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Abstract The comparative compressibility and high-pres-
sure stability of a natural epidote (0.79 Fe-total per for-
mula unit, Fe,, pfu) and clinozoisite (0.40 Fe,, pfu) were
investigated by single-crystal X-ray diffraction and Raman
spectroscopy. The lattice parameters of both phases exhibit
continuous compression behavior up to 30 GPa without
evidence of phase transformation. Pressure—volume data
for both phases were fitted to a third-order Birch-Murna-
ghan equation of state with V,; = 461.1(1) A3, K, =115(2)
GPa, and K(; = 3.7(2) for epidote and V,, = 457.8(1) A3,
K, = 142(3) GPa, and K(; = 5.2(4) for clinozoisite. In both
epidote and clinozoisite, the b-axis is the stiffest direction,
and the ratios of axial compressibility are 1.19:1.00:1.15
for epidote and 1.82:1.00:1.19 for clinozoisite. Whereas
the compressibility of the a-axis is nearly the same for
both phases, the b- and c-axes of the epidote are about 1.5
times more compressible than in clinozoisite, consistent
with epidote having a lower bulk modulus. Raman spectra
collected up to 40.4 GPa also show no indication of phase
transformation and were used to obtain mode Griineisen
parameters ();) for Si—O vibrations, which were found to
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be 0.5-0.8, typical for hydrous silicate minerals. The aver-
age pressure coefficient of Raman frequency shifts for
M-0O modes in epidote, 2.61(6) cm~Y/GPa, is larger than
found for clinozoisite, 2.40(6) cm™Y/GPa, mainly due to
the different compressibility of FeOg and AlOg4 octahedra
in M3 sites. Epidote and clinozoisite contain about 2 wt%
H,O0 are thus potentially important carriers of water in sub-
ducted slabs.

Keywords Epidote - Clinozoisite - Synchrotron single-
crystal X-ray diffraction - Compressibility

Introduction

Epidote-group minerals are common hydrothermal altera-
tion minerals in basaltic rocks and potentially important
carriers of H,O in subducted oceanic crust. Epidote is
also a common secondary mineral in marbles and schists
and occurs as a pervasive replacement in geothermal sys-
tems experiencing multiple stages of epidote formation
and dissolution (Bird and Spieler 2004). Monoclinic epi-
dote-group minerals along the join between epidote [end
member: CazAlz(Fe”)(SiO4)(SizO7)O(OH)] and clinozo-
isite [end member: Ca,Al;(Si0,)(Si,0,)O(OH)] are typi-
cally associated with low-grade metamorphism and hydro-
thermal activity at 250400 °C and 1-2 kbars. Poli and
Schmidt (1998, 2004) showed that epidote and clinozoisite
are stable over a wide pressure and temperature range in
both continental and ocean crust in continental collisions
and subduction zones (Enami et al. 2004). The composition
of epidote is variable, with Fe3* content (i.e., mol fraction
of epidote end member) depending on bulk rock and fluid
composition (Bird and Spieler 2004; Shikazono 1984).
Monoclinic epidote with less than 50 % mol fraction of the
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epidote end member is referred to as clinozoisite (Franz
and Liebscher 2004). Through substitution, epidote-group
minerals may also contain significant Mn,0;, Cr,0;, SrO,
and rare earth elements.

Epidote-group phase equilibria reflect pressure—tem-
perature conditions in geological processes. Monoclinic
epidote, including clinozoisite, occurs in high- and ultra-
high-pressure metamorphic rocks from a wide variety of
geological settings. The structures of epidote and clinozo-
isite are similar, representing a class of monoclinic sorosili-
cates with both isolated SiO, tetrahedra and Si,0; groups,
combined with two distinct edge-sharing octahedral chains
that run along the [010] direction. The octahedral sites are
mainly occupied by Al and Fe*", and there is an extensive
solid solution between clinozoisite and epidote (Franz and
Liebscher 2004).

