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ABSTRACT

Seismic tomography studies have revealed 
a high-velocity anomaly at depths between 
100 km and 300 km in the Farallon plate. 
However, the reasons for the high-velocity 
anomaly continue to be debated. An analy-
sis of the mineral proportions of eclogites 
exhumed from the Farallon plate shows that 
the average amount of zoisite in eclogite is 
∼16.0 vol%. Therefore, the presence of zoisite 
eclogite needs to be considered to explain the 
high-velocity anomaly of the Farallon plate. 
However, the thermal equation of state and 
stability of zoisite have not been fully investi-
gated under high pressure–temperature (P-T) 
conditions. We investigated the high-pressure 
and high-temperature behavior of natural 
zoisite utilizing synchrotron single crystal-X-
ray diffraction (XRD). The results indicate 
that zoisite is metastable up to 24.8 GPa and 
700 K. We obtained the ambient unit-cell vol-
ume V0 = 901.26(3) Å3 by synchrotron single 
crystal-XRD measurement. We also fitted 
the pressure-volume-temperature data to a 
high-temperature Birch-Murnaghan equa-
tion of state and obtained the zero-pressure 
bulk modulus K0 = 134.7(8) GPa, the tem-
perature derivative of the bulk modulus 
(∂K/∂T)P = –0.011(4) GPa/K, and the ther-
mal expansion coefficients α0V = 1.9(7) × 10–5 
K–1 and α1V = 3(2) × 10–8 K–2 when the pres-
sure derivative of bulk modulus (K′0) is fixed 

at 4. By incorporating the results from pre-
vious studies, we calculated the density and 
bulk sound velocity profiles of zoisite eclogite 
along the Farallon plate geotherm. Finally, 
we infer that zoisite could carry water to 
depths of ∼300 km within cold subducting 
slabs and that the bulk sound velocity of typi-
cal zoisite eclogite with ∼61.0 vol% ompha-
cite, ∼23.0 vol% garnet, and ∼16.0 vol% zois-
ite could cause the high-velocity anomalies at 
depths of 100–300 km in the Farallon plate.

INTRODUCTION

There are many regions of velocity anomalies 
distributed in the Earth’s interior (Roecker, 1982; 
Yang, 2009). Among them, the Farallon plate is 
a typical cold subduction slab in western North 
America, which is ∼200 °C colder than the 
ambient upper mantle (Van der Lee and Nolet, 
1997; English et al., 2003). Seismic tomography 
studies have indicated that a high-velocity anom-
alies region exists at depths between 100 km and 
300 km along the northwest to southeast section 
of the Farallon plate (e.g., Van der Lee and Nolet, 
1997; Levander et al., 2011; Pavlis et al., 2012; 
Wang et al., 2013). Moreover, previous studies 
have indicated that the high-velocity anomaly 
at depths of 100–300 km in the Farallon plate 
is 0.5%–4% (e.g., Sigloch, 2011; Wang et al., 
2013). However, the explanations for the high-
velocity anomaly remain a subject of debate. 
Proposed explanations include the distribution 
of high-Mg andesites, the temperature anomaly 
of the Farallon plate, and the structure of the tec-
tonic plate and the dip of plate subduction (e.g., 

Van der Lee and Nolet, 1997; Levander et al., 
2011; Pavlis et al., 2012; Wang et al., 2013).

Rock type also has an important effect on the 
bulk sound velocity. Eclogite is a key compo-
nent of the Farallon plate (Usui et al., 2003). 
Normally, eclogite has a higher wave veloc-
ity than other rocks, such as peridotite, under 
the same pressure and temperature conditions 
(Urann et al., 2020). Among the rock-forming 
minerals of eclogite, zoisite is a typical second-
ary mineral in ultrahigh/high-pressure eclog-
ite (for example, the Dabie-Sulu and Tibet 
ultrahigh-pressure metamorphic zones), and 
the content of zoisite is typically ∼7 vol% in 
Dabie-Sulu (e.g., Zheng et  al., 2007; Zhang 
et al., 2008; Liu et al., 2009; Liu et al., 2010; 
Zheng et al., 2011; Chen et al., 2014; Li et al., 
2018; Feng et al., 2021) and ∼10 vol% in Tibet 
(e.g., Li et al., 2009; Wei et al., 2009; Zheng, 
2009; Xiao et  al., 2012; Cheng et  al., 2015; 
Dong et al., 2016; Zhang et al., 2016; Zhang 
et al., 2019). Moreover, the Farallon plate is also 
an important ultrahigh-pressure metamorphic 
zone, and the eclogite contains a high amount 
of zoisite. Specifically, the average amount of 
zoisite in the Farallon plate eclogite is ∼16.0 
vol%, and the maximum is ∼41.4 vol% (e.g., 
Selverstone et  al., 1999; Hacker and Abers, 
2004; Zack et al., 2004; Usui et al., 2003, 2006, 
2007; Marot et al., 2014; Hernández-Uribe and 
Palin, 2019; Bustamante et al., 2021).

Although most hydrous minerals have rela-
tively lower sound velocities than anhydrous 
minerals, zoisite has a higher sound velocity 
than most hydrous minerals and some upper 
mantle anhydrous minerals (e.g., omphacite) in 
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subducting slabs (Mans et al., 2019). Therefore, 
the presence of zoisite eclogite, in addition to 
other reasons proposed by predecessors, needs 
to be considered to explain the high-velocity 
anomaly of the Farallon plate.

Zoisite is not a predominant mineral in sub-
ducting slabs at shallow depths; it mainly comes 
from the metamorphic reaction of amphibole 
during subduction. However, this reaction 
occurs at ∼2–3 GPa and 500–700 °C (Poli and 
Schmidt, 1995). In addition, Usui et al. (2003) 
also mentioned that the metamorphic conditions 
of zoisite eclogite xenoliths from the Farallon 
plate were 560–700 °C at 3 GPa and 600–760 
°C at 5 GPa (Poli and Schmidt, 1995; Usui et al., 
2003). Moreover, the thermal stability of zoisite 
varies in different systems; for example, zoisite 
is stable only up to 3.1 GPa and 650 °C in the 
basalt + water system (Forneris and Holloway, 
2003), while it can be stable at 6.6 GPa and 950 
°C in the CaO-Al2O3-SiO2-H2O system (Poli and 
Schmidt, 1998; Mao et al., 2007). Furthermore, 
previous studies using X-ray diffraction (XRD) 
indicated that the metastability of zoisite reaches 
up to ∼7 GPa and 1000 °C under simultaneous 
high-temperature and high-pressure conditions 
(Grevel et al., 2000). In general, previous stud-
ies on the stability of zoisite were conducted at 
relatively low pressures and high temperatures 
(Pawley et al., 1998; Poli and Schmidt, 1998; 
Grevel et  al., 2000; Forneris and Holloway, 
2003; Mao et al., 2007). Additionally, the tem-
perature conditions of previous studies were 
consistent with the geotherms of hot subduction 
or normal mantle. However, there are also many 
cold subducting slabs in the deep Earth (e.g., the 
Tonga slab and Farallon slab); thus, it is neces-
sary to study the metastability of zoisite under 
cold subduction conditions (relatively low-tem-
perature and high-pressure conditions) to fully 
understand the process by which epidote group 
minerals carry water into the deep Earth (Bina 
and Navrotsky, 2000; Wang et al., 2013).

