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Epidote is a typical hydrous mineral in subduction zones. Here, we report a synchrotron-based single-crystal X-ray
diffraction (XRD) study of natural epidote [Ca1.97Al2.15Fe0.84(SiO4)(Si2O7)O(OH)] under simultaneously high
pressure-temperature (high P-T) conditions to ~17.7 GPa and 700 K. No phase transition occurs over this P-T
range. Using the third-order Birch-Murnaghan equation of state (EoS), we fitted the pressure-volume-temperature
(P-V-T) data and obtained the zero-pressure bulk modulus K0 ¼ 138(2) GPa, its pressure derivative K '

0 ¼ 3.0(3),
the temperature derivative of the bulk modulus ((∂K/∂T)P ¼ �0.004(1) GPa/K), and the thermal expansion co-
efficient at 300 K (α0 ¼ 3.8(5) � 10�5 K�1), as the zero-pressure unit-cell volume V0 was fixed at 465.2(2) Å3

(obtained by a single-crystal XRD experiment at ambient conditions). This study reveals that the bulk moduli of
epidote show nonlinear compositional dependence. By discussing the stabilization of epidote and comparing its
density with those of other hydrous minerals, we find that epidote, as a significant water transporter in subduction
zones, may maintain a metastable state to ~14 GPa along the coldest subducting slab geotherm and promote slab
subduction into the upper mantle while favoring slab stagnation above the 410 km discontinuity. Furthermore,
the water released from epidote near 410 km may potentially affect the properties of the 410 km seismic
discontinuity.
1. Introduction

Hydrous minerals play a crucial role in carrying and storing H2O in
the deep Earth (e.g., Pawley et al., 1996; Schmidt and Poli, 1998; Peacock
and Hyndman, 1999; Hacker et al., 2003; Faccenda, 2014; Zheng et al.,
2016, 2019; Mookherjee et al., 2019; Xu et al., 2019a; Zhang et al.,
2019). They are also involved in the progressive dehydration of a sub-
ducting slab. This process is considered responsible for
intermediate-depth earthquakes (Kirby et al., 1996; Peacock, 2001) and
can trigger hydration-driven partial melting reactions in the mantle
wedge above the slab, further leading to explosive volcanism (Peacock,
1990; Schmidt and Poli, 1998; Forneris and Holloway, 2003). The
physical and chemical properties of hydrous minerals can restrict their
stability and the pressure-temperature (P-T) conditions of the related
dehydration reactions in which they are potentially involved (Pawley
et al., 1998; Hacker et al., 2003; Alvaro et al., 2012; Liu et al., 2019b).
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Consequently, an exhaustive study of the physical and chemical prop-
erties of hydrous minerals, in particular, their thermoelastic properties
under high P-T conditions, is an essential prerequisite for an accurate
understanding of the geodynamic processes in the Earth’s mantle and
subduction zones (e.g., Fan et al., 2011; Alvaro et al., 2012; Kakizawa
et al., 2018; O’Bannon et al., 2018; Liu et al., 2019a; Satta et al., 2019;
Bindi et al., 2020).

Epidote, a geologically significant hydrous Ca–Al-silicate, mainly
occurs in many metabasites, metapelites and metacherts that are typical
in subduction zones (Liou, 1973, 1993; Bird and Spieler, 2004; Enami
et al., 2004; Chen et al., 2019). As an important carrier of water in
subduction zones (Schmidt and Poli, 1998; Spandler et al., 2003; Enami
et al., 2004; Frei et al., 2004), epidote contains ~2 wt.% H2O and typi-
cally up to 5–20 wt.% in subducting mid-ocean ridge basalts (MORB)
(Schmidt and Poli, 1998). It belongs to the monoclinic epidote-group
minerals with mixed SiO4 tetrahedra and Si2O7 groups and has a
ay 2020

Production and hosting by Elsevier B.V. This is an open access article under the

l epidote at high pressure and high temperature: Implications for water
/10.1016/j.gsf.2020.05.022

mailto:fandawei@vip.gyig.ac.cn
www.sciencedirect.com/science/journal/16749871
www.elsevier.com/locate/gsf
https://doi.org/10.1016/j.gsf.2020.05.022
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.gsf.2020.05.022


