluences V,;, and K, (Figures 3¢ and 3d). As shown in Figure 3c, the E,; (V) decreases with increasing My, .,
as described by the linear regression equation E,; (V) = —0.00103(5)My, 1, R* = 0.98. The E,,, (K,)) increases
with increasing My, (Figure 3d), as indicated by the linear regression equation E,; (Kz,) = 0.007(1)My;
R* = 0.77, when performing the linear fitting of all the data including the XRD data whose K, values are ob-
tained with fixed Ky, = 8.0; or E | (K)) = 0.009(2)M,, 1, R* = 0.78, when the K, of the data point (My,,, = 24)
obtained without fixed K, = 8 instead of that obtained with fixed K',, = 8 is included in the linear fitting.

In contrast to Vi, and K, the compositional effects on a,, are indistinct. As shown in Figure S5a and Table
S6 in the Supporting Information S1, the obtained values of a,, for En,yFs,MgTs, Wo,, Eng,Fs,;MgTs,,, and
EngFs;MgTs,, in this study are very close to each other, within the uncertainty. These values are very similar
to those of En (Hugh-Jones, 1997; Jackson et al., 2003; Zhao et al., 1995). Similarly, the (0K,/0T), of the vari-
ous orthopyroxenes are comparable within the uncertainty (Figure S5a in the Supporting Information S1). The
(0K,/0T),, of En,,Fs;MgTs,,Wo,, En.;Fs,.MgTs, , and EnFs,MgTs,, are within —0.031(9) - —0.016(12) GPa/K.

5. Geophysical Implications

Previous studies suggested that the pressure-induced phase transition of orthopyroxene depends on the temper-
ature. Orthopyroxene transforms into high-P clinopyroxene (hpcpx) at ~7 GPa, and the pressure of this tran-
sition increases with increasing temperature (Akashi et al., 2009; Fei et al., 1990; Ito & Navrotsky, 1985; Ono
et al., 2018). This phase transition requires high temperatures of ~1000 K (Akashi et al., 2009; Woodland, 1998).
With increasing pressure, hpcpx either transforms into majorite at very high 7' (>1800 K) or decomposes into
wadsleyite and stishovite at relatively low 7 (<1800 K; Fei et al., 1990; Ito & Navrotsky, 1985; Ono et al., 2018).
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High P-T experiments at temperatures lower than 800 K have shown metastable phase transitions of orthopyrox-
ene. Several studies (Xu et al., 2018, 2020; Zhang et al., 2014) have shown that the pressure-induced a-opx —
B-opx and p-opx — y-opx phase transitions apply to En-Fs orthopyroxenes with Mg, < 70 under relatively low
temperatures (<800 K). In this study, room-7 high-P experiments have demonstrated the a-opx — f-opx phase
transition in synthetic Eng;Fs,.MgTs,,, EnFs,MgTs,, and natural En,,Fs,;MgTs, Wo,, and we have observed
the f-opx — y-opx phase transition in Eng,Fs,,MgTs,, and En,,Fs,;MgTs, Wo, (Figures 1 and 2). The high P-T
experiments showed that En,,Fs;MgTs, Wo,, synthetic Eng;Fs,,MgTs,, and EnFs,MgTs,, undergo stepwise
a-opx — f-opx — y-opx phase transitions with increasing pressure and temperature up to ~30 GPa and 700 K
(Figures 1 and S5 in the Supporting Information S1). Our experiments indicate that a-opx — f-opx — y-opx
phase transitions occur in Mg-Fe-Al-Ca orthopyroxenes at high P-T, even when the Al content is extremely high
(~12 wt. % Al,O, in EngFs;MgTs,,), and the variation in composition shifts the pressures of the phase transi-
tions, especially for the B-opx — y-opx phase transition (Figures 1 and 2). In natural orthopyroxenes, Mg+, Fe>*:
and AP+ are the most abundant cations other than Si**, and Ca?* usually occurs as a very minor component, as in
San Carlos En,,Fs,;MgTs, Wo, in this study. Therefore, this study indicates that the stepwise a-opx — B-opx —
y-opx phase transitions exist for most natural orthopyroxenes under relatively low temperatures.

Among various geological settings, the subduction zone at the convergent plate boundary is the most likely place
where the a-opx — f-opx — y-opx phase transitions occur for orthopyroxenes. Under such conditions, the old
and fast subducting slabs bear low-T conditions in the slab center (harzburgite layer) and thus enable a metastable
region that possesses untransformed phases that do not exist under the normal mantle geotherms (e.g., Faccenda
& Dal Zilio, 2017; Kirby et al., 1996). The metastable region is regarded as one of the key factors that cause the
presence of stagnant slabs at the transition zone in some subduction zones, and the temperature of the slab center
is estimated to be lower than 1000 K in some cases (e.g., Ganguly et al., 2009; King et al., 2015). Under such
conditions, the dissolution of pyroxene in garnet could be inhibited in geological time scales (Nishi et al., 2013;
Van Mierlo et al., 2013).