An accurate understanding of the thermoelas-
tic properties of zoisite is essential for deriving 
seismic velocity and density profiles and estab-
lishing reliable mineralogical models of sub-
ducting slabs. To date, some studies have focused 
on the pressure-volume (P-V) equation of state 
of zoisite by XRD and theoretical calculations 
(Holland et  al., 1996; Comodi and Zanazzi, 
1997; Winkler et al., 2001; Mao et al., 2007; 
Alvaro et al., 2012; Xu et al., 2019b). However, 
previous studies have produced significantly 
different results; for instance, the reported zero-
pressure bulk modulus (K0) of zoisite ranged 
from 102(7) GPa to 279(9) GPa. Furthermore, 
only two previous studies have investigated the 
pressure-volume-temperature (P-V-T) equation 
of state of zoisite (Pawley et al., 1998; Grevel 

et al., 2000). However, the thermal expansion 
coefficient (αV = α0V+α1V × T) obtained by 
Pawley et  al. (1998) is 33% larger than that 
of Grevel et al. (2000), while the temperature 
derivative of the bulk modulus ((∂K/∂T)P) 
reported by Pawley et al. (1998) is 50% smaller 
than that reported by Grevel et al. (2000). There-
fore, there is still controversy regarding the ther-
mal equation of state for zoisite, which requires 
further investigation.

In this study, we investigated the thermoelas-
ticity and metastability of a natural zoisite at 
high pressures (of up to ∼24.8 GPa) and rela-
tively low temperatures (of up to 700 K) using an 
externally heated diamond anvil cell combined 
with in situ synchrotron single crystal-XRD 
(SC-XRD). The purpose was to identify the ther-
moelasticity and thermal stability of zoisite at 
high pressures and relatively low temperatures. 
Furthermore, by fitting the present P-V-T data 
to the high-temperature Birch-Murnaghan equa-
tion of state (EoS), we obtained the thermal EoS 
parameters of zoisite. Finally, we modeled the 
density and bulk sound velocity profiles of zois-
ite under cold subduction conditions and further 
discussed the stability of zoisite in cold subduc-
tion slabs and the possible cause of high-velocity 
anomalies in the Farallon plate.

SAMPLE AND EXPERIMENTS

Sample

A natural, colorless, and transparent zoisite 
sample with good crystal morphology was used 
in this study. As shown in Table 1, the chemical 
composition of the zoisite sample was (Ca1.929​
Mg0.003Na0.002Ni0.001)1.934(Al2.972Cr0.002Mn0.002

P0.001)2.977Si3.065O12OH based on the results of 
electron microprobe analysis using a JXA-8230 
electron microprobe at Chang’An University, 
Xi’an, China. The analytic acceleration voltage 
was 15 kV, the beam current was 20 nA, and the 
beam diameter was 5 μm.

Experiments

A BX90-type externally heated diamond anvil 
cell (EHDAC) (Kantor et al., 2012), equipped 
with a pair of 500 μm culet-size diamond anvils, 
was employed for high temperature and pressure 
(up to 24.8 GPa and 700 K) SC-XRD experi-
ments. A rhenium plate was preindented to a 
thickness of ∼60 μm, and a hole with a diameter 
of ∼360 μm was drilled onto the indented area 
to serve as the sample chamber. A gold plate and 
neon gas were used as the pressure calibration 
material (Fei et al., 2007) and pressure medium, 
respectively, which were loaded along with sin-
gle crystal zoisite into the sample chamber. The 
size and thickness of single crystal zoisite are 
∼80 × 85 μm2 and ∼20 μm, respectively.

The high-temperature and high-pressure 
SC-XRD experiments were performed in the 
13-BM-C station, GeoSoilEnviroCARS, of the 
Advanced Photon Source at Argonne National 
Laboratory, Lemont, Illinois, USA (Zhang 
et al., 2017; Xu et al., 2022). The initial pres-
sure after gas loading was ∼0.5 GPa. Gold 
XRD data were collected before and after sam-
ple data collection at each P-T point, and the 
pressure varied less than ± 0.1 GPa. Moreover, 
at each P-T condition, the temperature of the 
sample chamber was actively stabilized within 
±1 K using the temperature-voltage feedback 
loop with a remotely controlled DC power sup-
ply and a K-type thermocouple (Huang et al., 
2020, 2021).

RESULTS AND DISCUSSION

P-V-T Equation of State for Zoisite

As shown in Table 2, the unit-cell parameters 
and volumes of zoisite at high pressures and 
temperatures were refined by APEX3 software 
(Bruker). Our results show that zoisite has no 
phase transitions up to 24.8 GPa and 700 K. 
Additionally, the ambient unit-cell volume 

TABLE 1. THE CHEMICAL COMPOSITION OF ZOISITE (WT%)

1 2 3 4 5 Average

SiO2 40.25 40.16 41.17 40.25 40.21 40.41 ± 0.38
Al2O3 32.81 33.26 33 33.18 33.11 33.07 ± 0.16
FeO – 0.01 0.01 – – 0.01 ± 0.003
CaO 23.46 23.61 23.67 23.7 23.72 23.63 ± 0.09
MgO 0.02 0.04 0.03 0.04 0.03 0.03 ± 0.01
Na2O – – – – 0.04 0.04
K2O – – – – – –
TiO2 – – – – – –
MnO 0.05 0.01 – 0.03 0.06 0.04 ± 0.02
NiO – 0.01 – 0.04 0.05 0.03 ± 0.02
Cr2O3 0.01 0.04 – 0.02 0.06 0.03 ± 0.02
P2O5 0.07 0.02 0.05 – – 0.05 ± 0.02
Total 96.67 97.156 97.937 97.251 97.288 97.26 ± 0.41
(Ca1.929Mg0.003Na0.002Ni0.001)1.934(Al2.972Cr0.002Mn0.002P0.001)2.977Si3.065O12OH