B. Li et al. Geoscience Frontiers xxx (xxxx) xxx
topology consistent with space group P21/m (Franz and Liebscher, 2004).
The general chemical formula of epidote can be expressed as
A1A2M1M2M3(SiO4)(Si2O7)O(OH), where A1 and A2 are sites with
coordination numbers larger than 6 and are usually filled with Ca2þ, and
M1, M2, and M3 are octahedral sites mainly occupied by Al3þ and Fe3þ.
The Fe3þ content of epidote is expressed as XEp ¼ Fe3þ/(Fe3þþAl3þ�2),
and commonly, XEp is in the range of 0.5–1.0 (Franz and Liebscher,
2004). The crystal structure of epidote (Fig. 1) is built up by two types of
repeating octahedrons that run parallel to the b-axis and consists of three
non-equivalent octahedrons M1, M2, and M3. One type of octahedral
chain is made up only of edge-sharing M2 octahedra, while M1 and M3
octahedra attach on alternate sides along the chain extension to form
another chain. These two octahedral chains are cross-linked in [100] and
[001] by isolated SiO4 and Si2O7 groups with two nonequivalent large A1
and A2 positions in between (Franz and Liebscher, 2004).

Several authors have studied the equation of state (EoS) of epidote by
means of X-ray diffraction (XRD) on samples with different Fe contents
and obtained diverse values for the bulk modulus K0 and its pressure
derivative K '

0. Holland et al. (1996) conducted a powder XRD study of a
natural epidote sample with composition XEp ¼ 1.0 up to 5.21 GPa and
Fig. 1. Crystal structure of epidote viewed along the b-axis (a), a-axis (b), c-axis (c); th
Si4þ occupies tetrahedral sites. M1, M2 and M3 represent three types of octahedral si
(color online).
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obtained a value of K0 ¼ 162(4) GPa with K '
0 fixed at 4. Subsequently, K0

¼ 207(15) GPa was obtained by Qin et al. (2003) with K '
0 fixed at 4 on a

natural epidote sample (XEp ¼ 0.6) up to 20 GPa. For a natural epidote
sample with XEp ¼ 0.74, Gatta et al. (2011) obtained K0 ¼ 111(3) GPa
and K '

0 ¼ 7.6(7) up to 10 GPa (at 300 K) and volume thermal expansion
coefficient αT ¼ 5.1(2) � 10�5 � 5.1(6) � 10�4T�1/2 up to 1200 K (at
0.0001 GPa). In addition, Fan et al. (2014) obtained K0¼ 116(7) GPa and
its pressure derivative K '

0 ¼ 7.8(8) on a natural epidote sample with XEp

¼ 0.5 up to 9.16 GPa. Recently, K0 ¼ 115(3) GPa and K '
0 ¼ 3.7(2) was

gained by Qin et al. (2016) on a natural epidote sample (XEp¼ 0.79) up to
30 GPa. In this light, the thermoelastic properties of epidote under
simultaneously high P-T conditions have not yet been evaluated, which
hinders our understanding of the thermoelasticity and stability of epidote
in the deep Earth, especially within subduction zones.

In this study, we report the pressure-volume-temperature (P-V-T)
relations of natural epidote [Ca1.97Al2.15Fe0.84(SiO4)(Si2O7)O(OH)]
under simultaneously high P-T conditions up to ~17.7 GPa and 700 K
using an in situ synchrotron-based single-crystal XRD method in an
externally heated diamond anvil cell (EHDAC). The chemical composi-
tion of the sample reflects the typical epidote composition in ultrahigh-
e red balls indicate oxygen, and the cyan balls indicate calcium. In this structure,
tes; M2 is occupied by Al3þ, while M1 and M3 can be occupied by Al3þ and Fe3þ



Table 1
Unit-cell parameters of epidote at different pressures and temperatures.