Several studies have shown the stability of epidote and
clinozoisite is influenced not only by pressure and tem-
perature, but also by the Al/Fe3t ratio, solution pH, fluid
composition and oxygen fugacity (Bird and Spieler 2004;
Bonazzi and Menchetti 1995; Holdaway 1972; Klemd
2004). Many previous studies have investigated the crystal
chemistry and crystal structure of epidote-group minerals
(Bonazzi and Menchetti 2004; Franz and Liebscher 2004;
Gottschalk 2004). From previous compressibility experi-
ments, there is a wide range in the reported values of the
isothermal bulk modulus (Kp,) and first pressure derivative
K(/) = (dK/dP)p_, of epidote and clinozoisite. Holland et al.
(1996) and Pawley et al. (1996) studied the compressibil-
ity of epidote and clinozoisite up to 8.2 GPa, reporting a
K1y = 162(4) GPa for Fe-bearing epidote and 154(6) GPa
for Fe-free clinozoisite. The P-V-T equation of state of
epidote containing 0.745 Fe,, pfu and 2.265 Al pfu was
determined by Gatta et al. (2011) using synchrotron pow-
der X-ray diffraction up to ~10 GPa and 1200 K, finding
Ky = 111(3) GPa and K, = 7.6(7). Brillouin-scattering
measurements on Fe-free, single-crystal zoisite by Mao
et al. (2007) reported 125.3(4) GPa for the adiabatic bulk
modulus (Kgy). The isothermal bulk modulus of single-
crystal clinozoisite containing 0.22 Fe,, pfu and 2.78 Al
pfu was determined experimentally in static compres-
sion experiments with Ky = 127(5) GPa and K(/] =0.52)
(Comodi and Zanazzi 1997), whereas Fan et al. (2011)
reported a value of bulk modulus of natural Fe-bearing cli-
nozoisite containing about 0.1 Fe pfu and 2.9 Al pfu with
Ky = 138(3) GPa, fixing K(; = 4. There is a discrepancy
between previous results of Ky, and K(; for natural epidote
and clinozoisite minerals, possibly due to compositional
differences but also experimental factors such as the num-
ber of data points, pressure range, and the choice of pres-
sure medium.

Al<>Fe*™ substitution along the clinozoisite-epidote
join affects the crystal structure and crystal chemistry of
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epidote-group minerals. In addition, the concentration and
valence state of iron in silicates are known to influence
elastic properties, with important implications for geophys-
ical and geochemical studies of mineral properties at high
pressures and temperatures. The natural occurrence and rel-
atively high P-T stability fields of some hydrous minerals
suggest that they are carriers of H,O in the Earth’s interior
and are likely involved in metamorphic and melting reac-
tions between the crust and upper mantle. Knowledge of
the stability and thermoelastic properties of hydrous min-
erals such as epidote-group minerals is therefore relevant
to understanding geological processes transferring volatiles
between the Earth’s crust and mantle. Here, we determine
the compressibility and vibrational properties of natu-
ral epidote and clinozoisite by synchrotron-based, X-ray
diffraction up to 30 GPa and Raman spectroscopy up to
40 GPa using single-crystal samples at room temperature.
Although the diffraction data were collected in wide-scan
mode and therefore not analyzed for intensity (structure
refinements), the use of single-crystal samples allowed for
both epidote and clinozoisite samples to be compressed in
the same diamond-anvil cell experiment without peak over-
lap. The results are applied to determining the comparative
compressibility of two natural epidote-group minerals and
evaluating the effect of composition in the solid solution on
compression behavior.

Experiment methods

A natural clinozoisite, gray-green in color from Paki-
stan, was chosen for high-pressure diffraction and Raman
experiments. A natural, dark-green epidote sample used
in this study was collected from Yunshan, Yunnan prov-
ince in China. The chemical composition of the epidote
and clinozoisite crystals was determined to be Ca, gsFe; 79
Al 19Tig 05513 03012(0OH)  and  Ca; g7Feq 40Al, 66 Tig 03
Siz 30,,(OH), respectively, based on electron micro-
probe analysis (EMPA) using a JEOL JXA-8230 elec-
tron microprobe with an accelerating voltage of 15 kV
and a beam current of 20 nA. The ambient P-T unit-cell
parameters, determined by synchrotron single-crystal
X-ray diffraction at the beamline 15U of Shanghai Syn-
chrotron Radiation Facility (SSRF), are ¢ = 8.9511(8)
A, b =5.602509) A, ¢ = 10.195(2) A, B = 115.602(6)°
for epidote, and a = 8.9109(8) A, b = 5.589(7) A,
c = 10.276(1) A, B = 116.55(2)° for clinozoisite, in
good agreement with those obtained for samples of
similar composition reported by Gatta et al. (2011) with
a = 8.890013) A, b = 5.6287(2) A, ¢ = 10.1558(4) A,
and g = 115.412(2)° for epidote, and Fan et al. (2011)
a = 8.926(5) A, b = 5.629(7) A, ¢ = 10.197(6) A, and
B = 116.1(1)° for clinozoisite, respectively. Single-crystal
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samples were double-side polished into plates measuring
about 10-15 microns in thickness using diamond lapping
films.