Note: Dash indicates below detection limit. Average composition ± standard deviation: 0.01 ± 0.003.
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(VT0 = 901.26(3) Å3) of zoisite was obtained 
in this study, which is consistent with previous 
studies (Comodi and Zanazzi, 1997; Pawley 
et al., 1998; Grevel et al., 2000; Alvaro et al., 
2012; Xu et al., 2019b). Furthermore, the P-V-T 
data (Table 2) were fitted to the high-temperature 
Birch-Murnaghan equation of state (BM-EoS) 
using EoSfit7c (Angel et  al., 2014) to obtain 

the thermal EoS parameters, including the zero-
pressure bulk modulus (K0), thermal expansion 
coefficient (αV), and the temperature derivative 
of K0 ((∂KT/∂T)P) (Fig. 1 and Table 3). By fix-
ing the pressure derivative of the bulk modulus 
(K′0 = 4), we obtained K0 = 134.7(8) GPa, 
(∂K/∂T)P = –0.011(4) GPa/K, α0V = 1.9(7)    
10–5 K–1, and α1V = 3(2) × 10–8 K–2.

To date, the bulk modulus and its pressure 
derivative of zoisite have been investigated 
extensively with various experimental tech-
niques (Table 3). However, there are still dis-
crepancies in the K0 values (from 102(7) GPa 
to 279(9) GPa). We infer that there are three 
possible reasons for the difference in K0 of 
zoisite reported by previous studies, namely, 
the different pressure media, the different 
mineral compositions, and K′0. First, Holland 
et  al. (1996) measured the compressibility of 
zoisite at high pressures of up to 13.79 GPa 
using the energy dispersive-XRD (ED-XRD) 
method with a methanol:ethanol = 4:1 pressure 
medium and obtained an abnormally high value 
of K0 = 279(9) GPa (fixed K′0 = 4). The experi-
mental pressure range (∼13.79 GPa) of Holland 
et al. (1996) exceeded the hydrostatic pressure 
limit (∼10 GPa) of methanol:ethanol = 4:1 
(Angel et  al., 2007; Klotz et  al., 2009); thus, 
the K0 = 279(9) GPa obtained by Holland et al. 
(1996) could be overestimated in comparison 
with those obtained by high-pressure XRD 
conducted in quasihydrostatic pressure condi-
tions. In addition, in static compression studies, 
there is a trade-off between the fitted K0 and 
K′0, which have a negative correlation (Gatta 
et al., 2011). With fixed K′0 = 4, the K0 values 
of zoisite obtained by Pawley et al. (1998) and 
Grevel et al. (2000) are 125 (3) GPa and 125 (2) 
GPa, respectively. To exclude the possible influ-
ence of K′0 on the fitted K0, we fixed K′0 = 4 
and refitted the XRD experimental data obtained 
by Comodi and Zanazzi (1997), Alvaro et  al. 
(2012), and Xu et al. (2019b). The refitted K0 
values of Comodi and Zanazzi (1997), Alvaro 
et al. (2012), and Xu et al. (2019b) were 104 
(3) GPa, 131.6 (8) GPa, and 137 (2) GPa for 
zoisite with 10 mol%, 12 mol%, and 11 mol% 
ferric end-member (Ca2Al2Fe3 + Si3O12(OH)), 
respectively. In summary, the K0 of zoisite 
obtained in previous studies was in the range 
of 104–137 GPa when K′0 was fixed to 4. In 
addition, the mineral composition may affect K0 
when K′0 is fixed to 4. For example, Comodi and 
Zanazzi (1997) obtained K0 = 104 (3) GPa for 
zoisite containing ∼10 mol% ferric end-mem-
ber, which is 16.8% lower than the K0 = 125 
(3) GPa obtained by Pawley et  al. (1998) for 
zoisite containing ∼3 mol% ferric end-member. 
However, the K0 = 134.7(8) GPa of zoisite with 
no ferric end-member obtained in this study is 
22.8%, 7.2%, 7.2%, and 8.4% higher than the 
results of Comodi and Zanazzi (1997), Pawley 
et al. (1998), Grevel et al. (2000), and Mao et al. 
(2007), respectively, but is close to the results 
of Alvaro et  al. (2012) and Xu et  al. (2019b) 
for zoisite with 12 mol% and 11 mol% ferric 
end-member, respectively. A comparison of our 
results with those of previous studies on zoisite 

TABLE 2. THE UNIT-CELL PARAMETERS AND VOLUME OF ZOISITE 
AT HIGH PRESSURES AND HIGH TEMPERATURES

Pressure
(GPa)

Temperature
(K)

a (Å) b (Å) c (Å) V (Å3)