P (GPa) T (K) V (Å3) a (Å) b (Å) c (Å) β (�)

0.0001 300 456.2(2) 8.875(3) 5.610(1) 10.130(4) 115.26(4)
0.5(1) 300 454.8(2) 8.866(3) 5.603(1) 10.123(4) 115.27(4)
2.3(1) 300 448.5(2) 8.823(3) 5.578(1) 10.070(4) 115.20(4)
4.5(1) 300 442.1(2) 8.780(3) 5.552(1) 10.023(4) 115.20(4)
5.8(1) 300 438.3(2) 8.751(3) 5.537(1) 9.998(3) 115.22(4)
6.3(1) 300 436.8(2) 8.740(3) 5.533(1) 9.982(3) 115.17(4)
8.4(1) 300 431.6(2) 8.702(3) 5.513(1) 9.936(3) 115.11(4)
11.1(1) 300 424.6(2) 8.643(2) 5.490(1) 9.870(3) 114.95(4)
12.2(1) 300 421.6(2) 8.614(2) 5.480(1) 9.852(3) 114.97(4)
15.0(1) 300 415.0(2) 8.564(2) 5.458(1) 9.776(3) 114.73(4)
4.4(1) 500 445.8(2) 8.804(3) 5.567(1) 10.054(4) 115.21(4)
5.8(1) 500 441.6(2) 8.774(3) 5.550(1) 10.021(3) 115.20(4)
6.9(1) 500 438.4(2) 8.749(3) 5.539(1) 9.995(3) 115.17(4)
7.8(1) 500 435.6(2) 8.730(3) 5.528(1) 9.969(3) 115.12(4)
8.3(1) 500 434.7(2) 8.723(3) 5.525(1) 9.961(3) 115.11(4)
9.5(1) 500 431.2(2) 8.695(2) 5.513(1) 9.932(3) 115.09(4)
10.7(1) 500 428.6(2) 8.677(2) 5.502(1) 9.907(3) 115.03(4)
12.4(1) 500 424.0(2) 8.638(2) 5.488(1) 9.866(3) 114.97(4)
14.3(1) 500 420.1(2) 8.606(2) 5.473(1) 9.837(3) 114.95(4)
16.3(1) 500 414.5(2) 8.558(2) 5.456(1) 9.776(3) 114.76(4)
7.0(1) 700 440.7(2) 8.765(3) 5.549(1) 10.007(3) 115.12(4)
9.1(1) 700 435.0(2) 8.723(3) 5.527(1) 9.965(3) 115.13(4)
11.5(1) 700 429.0(2) 8.675(2) 5.508(1) 9.910(3) 115.05(4)
13.8(1) 700 423.4(2) 8.634(2) 5.486(1) 9.861(3) 114.96(4)
17.7(1) 700 414.2(2) 8.557(2) 5.453(1) 9.777(3) 114.79(4)

Fig. 2. Representative X-ray diffraction patterns (single-crystal XRD) of epidote
under high P-T conditions.
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pressure (UHP) metamorphic belts (Ferrando et al., 2005; Cao and Song,
2009; Guo et al., 2013). By fitting the present P-V-T data to the
high-temperature Birch-Murnaghan EoS, we obtain the thermoelastic
parameters of epidote. In addition, our results are comparedwith those of
previous studies of epidote with different Fe contents. Finally, we discuss
the stability of epidote and the potential implications for water transport
during cold slab subduction.

2. Sample and experiment

A natural, dark green epidote sample used in this study was collected
from Yunnan Province in China. The chemical composition of the epidote
was estimated as [Ca1.97Al2.15Fe0.84(SiO4)(Si2O7)O(OH)] based on the
results of electron microprobe analysis (EMPA) using a JXA-8230 elec-
tron microprobe. The analytic acceleration voltage was 15 kV, the beam
current was 20 nA, and the beam size was 5 μm in diameter. A small chip
of a single epidote crystal with a thickness of less than 10 μm was
extracted from a larger EMPA sample for this study.