A short symmetric-type diamond anvil cell (DAC)
with 300-um-diameter culets was used for both high-
pressure X-ray diffraction and Raman spectroscopic
experiments. The sample chamber was formed by drill-
ing a 150-pm-diameter hole in a rhenium gasket that had
been pre-indented to ~40 pm thickness. The polished epi-
dote and clinozoisite samples were loaded into the sam-
ple chamber along with a small ruby sphere for pressure
calibration according to the R1 fluorescence peak position
(Mao et al. 1986). To achieve quasi-hydrostatic conditions
and maintain similar pressure environments surrounding
every crystal, we loaded the cells with neon as the pres-
sure-transmitting medium for both X-ray diffraction and
Raman spectroscopic experiments using the COMPRES/
GSECARS gas-loading system (Rivers et al. 2008). The
initial pressure inside the cell was about 2.5 GPa after gas
loading. Reported pressure uncertainties reflect the differ-
ence between pressure measurements performed before
and after each data collection, which did not vary by more
than £ 0.2 GPa.

High-pressure synchrotron X-ray diffraction experiments
were carried out at beamline 15U of SSRF. The wavelength
of the monochromatic synchrotron radiation X-ray beam
was A = 0.6199 A and beam size = 3 x 4 pm’. XRD pat-
terns from the single crystals were recorded using a rayo-
nix SX165 CCD detector, calibrated with a CeO, standard
using the program Fit2D (Hammersley et al. 1996). At each
pressure, the DAC was continuously rotated from —20° to
20° about the X-ray beam direction with an exposure time
of 10 s for every pattern. Diffraction data were collected in
about 1 GPa steps on compression to 29.3 GPa. Peak posi-
tions and indexing of both samples (epidote and clinozo-
isite) were assigned using the GSE_ADA/RSV software
package (Dera 2007). Unit-cell parameters were refined
by least-squares fitting techniques using the UNITCELL
(Holland and Redfern 1997) At least 22 reflections for
each sample were used to refine the unit-cell parameters.
In order to maintain consistency, only the peaks appearing
at all pressure steps were included for high-pressure lattice
parameter refinements.

High-pressure Raman spectroscopy was performed up to
40.4 GPa at room temperature in the Mineral Physics Labo-
ratory, University of Texas at Austin. The Raman system
uses a 532-nm Coherent Verdi V2 excitation laser. Neutral
density filters were used to limit the power to ~50 mW at
the sample to avoid excessive heating or damage to the
sample. Spectra were collected with an electron multiply-
ing charge-coupled device (EMCCD) and Andor Shamrock
spectrometer. Each Raman spectrum was collected with a
total exposure time of ~120 s. Spectra were collected in

unpolarized, backscatter geometry. Raman peak positions
were fitted using the software package PeakFit (Systat
Software, Inc.).

Results
X-ray diffraction

Single-crystal diffraction patterns taken at 2.5 and 29.4 GPa
in wide-scan mode are shown in Fig. 1. Reflections from
epidote and clinozoisite crystals appear as sharp, round
spots in the patterns. No phase transition was observed for
either epidote or clinozoisite over this pressure range.

The refined lattice parameters of epidote and clinozo-
isite at various pressures are listed in Table 1. The volume—
compression data for epidote and clinozoisite are shown
in Fig. 2.We first performed a second-order Birch—-Murna-
ghan equation of state (BM2-EoS) fit to the P-V data using
error-weighted least squares with EoSFit7c (Angel et al.
2014). Results of the BM2-EoS (K(/) = 4 implied) yield the
following results: V, = 461.1(1) A’ and Ky, =112.2(4) GPa
for epidote; V,, = 457.8(1) A3 and K, = 153(1) GPa for
clinozoisite. We applied the Fisher—Snedecor F test (Bev-
ington and Robinson 2003) to our P-V data, finding that a
third-order Birch-Murnaghan (BM3) fit provides a statisti-
cally better fit to both epidote and clinozoisite datasets at
the 95 % confidence level (p < 0.05), where p is the false-
rejection probability. The resulting BM3-EoS parameters
are as follows: V, = 461.1(1) A3, K, = 115(2) GPa, and
K(; = 3.7(2) for epidote; V, = 457.8(1) A3, K, = 142(3)
GPa, and K(; = 5.2(4) for clinozoisite. Correlation between
fitted EoS parameters K, and K(/) was analyzed for both
datasets and presented in Fig. 3.