0 300 16.2002 (2) 5.5465 (1) 10.0303 (2) 901.26 (3)
0.60 (1) 300 16.1820 (9) 5.5400 (5) 10.0150 (7) 897.83 (8)
1.70 (3) 300 16.1598 (9) 5.5224 (4) 9.9764 (6) 890.31 (7)
2.33 (2) 350 16.1479(9) 5.5169(4) 9.9639(6) 887.65(7)
4.81(4) 350 16.0866(9) 5.4816(3) 9.8894(5) 872.04(5)
5.270(5) 350 16.0792(10) 5.4765(3) 9.8768(6) 869.73(6)
5.85(1) 350 16.0660(9) 5.4694(3) 9.8613(5) 866.54(5)
6.81(2) 350 16.048(1) 5.4609(3) 9.8408(5) 862.42(6)
 8.72(2) 350 16.0072(8) 5.4378(6) 9.7904(7) 852.19(9)
9.36(2) 350 15.9944(7) 5.4298(6) 9.7749(6) 848.92(9)
10.88(2) 350 15.941(1) 5.4125(3) 9.7410(6) 840.46(6)
11.83(1) 350 15.919(2) 5.4040(4) 9.7125(8) 835.5(8)
13.00(9) 350 15.892(1) 5.3901(3) 9.6976(6) 830.69(6)
14.09(2) 350 15.867(2) 5.3808(3) 9.6780(8) 826.3(8)
15.56(5) 350 15.833(3) 5.3705(6) 9.647(1) 820.3(1)
16.66(2) 350 15.8226(6) 5.3634(6) 9.6112(6) 815.63(8)
19.55(5) 350 15.737(4) 5.3332(8) 9.588(2) 804.7(2)
20.23(1) 350 15.728(3) 5.3285(6) 9.565(1) 801.6(1)
23.10(6) 350 15.667(3) 5.3046(7) 9.525(2) 791.6(2)
4.453(4) 500 16.108(1) 5.4972(4) 9.9182(7) 878.21(7)
5.69(8) 500 16.080(1) 5.4801(3) 9.8835(6) 870.92(6)
6.07(7) 500 16.0779(7) 5.4787(5) 9.8761(4) 869.95(7)
6.74(9) 500 16.058(1) 5.4673(3) 9.8531(5) 865.04(6)
8.27(7) 500 16.0315(7) 5.4529(6) 9.8189(5) 858.35(9)
9.50(16) 500 15.996(1) 5.4361(3) 9.7880(6) 851.14(6)
10.5(1) 500 15.9841(7) 5.4265(6) 9.7704(6) 847.47(8)
11.7(1) 500 15.9546(6) 5.4126(5) 9.7357(5) 840.74(8)
12.7(1) 500 15.9387(7) 5.4035(6) 9.7199(6) 837.13(9)
13.9(2) 500 15.889(1) 5.3883(3) 9.6902(6) 829.6(6)
15.1(1) 500 15.8860(7) 5.3800(6) 9.6700(6) 826.46(9)
16.5(2) 500 15.832(3) 5.3680(5) 9.642(1) 819.4(1)
18.6(1) 500 15.8053(7) 5.3488(6) 9.6018(6) 811.74(9)
20.3(2) 500 15.7653(8) 5.3298(7) 9.5643(7) 803.66(1)
21.7(1) 500 15.719(4) 5.3232(9) 9.564(2) 800.3(2)
24.0(2) 500 15.665(3) 5.3046(7) 9.516(2) 790.7(2)
6.8(1) 700 16.0757(9) 5.4819(5) 9.8842(5) 871.05(8)
8.0(1) 700 16.0535(7) 5.4683(5) 9.8527(5) 864.91(8)
11.3(1) 700 15.9836(7) 5.4298(5) 9.7711(6) 848.02(8)
13.59(3) 700 15.9327(7) 5.4039(6) 9.7179(6) 836.7(9)
15.0(2) 700 15.9047(7) 5.3911(6) 9.6921(6) 831.05(9)
17.4(2) 700 15.8552(7) 5.3678(6) 9.6470(6) 821.04(9)
21.5(3) 700 15.7708(7) 5.3344(7) 9.5736(7) 805.4(9)
24.8(1) 700 15.678(2) 5.3051(4) 9.516(1) 791.4(1)

Note: The numbers in parentheses represent one standard deviation.

Figure 1. P-V-T data for zoisite 
in this study are plotted. Iso-
thermal compression curves at 
various temperatures are rep-
resented by solid lines from the 
high-temperature BM EoS at 
350 K, 500 K, and 700 K. The 
error bars of the data points 
are smaller than the symbols.
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shows no linear correlation between the fer-
ric end-member and bulk modulus. In general, 
the results of K0 obtained from this study may 
objectively reflect the compressional properties 
of zoisite.

To date, much of the controversy from previ-
ous studies about the αV and (∂KT/∂T)P of zoisite 
remains (Holland et al., 1996; Pawley et al., 1996; 
Pawley et al., 1998; Grevel et al., 2000). The αV 
and (∂KT/∂T)P obtained in this study are 3.25 (4)    
10–5 K–1 and –0.011 (4) GPa/K, respectively. 
Pawley et al. (1998) obtained αV = 3.86 × 10–5 
K–1 and (∂KT/∂T)P = –0.0296(6) GPa/K using 
ED-XRD methods under high P-T conditions of 
up to 6.1 GPa and 1073 K. The αV and (∂KT/∂T)P 
obtained for zoisite by Pawley et al. (1998) are 
15.8% higher and 62.8% lower than the results 
of this study, respectively. We infer that the main 
reason for the differences in αV and (∂KT/∂T)P 
values of these two studies are the different 
mineral compositions. The zoisite sample in 
Pawley et al. (1998) contains ∼3 mol% ferric 
end-member, but our zoisite sample is nearly 
Fe-free. However, using the same method at 
high P-T conditions of up to 7 GPa and 1273 K, 
Grevel et al. (2000) obtained αV = 2.6 (1)    10–5 
K–1 and (∂KT/∂T)P = 0.0148 (6) GPa/K for 
Fe-free zoisite. A positive (∂KT/∂T)P of zoisite 
obtained by Grevel et al. (2000), as suggested 
by the authors themselves, does not make sense. 
Grevel et al. (2000) possibly obtained inaccu-
rate thermal EoS parameters of zoisite because 
the few high-pressure points (only three points) 
under each isothermal temperature curve 
are available. Therefore, Grevel et  al. (2000) 

obtained the values of αV = 3.4 (5) × 10–5 K–1 
and (∂KT/∂T)P = –0.0128 (4) GPa/K by fitting 
their data together with the data of Pawley et al. 
(1996) to the high-temperature BM EoS. Thus, 
we believe that the αV (3.25 (4) × 10–5 K–1) and 
(∂KT/∂T)P (–0.011(4) GPa/K) obtained for zois-
ite in this study are reliable.

P-T Stability of Zoisite

The distribution and cycling of water in the 
deep Earth is vital to our understanding of the 
dynamic processes in the deep Earth (Zheng and 
Hermann, 2014; Zheng et al., 2016). Hydrous 
minerals are considered to be the main carriers 
of water into the deep Earth. Many studies have 
discussed the strong relationship between the 
subduction depth of hydrous minerals and the 
depth of water release in subduction zones (e.g., 
Zheng and Hermann, 2014; Zheng et al., 2016; 
Zheng, 2019). On the other hand, the geother-
mal gradient strongly affects the depth at which 
hydrous minerals dehydrate in subducting slabs 
and thus affects water transport in the deep Earth.

Under normal geothermal gradient condi-
tions, many hydrous minerals in the shallow 
crust or upper mantle depth range are not stable 
(Lempart et al., 2020). However, the dehydration 
of hydrous minerals is likely to be inhibited by 
low temperatures in cold subduction, especially 
super cold subduction, and hydrous minerals 
will be subducted into the deep mantle along 
the subduction plate and carry a large amount 
of water into the middle and lower parts of the 
upper mantle. Thus, hydrous minerals subducted 

to deep Earth under cold subduction will exert 
a profound influence on geological processes 
in the deep Earth (Chen et al., 2020; Thompson 
et al., 2020).