High P-T XRD experiments were carried out using an EHDAC (Kantor
et al., 2012), which was equipped with a pair of 500-μm culet-size dia-
mond anvils mounted on wolfram carbide (WC) seats. A rhenium foil,
pre-indented to a thickness of ~50 μm, was used as a gasket, and a hole
with a diameter of 300 μm was drilled to serve as the sample chamber.
The epidote sample was loaded into the sample chamber with Au powder
serving as the pressure calibrant (Fei et al., 2007). At each P-T point, the
Au diffraction patterns were obtained before and after sample data
collection, and the pressure uncertainties did not vary by more than �
0.1 GPa. The neon pressure medium was loaded into the sample chamber
using the gas-loading system at the GeoSoilEnviroConsortium for
Advanced Radiation Sources (GSECARS) of the Advanced Photon Source
(APS), Argonne National Laboratory (ANL) (Rivers et al., 2008). After
neon gas loading, the gasket hole shrank to approximately 200 μm in
diameter, and the initial pressure was approximately 0.5 GPa. Heating
was carried out by a resistance-heating system, and the temperature was
measured with a Pt90Rh10–Pt100 thermocouple attached to one of the
diamond anvils approximately 500 μm from the diamond culet (Xu et al.,
2018, 2019b; Fan et al., 2019a, b), and the uncertainty involved in
temperature measurement was less than 1 K (Sinogeikin et al., 2006; Fan
et al., 2010; J. Yang et al., 2014b; Mao et al., 2015). To minimize the
temperature instability for each heating run, we stabilized the sample
chamber at a given temperature for at least 600 s. Temperatures of the
sample chamber were actively stabilized within �1 K using the
temperature-power feedback program with a remotely controlled DC
power supply during the experiments (Zhang et al., 2017).

The high P-T single-crystal XRD measurements were conducted at
beamline 13-BM-C of the APS. The incident X-ray beam had a wavelength
of 0.4340 Å and a focal spot size of 15 μm � 20 μm full widths at half
maximum (FWHM). The MAR165 charge-coupled device (CCD) detector
(Zhang et al., 2017) was placed approximately 156 mm from the sample
to acquire the diffraction images, and ambient LaB6 powder was used to
calibrate the distance and tilt of the detector. Wide and stepped ϕ-rota-
tion exposures were collected for the single-crystal sample at each
loading run, with an exposure time of 2 s/deg. The ϕ-rotation axis was
horizontal and perpendicular to the incident X-ray direction.

The XRD images at each P-T point were analyzed using the GSE_ADA/
RSV software package (Dera et al., 2013). Then, the unit-cell parameters
of epidote were refined by the least-squares fitting technique using the
UnitCell software (Holland and Redfern, 1997). Each diffraction pattern
had at least 30 good single-crystal diffraction spots. Except for the
single-crystal diffraction spots of the diamond, all the other single-crystal
diffraction spots could be successfully indexed using the monoclinic
symmetry of epidote. The obtained characteristic diffraction peaks of
epidote were (-211), (020), (120), (-311), (-221), (-321), (-502), (-231),
(-206), (115), and (040). Only the peaks appearing at all P-T steps were
used to refine the unit-cell parameters to maintain consistency. The
unit-cell parameters obtained in this study (Table 1) had high quality
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consistent with that of recent studies (Gatta et al., 2011; Qin et al., 2016).

3. Results and discussion

Single-crystal XRD patterns of epidote are shown in Fig. 2. No phase
transition was observed up to the maximum P-T conditions in this study
(~17.7 GPa and 700 K). The refined unit-cell parameters of epidote at
various P-T conditions are shown in Table 1. To derive the thermoelastic
parameters from the measured P-V-T data, we first fitted the compres-
sional P-V data at the 300 K isotherm to the Birch-Murnaghan EoS and
then applied the high-temperature Birch-Murnaghan EoS fitting
approach.



Fig. 3. Normalized unit-cell volume of epidote as a function of pressure at 300
K. The black solid line represents the BM3 EoS fitting based on all data from this
study. The error bars are smaller than the symbols for this study.

Fig. 4. Eulerian strain-normalized pressure (FE-fE) plot of the unit-cell volume
of epidote.
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3.1. Pressure-volume data at 300 K

Birch-Murnaghan equation of state. The P-V relations were deter-
mined by fitting the present 300 K data to a third-order Birch-Murnaghan
Table 2
Summary of thermoelastic studies of epidote.