The a-opx — f-opx and f-opx — y-opx transition are displacive phase transitions (Dera, Finkelstein, et al., 2013)
as indicated by the group-subgroup relation of their space group (Pbca and P2,/c) and their similar structure
topology, indicating that the atomic displacements through the phase transitions are small (Dove, 1997). Displa-
cive phase transitions have very low activation energies and usually can occur at room-7 (Shekar & Rajan, 2001)
in a matter of seconds, or shorter. In this study, we observed the a-opx — f-opx and f-opx — y-opx transition
both at room-7 and high-T. In the experiment, the high P-T condition was kept for about 1 hr, and the phase tran-
sition occurred rapidly within the first few minutes. Therefore, the a-opx — p-opx and f-opx — y-opx transition
are much more likely to occur under cold slab conditions in comparison to the dissolution of pyroxene in garnet
which is largely diffusion-controlled (Nishi et al., 2013; Van Mierlo et al., 2013).

The high P-T experiments in this study provide insights into the possible metastable phases of orthopyroxene
preserved within such cold stagnant slabs (Figure 4). The a-opx — p-opx — y-opx phase transitions occur as the
slabs undergo downwelling. The variations in the contents of Fe and Al do not significantly change the depth of
the a-opx — P-opx transition but significantly shift the boundary between the B-opx and y-opx in the opposite
direction. In addition, the incorporation of Ca deepens the a-opx — f-opx transition and shallows the p-opx —
y-opx phase transition. Therefore, the B-opx and y-opx could be the possible metastable phases of orthopyroxenes
within the stagnant slabs that locate at the transition zone (Figure 4).

We have modeled the densities of these three orthopyroxenes (a-opx, p-opx, and y-opx) as well as the subduction
slab and the surrounding mantle (Figure 4b) along the cold slab geotherm using the measured thermal EoS pa-
rameters. The density of the y-opx phase is assumed to be 2% larger than that of B-opx and has the same thermal
EoS parameters as f-opx due to the lack of thermal EoS parameters. For the modeling of the slab density profile,
we adopt the slab model proposed by Ringwood (1982) which is ~80 km thick and composed of from top to bot-
tom a basalt layer (6.5 km thick), a 23.5-km thick residual harzburgite layer, a residual lherzolite (10 km thick),
and a depleted pyrolite layer (40 km thick). The major element bulk chemistries of the different layers include a
MORB (mid-ocean ridge basalt) composition (Sanehira et al., 2008) for the top basalt layer, an ophiolitic harzbur-
gite (Tamura & Arai, 2006) for the residual harzburgite layer, and a depleted mantle composition (Workman &
Hart, 2005) for the residual lherzolite and the depleted pyrolite layers as the minor difference between these two
lithological units does not affect the density structure (Ganguly et al., 2009). The mantle composition is repre-
sented by the pyrolite model (Green, 1979). The mineral proportions and mineral compositions of the MORB,
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Figure 4. (a) A schematic diagram of a cold subducting slab, showing the metastable phase transitions of orthopyroxene (a-opx — f-opx — y-opx) in the cold
regions of the slab, in comparison with the a-opx — hpcpx — wad + stv — rwd + stv — akm transition (hpcpx = high-pressure clinopyroxene; wad = wadsleyite;

stv = stishovite; rwd = ringwoodite; akm = akimotoite) under higher temperature conditions (Ono et al., 2018). The variations in Fe and Al contents do not
significantly influence the pressure of the a-opx — B-opx transition but significantly shift the boundary between the p-opx and y-opx in the opposite direction; the
addition of Ca increases the pressure of the a-opx — f-opx transition but decreases the pressure of the f-opx — y-opx transition. (b) Densities of three orthopyroxenes
(En, Fs,MgTs,,Wo,, Eng;Fs,;MgTs,, and EnFs;MgTs,, represented by red, green, and blue dashed lines, respectively) in comparison with the densities of different
lithological units of the slab, the entire slab, and the pyrolite mantle. The MORB, harzburgite, depleted pyrolite, the entire slab and the pyrolite mantle are represented
by light blue, magenta, yellow, red, and black solid lines, respectively.

depleted pyrolite, and pyrolite as functions of P along the geotherms (Ganguly et al., 2009) are calculated using
the Perple_X software package (Connolly, 2005). The obtained mineral proportions and mineral compositions
are reported in Figure S9 and Tables S7-S9 in the Supporting Information S1. The mineral proportions and com-
positions of the harzburgite are not calculated but adopted from Tamura and Arai (2006), which is composed of
78 vol. % olivine (Mg, (F,,Si0,) and 22 vol. % orthopyroxene (Eng,Fs,MgTs,Wo,). The olivine and orthopyrox-
ene in the harzburgite are assumed to be metastable phases as olivine is also considered to be metastable under
the cold subduction zone condition (e.g., Ishii & Ohtani, 2021). The mineral proportions and compositions are
assumed to be constant. The a-opx — f-opx and f-opx — y-opx transition of orthopyroxene are included in the
harzburgite.