Zoisite is a typical hydrous mineral in sub-
ducted plates and contains ∼2 wt% water 
(Forneris and Holloway, 2003; Mao et al., 2007). 
Several studies have investigated the high P-T 
stability of zoisite (e.g., Delany and Helge-
son, 1978; Schmidt and Poli, 1994; Comodi 
and Zanazzi, 1997; Pawley et  al., 1998; Poli 
and Schmidt, 1998; Grevel et al., 2000; Alvaro 
et al., 2012; Xu et al., 2019b). Figure 2 shows 
the stability area and metastable area of zoisite 
under high P-T conditions. The stability area 
was mainly obtained from the phase equilibrium 
experiments of Delany and Helgeson (1978), 
Schmidt and Poli (1994), and Poli and Schmidt 
(1998), and the metastable area was mainly 
obtained from the XRD experiments of Comodi 
and Zanazzi (1997), Pawley et al. (1998), Grevel 
et  al. (2000), Alvaro et  al. (2012), Xu et  al. 
(2019b), and this study.

Under normal geothermal gradient condi-
tions, zoisite breaks down into grossular + law-
sonite + kyanite + coesite (G + L+K + C) 
at depths of ∼53–215 km (1.6 GPa–6.5 GPa, 
813 K–1253 K) or breaks down into grossu-
lar + kyanite + coesite + H2O at depths of 
>248 km (7.5 GPa and 1293 K) (Newton and 
Kennedy, 1963; Delany and Helgeson, 1978; 
Holland and Powell, 1990; Schmidt and Poli, 
1994). In hot subduction zones, such as the Aleu-
tian subduction zone, zoisite breaks down into 
a G + L+K + C assemblage at 165 km (5 GPa 

TABLE 3. THERMAL EOS PARAMETERS OF ZOISITE

Composition P(GPa) T(K) Method K0(GPa) K′0 V0 (Å3) Pressure 
medium

α0V
(10–5 K–1)

α1V
(10–8 K–2)

(∂K/∂T)P 
(GPa/K)

Reference

Ca2Al2(Al0.9Fe0.1)Si3O12OH 5 300 SC-XRD 102(7) 4.8(4) 903.6(4) methanol: 
ethane: water 
=16: 3: 1

– – – Comodi and 
Zanazzi 
(1997)

Ca1.99Sr0.01)(Al2.99V0.01)Si3O12OH 7.76 300 SC-XRD 122.1(7) 6.8(2) 903.39(5) methanol: 
ethane = 4:1

– – – Alvaro et al. 
(2012)

(Ca1.99Sr0.01)(Al2.88Fe0.12)
Si3O12OH)

7.63 300 SC-XRD 119.1(7) 7.3(2) 906.95(5) methanol: 
ethane = 4:1

– – – Alvaro et al. 
(2012)

Ca1.99(Al2.87Fe0.11)Si3.00O12OH 34 300 SC-XRD 118(1) 6.3(2) 904.77(8) Ne – – – Xu et al. 
(2019b)

Ca2Al2.97±0.01Fe0.03±0.01Si3O12​
(OH)

6.1 1073 ED-XRD 125(3) 4(fixed) 907(1) NaCl 3.86 0(fixed) –0.0296(6) Pawley et al. 
(1998)

Ca2Al3(SiO4)(Si2O7)O(OH) 7 1273 ED-XRD 125(2) 4(fixed) 901.0(6) Vaseline 3.1(4) –0.6(6) 0.0156(6) Grevel et al. 
(2000)

Ca2Al3(SiO4)(Si2O7)O(OH) 7 1273 ED-XRD 125(2) 4(fixed) 901.0(6) Vaseline 2.6(1) 0(fixed) 0.0148(6) Grevel et al. 
(2000)

Ca2Al3Si3O12(OH) 13.79 300 ED-XRD 279(9) 4(fixed) 904.4(8) methanol: 
ethane = 4:1

6.77 – – Holland 
et al. (1996)

Ca2Al3Si3O12(OH) 0 300 BS 123.4(4) 4(fixed) – – – – – Mao et al. 
(2007)

Ca2Al3[O][OH]Si2O7[SiO4] 0 300 DFT 117(2) – 900 – – – – Winkler et al. 
(2001)

(Ca1.929Mg0.003Na0.002Ni0.001)1.934​
(Al2.972Cr0.002Mn0.002P0.001)2.977​
Si3.065O12OH

24.8 700 SC-XRD 134.7(8) 4(fixed) 901.26(3) Ne 1.9(7) 3(2) –0.011(4) This study

(Ca1.929Mg0.003Na0.002Ni0.001)1.934​
(Al2.972Cr0.002Mn0.002P0.001)2.977​
Si3.065O12OH

24.8 700 SC-XRD 134.6(4) 4(fixed) 901.26(3) Ne 3.25(4) 0(fixed) –0.0108(6) This study

Note: Dash indicates no data; ED-XRD—energy dispersive–X-ray diffraction; DFT—density functional theory; SC-XRD—single crystal–X-ray diffraction; BS—Brillouin 
scattering.
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and 973 K) (Poli and Schmidt, 1998). However, 
the stable depth of zoisite is quite different in 
cold or super cold subduction zones, e.g., the 
Farallon subduction zone, where zoisite can 
be metastable up to 215 km deep (6.5 GPa and 
500 K; Pawley et al., 1998; Grevel et al., 2000). 
Furthermore, this study also indicates that zoisite 
does not undergo phase transition or dehydration 
at 24.8 GPa and 700 K; thus, combined with the 
results of previous studies, we conclude that the 
zoisite can be metastable to a depth of ∼300 km 

under cold subduction conditions (temperature 
gradient <5 K/km; Fig. 3).

IMPLICATIONS

There are many ultrahigh/high-pressure 
metamorphic zones around the world (e.g., 
Dabie-Sulu and Tibet; Li et al., 2004). Accord-
ing to the statistics, zoisite is a typical second-
ary mineral in ultrahigh/high-pressure eclogite 
(for example, Dabie-Sulu and Tibet ultrahigh/

high-pressure metamorphic zone). In addition, 
the mineral content of zoisite in eclogite is 
usually ∼7 vol% in the Dabie-Sulu ultrahigh/
high-pressure metamorphic zone (e.g., Zheng 
et al., 2007; Zhang et al., 2008; Liu et al., 2009, 
2010; Zheng et al., 2011; Chen et al., 2014; Li 
et al., 2018; Feng et al., 2021) and ∼10 vol% in 
the Tibet ultrahigh/high-pressure metamorphic 
zones (e.g., Li et  al., 2009; Wei et  al., 2009; 
Zheng, 2009; Xiao et al., 2012; Cheng et al., 
2015; Dong et  al., 2016; Zhang et  al., 2016, 
2019). More importantly, among the major 
ultrahigh/high-pressure metamorphic zones 
around the world, the Farallon plate is also an 
important ultrahigh-pressure metamorphic zone 
that contains a high amount of zoisite. We have 
summarized the mineral proportions of zoisite 
in eclogite of the Farallon plate, and the aver-
age is ∼16.0 vol% and the maximum is ∼41.4 
vol% (e.g., Selverstone et al., 1999; Hacker and 
Abers, 2004; Zack et al., 2004; Usui et al., 2003, 
2006, 2007; Marot et  al., 2014; Hernández-
Uribe and Palin, 2019; Bustamante et al., 2021). 
Thus, zoisite is a key component of eclogite in 
the Farallon plate.

