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Equation of state of Fe-bearing epidote-group minerals determined by X-ray diffraction
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ABSTRACT

Minerals in the epidote group, such as zoisite, clinozoisite, and epidote, are important water carriers
to the Earth’s deep interior through subducting slabs. In this study, we have performed synchrotron
X-ray diffraction (XRD) measurements on four epidote-group minerals up to 60 GPa at 300 K in
diamond-anvil cells (DACs) to investigate the influence of structure and Fe content on the equation
of state and density of these minerals. The obtained volume-pressure data were fitted using a third-order
Birch-Murnaghan equation of state, giving V0 = 902.6(1) Å3, KT0 = 112(2) GPa, and K

0
T0 = 7.1�3� for

zoisite with XFe = 0 [XFe = Fe3�/(Fe3��Al-2)], V0 = 455.0(2) Å3, KT0 = 160(6) GPa, and K
0
T0 = 3.4�6�

for clinozoisite with XFe = 0.24, V0 = 457.53(5) Å3,KT0 = 142(4) GPa, andK
0
T0 = 4.5�3� for clinozoisite

with XFe = 0.47, and V0 = 458.5(7) Å3,KT0 = 157(5) GPa, andK
0
T0 = 2.9�2� for epidote with XFe = 0.84.

Together with literature results, we found that elevating the Fe content will increase the density of
epidote-group minerals but decrease the bulk modulus. Compared to monoclinic clinozoisite with
the same iron content, the orthorhombic zoisite has a higher density but a lower bulk modulus. The
axial-compression behavior of epidote-group minerals is also discussed. Combining the elastic
properties and density of other minerals in the CaO-Al2O3-SiO2-H2O (CASH) system, we discuss
the effect of water and Fe on this system and further elucidate the role of epidote minerals in water
circulation inside the Earth.
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INTRODUCTION

Hydrous minerals are important carriers for transporting
water into the Earth’s interior through subduction (Ohtani
2015). While most natural hydrous minerals dehydrate at depths
shallower than ∼100 km, certain minerals, such as lawsonite,
epidote, and chlorite, can persist and transport water to the
deeper upper mantle (Forneris and Holloway 2003; Schmidt
and Poli 1998). Investigating the physical properties of these
hydrous minerals under high-pressure, high-temperature condi-
tions is essential for understanding the mechanisms of water
transport in the Earth’s interior.

Among all these natural hydrous minerals, epidote-group
minerals [Ca2Al2(Al,Fe)Si3O12(OH)] have been considered to
be important water carriers in basalts along the hot subduction
geotherm (Schmidt and Poli 1998). Epidote-group minerals
mainly include minerals along the clinozoisite-epidote join with
monoclinic structure and zoisite with orthorhombic structure
(Poli and Schmidt 1995) (Fig. 1). The Fe content in orthorhombic
zoisite normally does not exceed XFe = 0.15 [XFe = Fe3�/
(Fe3��Al-2)], while increasing Fe content leads to the transition
into a monoclinic structure (Brunsmann et al. 2002; Franz and
Liebscher 2004; Liebscher et al. 2002). Along the monoclinic
clinozoisite-epidote join, XFe< 0.5 denotes clinozoisite, while

XFe> 0.5 denotes epidote (Franz and Liebscher 2004). Epidote-
group minerals predominantly occur in metamorphic rocks, such
as the amphibolite, greenschist, blueschist, and eclogite facies
(Poli and Schmidt 1995; Schmidt and Poli 1998). They are also
one of the main minerals in the CaO-Al2O3-SiO2-H2O (CASH)
system, widely found in metamorphic and igneous rocks (Perkins
et al. 1980). In a hydrous basaltic system, epidote-group minerals
can remain stable up to 3.1 GPa at 700 °C, with contents ranging
from 5 to 20 wt% (Forneris and Holloway 2003; Schmidt and
Poli 1998). In the calcium-rich CASH system, the stability field
of zoisite could extend to 5.0 GPa at 700 °C and 6.6 GPa at
950 °C (Poli and Schmidt 1998; Poli and Schmidt 2004).

The equation of state (EoS) of epidote-group minerals is crit-
ical as it provides thermodynamic data essential for understand-
ing the seismic signature and fate of these hydrous minerals in
the Earth’s interior (Pawley et al. 1996, 1998). Previous studies
have shown that the density and bulk modulus of epidote-group
minerals derived from their EoS are highly influenced by the
composition (Alvaro et al. 2012; Gatta et al. 2010; Huang et al.
2022; Li et al. 2021; Mao et al. 2007; Qin et al. 2016). Fe-free
zoisite has the adiabatic bulk modulus (KS0) of 125.3(4) GPa
determined by Brillouin scattering (Mao et al. 2007). Using
X-ray diffraction (XRD), Alvaro et al. (2012) reported a
decrease in the isothermal bulk modulus, KT0, from 122.1(7)
to 119.1(7) GPa and an increase in pressure derivative, K

0
T0,

from 6.8(2) to 7.3(2) with increasing XFe from 0 to 0.12.
However, other studies using the same technique did not show
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