XEp K0 (GPa) K0
0 V0 (Å3) α0 (K�1) (∂K/∂T)P

1.0 162(4) 4(fixed) 459.9(3)
0.6 207(15) 4(fixed)
0.74 111(3) 7.6(7) 458.8(1)
0.74 2.15 � 10�5

0.5 116(7) 7.8(8) 463.8(6)
0.5 132(4) 4(fixed)
0.79 115(2) 3.7(2) 461.1(1)
0.79 112.2(4) 4(fixed) 461.1(1)
0.84 138(2) 3.0(3) 456.2(2)
0.84 133.1(7) 4(fixed) 456.2(2) 3.8(5) � 10�5 �0.004(1)

a: Powder X-ray diffraction; b: Single-crystal X-ray diffraction; c: 4:1 methanol-ethan
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EoS, which is embodied as follows:

P ¼ ð3=2ÞK0
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where V0, K0, and K '
0 are the unit-cell volume, isothermal bulk modulus,

and its pressure derivative under ambient conditions, respectively. Since
we obtained the unit-cell parameters of epidote under ambient condi-
tions through single-crystal XRD (Table 1), V0 ¼ 456.2(2) Å3 was always
fixed in the fitting of the EoS. Analyses of Eq. (1) by the EoSFit 7c pro-
gram (Angel et al., 2014) with all parameters free yielded K0 ¼ 138(2)
GPa and K '

0 ¼ 3.0(3) for epidote. With K '
0 fixed at 4, the fitting results

yielded K0 ¼ 133.1(7) GPa. Fig. 3 shows the EoS curve derived from the
fitting of the P-V data and compares it with the results reported in pre-
vious studies (Holland et al., 1996; Qin et al., 2003, 2016; Gatta et al.,
2011; Fan et al., 2014). The volume Eulerian finite strain (fE ¼
[(V0/V)2/3�1]) vs. “normalized pressure” (FE¼P/[3fE(2fEþ1)5/2]) plot
(Angel, 2000) was also used to analyze the P–V data, and a weighted
linear fitting yielded an intercept value of 138(2) GPa, which is in good
agreement with the results indicated by the third-order Birch-Murnaghan
EoS within the uncertainty (Fig. 4). Furthermore, the normalized pres-
sure as a function of the Eulerian strain at 300 K has a negative slope
(Fig. 4), which is consistent with a value of K '

0 slightly less than 4 (Angel,
2000). Therefore, the third-order Birch-Murnaghan EoS is a reasonable
choice of the EoS for fitting of the P-V data (Angel, 2000).

Vinet equation of state. We also analyzed the P-V data using the
Vinet EoS (Vinet et al., 1986), which is derived from a “universal equa-
tion” for solids and is represented as follows:

PðVÞ ¼ 3K0y�2ð1� yÞexp½η0ð1� yÞ � (2)

where y ¼ x1/3, x ¼ V/V0 and ƞ0 ¼ (3/2)(K '
0�1). Analyses of Eq. (2)

yielded K0 ¼ 138(2) GPa, and K '
0 ¼ 3.0(3) for epidote, which are

excellently consistent with those derived by fitting to the Birch-
Murnaghan EoS.

From Table 2, we can find that the K0 ¼ 207(15) GPa of epidote re-
ported by Qin et al. (2003) is larger than other values. The leading cause
may be the pressure-transmitting medium (16:3:1
methanol-ethanol-water mixture) used in their study. The 16:3:1
methanol-ethanol-water mixture as a pressure-transmitting medium can
maintain an excellent hydrostatic pressure ambiance only under 10 GPa
(Angel et al., 2007), while the maximum pressure reached 20 GPa in their
study. However, our result of K0 ¼ 138(2) GPa is distinctly higher than
111(3) GPa reported by Gatta et al. (2011), 116(7) GPa by Fan et al.
(2014), and 115(2) GPa by Qin et al. (2016) and less than 162(4) GPa
obtained by Holland et al. (1996). The possible reasons for this difference
may be multiple and complicated (Supplementary Material) (Allen,
1989; Comodi and Zanazzi, 1997; Fehr and Heuss-Aßbichler, 1997;
Zhang, 1999; Franz and Liebscher, 2004; Gottschalk, 2004; Gatta et al.,
Methods Pmax (GPa), Tmax (K) Pressure medium Reference