The Subducted Depth of Zoisite Eclogite in 
the Farallon Plate

The density profile of zoisite was modeled 
using its thermal EoS parameters (Table 4) and 
then compared with other typical hydrous min-
erals (e.g., diaspore, epidote, lawsonite, and 
antigorite), eclogite, harzburgite, and the PREM/
AK135 model (Fig. 3; Kennett et al., 1995; Bal-
laran and Angel, 2003; Nishihara et  al., 2003; 
Yang et al., 2014; Xu et al., 2019a; Ye et al., 2021). 
As illustrated in Figure  3, the densities of all 
hydrous minerals increase gradually with depths 
from 100 km to 400 km along the cold subduction 
slabs. The density of zoisite is ∼3.1% and ∼0.5% 
lower than those of epidote and diaspore, respec-
tively, but is ∼8.3% and ∼28.9% higher than 
those of lawsonite and antigorite, respectively, at 
100 km depth. Moreover, at the depth of 400 km, 
the density of zoisite is ∼3.2% and ∼0.6% lower 
than those of epidote and diaspore, respectively, 
but is ∼7.8% and ∼23.7% higher than those of 
lawsonite and antigorite, respectively. Moreover, 
the density of zoisite is also ∼1.1% and ∼1.0% 
higher than the PREM and AK135 models at 
depths of 100–400 km, respectively.

To assess the density relationship between 
zoisite eclogite and the PREM model, we also 
modeled the density profile of representative 
zoisite eclogite in the Farallon plate (23.0 vol% 
garnet + 61.0 vol% omphacite + 16.0 vol% 
zoisite), which is shown in Table 5. The density 
profiles of this representative zoisite eclogite 
were calculated using the reported thermal EoS 

Figure 2. P-T stability of zois-
ite is plotted. The black solid 
circles represent the data 
points of this experiment, 
and the white hollow circles 
represent the data points of 
previous studies (Delany and 
Helgeson, 1978; Comodi and 
Zanazzi, 1997; Pawley et  al., 
1998; Poli and Schmidt, 1998; 
Grevel et  al., 2000; Winkler 
et al., 2001; Alvaro et al., 2012; 
Xu et  al., 2019b). The dark 
gray area represents the sta-
bility area of zoisite. The light 
gray area represents the meta-

stable area of zoisite. Black solid triangles represent the stability of grossular + lawson-
ite + kyanite + coesite (G + L+K + C), and red solid triangles represent the stability of 
grossular + kyanite + coesite + H2O (G+ K + C+H). The blue dotted line represents the 
geothermal gradient of the Farallon plate, and the red dotted line represents the geothermal 
gradient of the Aleutian plate. The black dotted lines represent the normal geotherm. The 
gray dotted line represents the adiabatic geotherm.

Figure 3. Modeled density 
profiles of zoisite and other 
hydrous minerals are plot-
ted—Lawsonite (Ballaran and 
Angel, 2003), Antigorite (Yang 
et  al., 2014), Diaspore (Huang 
et  al., 2021), and Epidote (Li 
et al., 2021)—to ∼450 km along 
the Farallon slab geotherm. 
They are compared with those 
of the PREM and AK135 mod-
els (Dziewonski and Anderson, 
1981; Kennett et  al., 1995). 
The densities along the Faral-
lon slab geotherm are shown 
for the epidote eclogite with 5.0 
vol% epidote (49.0 vol% gar-

net + 46.0 vol% omphacite + 5.0 vol% epidote), the harzburgite (74.0 vol% olivine + 21.0 
vol% orthopyroxene + 3.0 vol% omphacite + 2.0 vol% spinel), the eclogite (21.0 vol% gar-
net + 79.0 vol% omphacite), and the zoisite eclogite xenoliths with 16 vol% zoisite (61.0 
vol% omphacite + 23.0 vol% garnet + 16.0 vol% zoisite) found in the Colorado Plateau. 
Thermal EoS parameters for density models are shown in Table  4 (Ballaran and Angel, 
2003; Nishihara et al., 2003; Yang et al., 2014; Li et al., 2021; Ye et al., 2021).
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parameters of garnet, omphacite, and zoisite 
determined by previous studies and this study 
(Table 4). As shown in Figure 3, the density of 
these representative zoisite eclogite xenoliths is 
∼5.1% and ∼5.3% greater than the densities of 
PREM at 100 km and 400 km, respectively. Thus, 
combined with the metastable depth of zoisite 
obtained in this study, we infer that the zoisite 
eclogite could subduct to at least ∼300 km depth.

Zoisite Eclogite and the High-Velocity 
Anomalies in the Farallon Plate

The major hydrous minerals in subduction 
zones include diaspore, lawsonite, epidote, zois-
ite, and antigorite (Jiang et al., 2008), etc. There-
fore, we calculated their bulk sound velocity at 
depths from 100 km to 450 km using the reported 
thermal EoS parameters along the Farallon plate 
geotherm (Fig. 4; Suzuki and Anderson, 1983; 
Hofmeister and Mao, 2002; Hacker et al., 2003; 

Huang et  al., 2021; Li et  al., 2021). The bulk 
sound velocity (Vb) of minerals and rocks can be 
calculated using the following equations:

	 K T KS T= +( )1 αγ 	 (1)

	 V Kb S= / ρ 	 (2)

where KT is the isothermal bulk modulus, KS is 
the adiabatic bulk modulus, ρ is the density, γ is 
the thermodynamic Grüneisen parameter, α is 
the thermal expansion coefficient, Vb is the bulk 
sound velocity, and T is the temperature. The KT 
of minerals and rocks can be calculated using the 
following equations:
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where KT is the isothermal bulk modulus at 
a certain temperature and pressure, K0 is the 
isothermal bulk modulus under ambient con-

ditions, 
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 is the temperature derivative 

of K under constant pressure, 
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pressure derivative of K under constant tem-
perature, and P is pressure. The calculation 
of Ks for rocks using the Voight–Ruess–Hill 
(VRH) averaging method can be represented 
as follows.
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where N is the number of mineral species, Ki  
represents KT for the ith mineral, Vi represents 
the percentage of the ith mineral volume in the 
rock, and KV  and KR  represent the calculated 
result of Ks  by the Voight and Ruess methods, 
respectively.