The density of each mineral at varying P-T is calculated using the thermal EoS parameters summarized in Table
S10 in the Supporting Information S1 (Text S1 in the Supporting Information S1; Arimoto et al., 2015; Armen-
trout & Kavner, 2011; Downs et al., 1996; Fan et al., 2019; Gréaux et al., 2011; Horiuchi et al., 1987; Jephcoat
et al., 1999; Katsura et al., 2009; Liu et al., 1999; Liu & Li, 2006; Mao et al., 2011; Nishihara et al., 2004;
Reichmann et al., 2002; Ricolleau et al., 2009; Shinmei et al., 1999; Sinogeikin & Bass, 2002; Tribaudino &
Mantovani, 2014; Wang et al., 2014; Zhang et al., 1997; Zhao et al., 1998; Zhao et al., 1995; Zhao et al., 1997,
Zou et al., 2012). The density of each lithological unit is calculated using the Voigt-Reuss-Hill average scheme.

The densities of different lithological units of the slab are compared in Figure 4b with the pyrolite mantle density.
As shown in Figure 4b, the densities of the basalt and depleted pyrolite layers are higher than the mantle density
in the upper mantle and in the deepest range of the transition zone, which is consistent with the results reported
by Ganguly et al. (2009). This is reasonable as the basalt layer is mainly composed of garnet, stishovite, and
clinopyroxene, and with increasing pressure, the volume of the low-density clinopyroxene is diminishing, while
the amount of dense garnet is increasing (Figure S9 in the Supporting Information S1). The depleted pyrolite and
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the pyrolite mantle are very similar in mineral species (Figure S9 in the Supporting Information S1), the higher
density of the former is attributed to its lower temperature in comparison to the latter (Ganguly et al., 2009).
However, at the bottom of the transition zone, as ringwoodite decomposes into bridgmanite and magnesiowtistite
(rwd — bdg + mw) under mantle geotherm, the density of the depleted pyrolite is less than the density of the
pyrolite mantle which jumps by 6.7% while the rwd — bdg + mw transition in the former is postponed due to the
low T in the slab (Faccenda & Dal Zilio, 2017).

The density of the harzburgite layer is slightly higher than the mantle density in the upper mantle although the
harzburgite does not contain the densest silicate mineral in the upper mantle (garnet), and the higher density of
the former is attributed to its low temperature. However, in the transition zone, the harzburgite is much (up to
4.2%) less dense than the pyrolite mantle, indicating that the temperature effect on the density is minor in com-
parison to the effects of mineral species. The density increases of the harzburgite contributed by the metastable
phase transitions of orthopyroxene are very limited. As shown in Figure 4b, the a-opx — f-opx and p-opx —
y-opx transition increase the density of harzburgite by 0.3% and 0.4% at 16 and 25 GPa, respectively, although
these phase transitions result in 1.2%-2.0% density increase of orthopyroxene. Therefore, the density increase by
the metastable phase transitions of orthopyroxene is negligible in comparison to the density contrast between the
harzburgite and the pyrolite mantle.

The density of the entire slab is also shown in Figure 4b, which is up to 2.1% higher than the pyrolite mantle
density in the upper mantle. At the upper region of the transition zone (410-500 km) the densities of the slab and
the pyrolite mantle become very comparable, then the density contrast (up to 1.8%) increases with increasing
depth in the lower region of the transition zone. At the bottom of the transition zone where the rwd — bdg + mw
transition largely increases the pyrolite mantle density; thus, the slab becomes 4.9% less dense than the pyrolite
mantle. Therefore, our slab modeling shows that the metastable olivine and orthopyroxene in the harzburgite lay-
er and the postponed rwd — bdg + mw transition in the depleted pyrolite layer would cause the cold subducted
plate much less dense than the surrounding mantle and promote the stagnation of the slab at the bottom of the
transition zone. Previous studies have shown that the postponed rwd — bdg + mw transition in the slab would
cause the slab stagnation at the bottom of the transition zone (e.g., Faccenda & Dal Zilio, 2017). In this study,
our results indicate that the existence of metastable orthopyroxene and olivine in the harzburgite layer would
be another contribution to the slab stagnation at the bottom of the transition zone in addition to the postponed
rwd — bdg + mw transition. In addition, our results show that the slab and the mantle are very close in density in
the upper region of the transition zone. This indicates that the existence of a large amount of metastable olivine
and orthopyroxene in the harzburgite layer could cause slab stagnation in the upper region of the transition zone,
which could be related to stagnant slabs that are well above the 660-km discontinuity in some subduction zones
such as the stagnant slabs in the Bonin arc and southern Kurile arc (Fukao & Obayashi, 2013).
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