XRD(PD)a 5.12, 298 ME ¼ 4:1c Holland et al. (1996)
XRD(PD) 20, 298 MEW ¼ 16:3:1 Qin et al. (2003)
XRD(PD) 10, 298 MEW ¼ 16:3:1 Gatta et al. (2011)
XRD(PD) 0.0001, 1200 Gatta et al. (2011)
XRD(PD) 9.16, 298 MEW ¼ 16:3:1d Fan et al. (2014)
XRD(PD) 9.16, 298 MEW ¼ 16:3:1 Fan et al. (2014)
XRD(SC)b 29.4, 298 Neon Qin et al. (2016)
XRD(SC) 29.4, 298 Neon Qin et al. (2016)
XRD(SC) 15, 300 Neon This study
XRD(SC) 17.7, 700 Neon This study

ol mixture; d: 16:3:1 methanol-ethanol-water mixture.
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2011; Fan et al., 2013a, 2013b, 2014, 2015; Huang and Chen, 2014; Qin
et al., 2016; Xu et al., 2017a, 2017b).

3.2. Pressure-volume-temperature data and thermoelastic parameters

The P-V-T data (Table 1) were used to determine the thermoelastic
parameters of epidote up to ~17.7 GPa, and 700 K. Fig. 5 shows the
volume data measured at 300, 500, and 700 K. The high-temperature
Birch-Murnaghan (HTBM) EoS was applied to our high P-T data with
the following form:

P ¼ ð3=2ÞKT0
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where VT0, KT0, and K '
T0 are the unit-cell volume, isothermal bulk

modulus, and its pressure derivative under ambient conditions, respec-
tively. The effects of temperature on KT0 and VT0 are expressed as follows:

VT0 ¼ V0exp
Z T

300
αTdT (4)

KT0 ¼K0 þð∂K0=∂TÞp � ðT � 300Þ (5)

where ð∂K0=∂TÞp and αT ¼ α0 þ α1T (Fei, 1995) are the temperature
derivative of the bulk modulus and the volumetric thermal expansion at
ambient pressure, respectively.

Fitting the P-V-T data to the HTBM EoS (3) yielded: (∂K/∂T)P ¼
�0.004(1) GPa/K and αT ¼ 4.4(5) � 10�5 � 2(1) � 10�8T. The KT0 and
K '
0 values were fixed at the results derived from the EoS fitted at 300 K

[K0 ¼ 138(2) GPa, and K '
0 ¼ 3.0(3)].

Previous studies on the thermal expansion of epidote are limited.
Only Gatta et al. (2011) investigated the thermoelastic behavior of
epidote (XEp ¼ 0.74) and obtained thermal expansion up to 1200 K (at
0.0001 GPa) (Table 2). The thermal expansion coefficient at 300 K ob-
tained here for epidote of 3.8(5) � 10�5 K�1 (XEp ¼ 0.84) is larger than
the value of 2.15� 10�5 K�1 (XEp¼ 0.74) obtained by Gatta et al. (2011).
Fig. 5. Unit-cell volume of epidote as a function of pressure and temperature.
The solid lines represent the isothermal compression curves from fitting the
HTBM EoS at 300 K, 500 K, and 700 K. The error bars of the data points are
smaller than the symbols.
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4. Geophysical implications