As shown in Figure 4, the bulk sound velocity 
of zoisite is ∼2.0% lower than that of diaspore 
but is ∼0.8%, ∼25.5%, ∼7.7%, and ∼3.5% 
higher than those of epidote, antigorite, lawson-
ite, and omphacite at 100 km depth, respectively. 
In addition, at 300 km depth, the bulk sound 
velocity of zoisite is ∼1.2% lower than that 
of diaspore but is ∼2.7%, ∼12.3%, 5.9%, and 
∼4.0% higher than those of epidote, antigorite, 
lawsonite, and omphacite, respectively. In con-
clusion, zoisite is a high-velocity mineral among 
the major hydrous minerals in subduction zones 
at depths of 100–300 km.

Recently, many studies have focused on the 
causes of the abnormal velocity in the Farallon 
plate (Van der Lee and Nolet, 1997; Levander 

TABLE 4. THERMAL EOS PARAMETERS OF RELEVANT MINERALS USED FOR DENSITY MODELS

Mineral V0 (Å3) K0(GPa) K′0 α0V
(10–5 K–1)

α1V
(10–8 K–2)

(∂K/∂T)P 
(GPa/K)

Reference

Zoisite (Ca1.929Mg0.003Na0.002Ni0.001)1.934(Al2.972Cr0.002Mn0.002P0.001)2.977​
Si3.065O12OH

901.26(3) 134.7(8) 4(fixed) 1.9(7) 3(2) –0.011(4) This study

Epidote Ca1.97Al2.15Fe0.84(SiO4)(Si2O7)O(OH) 456.2(2) 133.2(6) 4(fixed) 4.3(2) 0(fixed) –0.022(5) Li et al. (2021)
Lawsonite CaAl2Si2O7(OH)2.H2O 674.5(6) 106(4) 5(2) 3.7(3) 0(fixed) –0.020(7) Grevel et al. (2000)
Antigorite (Mg2.64Fe0.1Al0.17Cr0.02)Si2.05O5(OH)4 367.3(2) 62.9 6.1(fixed) 3.9(5) 0(fixed) –0.027(4) Yang et al. (2014)
Olivine (Mg0.909Fe0.089Mn0.001Ni0.004)2.006Si0.995O4 291.7(1) 126(3) 3.9(3) 4.7(7) 0(fixed) –0.02(1) Ye et al. (2021)
Orthopyroxene (Mg0.868Fe0.079Ca0.023Al0.013Cr0.007Na0.003Mn0.002Ti0.006)2.000​

(Si0.969Al0.031)2O6

834.8(5) 116(3) 7(1) 5.4(5) 0(fixed) –0.05(1) Ye et al. (2021)

Spinel (Mg0.743Fe0.269Ni0.004Ti0.006Mn0.005Na0.001)1.028(Al0.604Cr0.358Fe0.037​
Si0.001)2O4

539.4(3) 196(2) 3.4(4) 2.8(2) 0(fixed) –0.020(8) Ye et al. (2021)

Garnet (Mg0.144Fe0.618Ca0.219Mn0.021)3.006(Al0.947Fe0.034Si0.012)1.986Si3.000​O12 1564.9 (1) 159(1) 5.0(2) 1.7(2) 2.9(5) –0.010(4) Xu et al. (2019a)
Omphacite (Di63Jd37) 423.8 126(1) 4(fixed) 2.2(1) 0(fixed) –0.015(4) Nishihara et al. (2003)
Diaspore (Al1.002Fe0.003OOH) 118.15(4) 143(1) 4(fixed) 2.7(2) 0(fixed) –0.017 Huang et al. (2021)

TABLE 5. MINERAL PROPORTIONS OF ECLOGITE

5.0 vol% Ep eclogite Eclogite 16.0 vol% Zo eclogite

Garnet (vol%) 49.0 21.0 23.0
Omphacite (vol%) 46.0 79.0 61.0
Epidote/zoisite (vol%) 5.0 — 16.0

Note: Dash indicates epidote- and zoisite-free.

Figure 4. Bulk sound velocities 
are plotted for zoisite, epidote, 
antigorite, diaspore, lawsonite, 
omphacite, 5.0 vol% Ep eclog-
ite (49.0 vol% garnet + 46.0 
vol% omphacite + 5.0 vol% 
epidote), the eclogite (21.0 vol% 
garnet + 79.0 vol% ompha-
cite), and 16.0 vol% Zo eclogite 
(61.0 vol% omphacite + 23.0 
vol% garnet + 16.0 vol% zois-
ite). The mineral composition 
is shown in Table  5. The bulk 
sound velocity profile of the 
AK135 seismic model is also 
plotted for comparison.
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et al., 2011; Sigloch, 2011; Pavlis et al., 2012; 
Wang et al., 2013). However, previous explana-
tions are still being debated (Van der Lee and 
Nolet, 1997; Levander et al., 2011; Pavlis et al., 
2012; Wang et  al., 2013). On the one hand, 
Levander et al. (2011) argued that the dip angle 
of the plate caused the positive velocity anoma-
lies. On the other hand, Van der Lee and Nolet 
(1997) proposed that the temperature anomalies 
of the Farallon plate could produce positive 
velocity anomalies and further estimated that 
every 100 °C decrease in temperature results in 
an increase of ∼1% in the shear wave velocity. 
Alternatively, Pavlis et al. (2012) reported that 
the structure of the tectonic plate may cause pos-
itive velocity anomalies. Recently, Wang et al. 
(2013) found that the positive velocity anomalies 
in the Farallon plate are related to the distribution 
of high-Mg andesites derived from partial melt-
ing of the subducted oceanic crust.

Previous studies have indicated that zoisite 
eclogite is a key component in the Farallon plate 
(e.g., Usui et al., 2003, 2006, 2007). Therefore, 
the presence of zoisite eclogite could be consid-

ered to explain the high-velocity anomalies in the 
Farallon plate. To test this hypothesis, we calcu-
lated the bulk sound velocity profiles of repre-
sentative zoisite eclogite along the Farallon slab 
geotherm. According to the mineral proportions 
of representative zoisite eclogite in the Farallon 
plate, our zoisite eclogite model contains ∼61.0 
vol% omphacite, ∼23.0 vol% garnet, and ∼16.0 
vol% zoisite (Table 5). The thermal EoS param-
eters of minerals used in our calculation are listed 
in Table 6. Moreover, the modeled bulk sound 
velocity profiles of zoisite eclogite are further 
compared with the AK135 seismic model (Fig. 4; 
Kennett et al., 1995). Our results show that the 
bulk sound velocities of 16.0 vol% zoisite eclogite 
are ∼0.5%–3.0% higher than the AK135 model at 
100–300 km depths. The velocity differences are 
consistent with the seismic observations of the 
high-velocity anomaly at 100–300 km depths in 
the Farallon plate (Fig. 5).