4.1. Epidote stabilization in a cold subduction zone

Epidote can stably exist in crustal rocks and hydrothermally altered
basalt in a wide P-T range that extends to 4 GPa and more than 1000 �C
(Liou, 1993; Enami et al., 2004; Poli and Schmidt, 2004) and can survive
to depths up to ~200 km under most types of subduction zone P-T
conditions (Forneris and Holloway, 2003; Hacker et al., 2003). Although,
there has been no evidence to data to demonstrate that epidote could
occur at depths greater than ~200 km, the temperature at the surface of
the slab is generally higher than that in the interior, which is not bene-
ficial to transporting epidote into the deep Earth. However, several
high-pressure XRD studies have indicated that epidote could be stable
with no phase transitions at least up to ~30 GPa and room temperature
(Gatta et al., 2011; Qin et al., 2016). In this study, the high P-T
single-crystal XRD experiments on epidote also indicate that no phase
transition occurred up to ~17.7 GPa and 700 K, implying that at rela-
tively cold conditions in subduction zones, epidote may remain meta-
stable to depths greater than those obtained from experimental petrology
(Forneris and Holloway, 2003; Hacker et al., 2003). For example, epidote
may be metastable in the old and rapidly subducting slab in northern
Tonga, where the coldest part of the subducting slab (~700 K) could be
preserved to a considerable depth (~430 km) based on the subduction
zone thermal model (Fig. 6) (Bina and Navrotsky, 2000).
4.2. Effect on water transport by slab subduction

During the subduction of oceanic slabs, water is transported by hy-
drous minerals (e.g., Pawley et al., 1996; Schmidt and Poli, 1998; Pea-
cock and Hyndman, 1999; Hacker et al., 2003; Alvaro et al., 2012;
Faccenda, 2014; Zheng et al., 2016; Kakizawa et al., 2018; Liu et al.,
2019c) and is supposed to be critical to several geologically essential
processes, such as island-arc volcanism (Portnyagin et al., 2007),
intermediate-depth seismicity (Green and Houston, 1995), and chemical
exchange between the subducting slab and mantle (Ewart et al., 1998).
As an important hydrous Ca–Al-silicate in subducting MORB, epidote
contains ~2 wt.% H2O and typically up to 5–20 wt.% (Schmidt and Poli,
1998). Therefore, the behavior of epidote in subduction zones has great
significance for understanding the subduction and exhumation
Fig. 6. P-T stability estimates for epidote in hydrated MORB compositions.
Thick gray lines delimit the stability field of epidote according to Poil and
Schmidt (2004). The circles and dashed line show the metastable area of epidote
according to our study. The dotted line represents the Tonga slab geotherm
(blue) and the Aleutian slab geotherm (red) (Bina and Navrotsky, 2000). The
yellow area represents the 410 km discontinuity (color online).



Fig. 7. (a) Schematic diagram of the Tonga subduction zone showing the main factors influencing subduction. (b) Epidote is transported to the vicinity of the 410 km
discontinuity along the subduction zone. (c) With heat conduction from the surrounding mantle, epidote dehydrates, which affects the α-β phase transition in olivine,
thus enlarging the region of the 410 km discontinuity. Ol: olivine, Wd: wadsleyite.

Table 3
Thermoelastic properties of epidote and other hydrous minerals used for density calculations.

Mineral V0 (Å3) K0 (GPa) K '
0 α0 (10�5 K�1) (∂K/∂T)P Reference

Epidote 456.2(2) 133.2(6) 4(fixed) 4.3(2) -0.022(5) This study
Zoisite 901.0 125.1 4(fixed) 3.4(5) -0.0128(42) Grevel et al. (2000)
Lawsonite 674.5 105.9(42) 4.67(169) 3.710(293) -0.0201(67) Grevel et al. (2000)
Brucite 40.8(1) 39.6(14) 6.7(7) 5.0(7) -0.0114(16) Xia et al. (1998)
Chlorite 701.0 83.4(7) 4(fixed) 2.5(6) -0.013 Pawley et al. (2002)
Antigorite 366.9(7) 65.2(31) 6.1(fixed) 3.92(5) -0.0256(41) Yang et al. (2014a)
Tourmaline 1537.1(11) 96.6(9) 12.5(4) 4.39(27) -0.009(6) Xu et al. (2016)
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mechanisms of a subduction zone and the water circulation in the upper
mantle. Generally, the density difference between the slab and the sur-
rounding mantle is a crucial factor that controls buoyancy (Fig. 7a)
(Mierlo et al., 2013; Agrusta et al., 2015; King et al., 2015; Bina, 2016).
To better understand the effect of epidote on slab dynamics we calculated
the density profiles of epidote and other hydrous minerals (zoisite,
lawsonite, tourmaline, brucite, chlorite, and antigorite) (Xia et al., 1998;
Grevel et al., 2000; Pawley et al., 2002; C.P. Yang et al. 2014a; Xu et al.,
2016), along a geotherm that is typical for cold subduction, such as
Tonga (Bina and Navrotsky, 2000; Ganguly et al., 2009). In the calcula-
tion, the high-temperature Birch-Murnaghan EoS was used, and the
minerals and related thermoelastic parameters are shown in Table 3. The
densities of epidote and other hydrous minerals were calculated to a
depth of 500 km according to the pressure range of this study.

The modeled density profiles compared with the PREM model
(Dziewonski and Anderson, 1981) are presented in Fig. 8. Epidote is the
densest of these hydrous minerals, suggesting that it is more conducive to
transporting water to deeper locations in the Earth’s interior (Fig. 8). At
upper mantle depths, epidote group minerals (epidote and zoisite) are
denser than PREM. Although the epidote group minerals are the minor
minerals in subduction slabs and their effect on the density of the plate
6

may be limited, they would cause a decrease in buoyancy, thus pro-
moting slab subduction. On the other hand, the epidote group minerals
are less dense than PREM at depths greater than 410 km, which is
favorable for slab stagnation at the top of the mantle transition zone.

Furthermore, epidote contains far more water than nominally anhy-
drous minerals, even though its content in the slab is much less than that
of nominally anhydrous minerals (Schmidt and Poli, 1998; Zheng et al.,
2016). According to the results of our study, epidote may transport a
large amount of water to a depth of approximately 410 km (14 GPa)
under conditions to those of the coldest subduction zones, e.g., Tonga
(Fig. 6). Because the temperature of the surrounding mantle is much
higher than that of the subduction slab, the temperature of the sub-
ducting slab increases with time, leading to epidote dehydration (Fig. 7b
and c). On the other hand, wadsleyite becomes stable at a depth of
approximately 410 km, so the water released from epidote dehydration
may potentially affect the olivine-wadsleyite phase transition and thus
the properties of the 410 km seismic discontinuity (Fig. 7c) (Wood et al.,
1996; Bina and Navrotsky, 2000). According to Wood et al. (1996), the
effect of water (500 ppm) on the olivine-wadsleyite phase transition is
dramatic, and the pressure width of the two-phase region is enlarged
from 0.25 GPa in the dry system to 0.8 GPa with 500 ppm water, so that



Fig. 8. Calculated density profiles of epidote and other hydrous minerals to
~500 km along the Tonga slab geotherm, and the PREM model (Dziewonski and
Anderson, 1981) (color online).
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the transition interval would be approximately 22 km wide if upper
mantle olivine contained 500 ppm water. Moreover, Tonga, one of the
world’s coldest subduction zones, exhibits a more marked increase in
seismic moment release near a depth of 400 km than other subduction
zones (Bina and Navrotsky, 2000). As generally claimed (Green and
Houston, 1995; Kirby et al., 1996), seismicity at and above such depths is
related to water. This water is likely to be related to the dehydration
reaction of hydrous minerals, such as epidote, near the 400 km depth
beneath Tonga.

5. Conclusion

In summary, using in situ synchrotron-based single-crystal XRD at
simultaneously high P-T conditions up to ~17.7 GPa and 700 K, we
obtained the thermoelastic parameters of a natural epidote (XEp ¼ 0.84)
and then modeled its density profile along a typical cold subduction
geotherm. Comparing the density of epidote with those of other hydrous
minerals, we found that epidote is the densest of these hydrous minerals
and is more conducive to transporting water to deeper locations in the
Earth’s interior. Furthermore, during subduction, epidote may maintain
the metastable state to ~14 GPa under the conditions of the coldest
subduction zones, Tonga. Therefore, the water released from epidote
under this pressure condition may potentially affect the properties of the
410 km seismic discontinuity. Moreover, as the density of PREM is larger
than that of epidote group minerals at 410 km, epidote group minerals
could favor slab stagnation above the 410 km discontinuity.
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