Furthermore, to assess whether the presence 
of zoisite in eclogite is necessary to explain the 
high-velocity anomaly of the Farallon plate at 
100–300 km depths, we also calculated the 

bulk sound velocity of zoisite- and epidote-free 
eclogite model (only omphacite and garnet) 
and epidote eclogite model with 5.0 vol% epi-
dote for comparison (Fig. 4). The zoisite- and 
epidote-free eclogite model contains ∼79.0 
vol% omphacite and ∼21.0 vol% garnet, which 
is based on the experimental petrology study 
(Nishi et al., 2009). The epidote eclogite model 
contains ∼46.0 vol% omphacite, ∼49.0 vol% 
garnet, and ∼5.0 vol% epidote, which are sum-
marized from the previous studies of mineral 
proportions of eclogites in ultrahigh/high-pres-
sure metamorphic zones. As shown in Figure 4, 
the velocity difference between the zoisite- and 
epidote-free eclogite or epidote eclogite with 5.0 
vol% epidote and the AK135 model is appar-
ently not in the region of high-velocity anoma-
lies of the Farallon plate (Fig. 5), which does not 
explain the high-velocity anomalies observed in 
the Farallon plate at 100–300 km. On the con-
trary, the velocity difference between the zois-
ite eclogite (16.0 vol% zoisite) and the AK135 
model is consistent with the high-velocity anom-
alies observed in the Farallon plate. Thus, as to 
the analysis above, we conclude that the typical 
zoisite eclogite with 16.0 vol% zoisite (∼61.0 
vol% omphacite, ∼23.0 vol% garnet, and ∼16.0 
vol% zoisite) is one of the possible reasons for 
the high-velocity anomalies of the Farallon plate 
at 100–300 km depths.

CONCLUSION

The thermoelastic properties and stability of 
zoisite at high temperatures and pressures (up 
to 700 K and 24.8 GPa) were studied by syn-
chrotron radiation SC-XRD. Our results show 
that zoisite is stable under the P-T conditions 
in this study, which indicates that zoisite is 
capable of carrying water into ∼300 km depth 
under cold subduction conditions. The thermal 
EoS parameters of zoisite, K0 = 134.7(8) GPa, 
α0V = 1.9(7) × 10–5 K–1, α1V = 3(2) × 10–5 K–2, 
and (∂K/∂T)P = –0.011(4) GPa/K, were obtained 
by fitting the P-V-T data using the BM-EoS 

TABLE 6. THERMOELASTIC PROPERTIES OF ZOISITE AND OTHER MINERALS USED FOR ADIABATIC BULK MODULUS (KS) CALCULATIONS

Mineral composition K0(GPa) K′0 α0V
(10–5 K–1)

α1V
(10–8 K–2)

y (∂K/∂T)P
(GPa/K)

Reference

Zoisite (Ca1.929Mg0.003Na0.002Ni0.001)1.934(Al2.972Cr0.002Mn0.002​
P0.001)2.977Si3.065O12OH

134.7(8) 4(fixed) 1.9(7) 3(2) 1.2 –0.011(4) This study;
Hacker et al. (2003)

Olivine (Mg0.893Fe0.100Mn0.001Ni0.004)1.996Si0.999O4 126(3) 3.9(3) 4.7(7) 0(fixed) 1.22 –0.02(1) Ye et al. (2021);
Hofmeister and Mao (2002)

Garnet (Mg0.144Fe0.618Ca0.219Mn0.021)3.006(Al0.947Fe0.034​
Si0.012)1.986Si3.000O12

159(1) 5.0(2) 1.7(2) 2.9(5) 1.202 –0.010(4) Xu et al. (2019a);
Suzuki and Anderson (1983)

Antigorite (Mg2.64Fe0.1Al0.17Cr0.02)Si2.05O5(OH)4 62.9 6.1(fixed) 3.9(5) 0(fixed) 0.5 –0.027(4) Yang et al. (2014);
Hacker et al. (2003)

Omphacite (Di63Jd37) 126(1) 4(fixed) 2.2(1) 0(fixed) 0.70 –0.015(4) Nishihara et al. (2003)
Epidote Ca1.97Al2.15Fe0.84(SiO4)(Si2O7)O(OH) 138(2) 3.0(3) 3.8(5) 0(fixed) 1.1 –0.004(1) Li et al. (2021);

Hacker et al. (2003)
Diaspore (Al1.002Fe0.003OOH) 143(1) 4(fixed) 2.7(2) 0(fixed) 1.44 –0.017 Huang et al. (2021);

Jiang et al. (2008)
Lawsonite CaAl2Si2O7(OH)2.H2O 106(4) 5(2) 3.7(3) 0(fixed) 0.9 –0.020(7) Ballaran and Angel (2003);

Grevel et al. (2000)

Figure 5. Velocity differences 
among the three eclogite pet-
rological models along the Far-
allon slab geotherm and the 
AK135 model at 100–300 km 
depths are shown. The light 
gray region indicates the range 
of seismic velocity anomalies 
of the Farallon plate at depths 
of 100–300 km. The black solid 
line indicates the velocity differ-
ence between 16.0 vol% zoisite 
eclogite and AK135, while the 
red dashed line indicates the 
velocity difference between 
5.0 vol% epidote eclogite and 
AK135. The green dashed line 
indicates the velocity difference 
between eclogite and AK135.
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combined with Fei’s thermal expansion model, 
which has been used to calculate the density and 
bulk sound velocity of zoisite and zoisite eclogite 
along the Farallon plate geotherm. Finally, based 
on the calculated density and bulk sound veloc-
ity profiles of zoisite eclogite along the Farallon 
plate geotherm, we conclude that zoisite could 
carry water to depths of ∼300 km within cold 
subducting slabs, and the typical zoisite eclogite 
with ∼61.0 vol% omphacite, ∼23.0 vol% gar-
net, and ∼16.0 vol% zoisite could be one of the 
reasons for the high-velocity anomalies at depths 
of 100–300 km in the Farallon plate.
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