Axial compression data of epidote and clinozoisite are
plotted in Fig. 4, normalized to room pressure values. To
determine the axial compressibility of a, b, and ¢ in epi-
dote and clinozoisite, we used a linearized BM2 fitting
where in each axial dimension is cubed and treated as
volume in the BM formulation (Angel et al. 2014). The
zero-pressure axial compressibility of linear dimension /,
defined as B, = —(l’l)(Sl/SP)PZO, is related to the linear
modulus (linear incompressibility) by M;, = (/310)_1. For
epidote, our fitted linear moduli to a, b, and ¢ are 313(4),
373(3), and 325(3) GPa, respectively, corresponding to
axial compressibility values of B, = 3.19(4) x 1073,
B, = 2.68(2) x 107, and B. = 3.08(3) x 107> GPa™.
For clinozoisite, we obtain linear moduli for a-, b-, and
c-axes of 320(2), 580(9), and 491(11) GPa, respec-
tively, corresponding to axial compressibility val-
ues of B, = 3.13(2) x 1073, B, = 1.72(3) x 1073, and
B. = 2.04(5) x 107> GPa~l. In both epidote and cli-
nozoisite, there is considerable anisotropy in axial
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Fig. 1 Wide-scan diffraction patterns of single-crystal epidote (a,
b) and clinozoisite (¢, d) at 2.5 GPa (a, ¢) and 29.4 GPa (b, d) in
the same diamond anvil cell. Indexed reflections are bound by boxes,

compressibility, with the b-axis being the stiffest direction
in both phases. The ratios of zero-pressure axial compress-
ibility in epidote are 1.19:1.00:1.15, and for clinozoisite
we find 1.82:1.00:1.19. Whereas the a-axis has nearly the
same compressibility in both phases, the b- and c-axes of
epidote are 1.5 times more compressible than in clinozo-
isite. The monoclinic B8 angle decreases continuously on
compression within the pressure range. These relationships
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while the unmarked but very strong reflections are from the diamond
anvils. Reflections due to crystalline neon are identified as streaks in
bandd

are consistent with clinozoisite having a higher bulk mod-
ulus than epidote.

Raman spectroscopy
Raman spectra were conducted up to ~40 GPa on crystals

taken from the same bulk samples of epidote and clinozo-
isite used in the diffraction study. We observed about 20
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Table 1 Variation of lattice parameters with pressures for epidote Table 1 continued
and clinozoisite - - -

_ _ . _ P (GPa) a(A) b (&) c(A) B©) V(A%
P(GPa) a) b& c® FO VA 217 84788(6) 5.4158(9) 9.927(1) 116.40(2) 407.89(8)
Epidote 22.7 8.4717(6) 5.4119(9) 9.920(1) 116.40(2) 406.28(8)
0.0001  8.9511(7) 5.6025(8) 10.195(2) 115.602(5) 461.08(5) 23.7 8.4602(7) 5.4052(9) 9.904(1) 116.31(2) 405.28(8)
2.5% 8.8802(8) 5.5622(9) 10.119(2) 115.647(6) 450.57(7) 24.7 8.4286(6) 5.3974(9) 9.891(1) 116.21(2) 403.72(9)
3.1 8.8729(8) 5.5535(9) 10.102(1) 115.708(5) 448.50(6) 26.9 8.4101(6) 5.3923(1) 9.862(1) 116.22(2) 401.24(8)
3.7 8.8568(9) 5.543(1) 10.093(2) 115.675(7) 446.57(8) 28.0 8.3834(6) 5.3864(9) 9.860(1) 116.15(3) 399.67(8)
4.4 8.8324(9) 5.533(1) 10.073(2) 115.624(7) 443.60(7) 29.3 8.3714(8) 5.3783(9) 9.840(1) 116.01(2) 398.17(9)
6.6 8.8067(8) 5.513(1) 10.0002) 115.624(7) 437.80(7) 4 . . uncertainty in pressure is & 0.2 GPa
74 8.7867(8) 5.504(1) 9.982(2) 115.680(6) 435.09(6)
8.8 8.7699(7) 5.490(9) 9.967(2) 115.74(6) 432.25(7)
9.7 8.7380(8) 5.4741(9) 9.949(1) 115.711(6) 428.80(6) ool o Clinozoisite (this study )
10.5 8.7140(8) 5.468(1) 9.914(1) 115.671(6) 425.77(6) 0.98 i o Clipozoisi@ (Fan et al. 2011)
11.6 8.6957(8) 5.450(1) 9.903(2) 115.665(6) 423.01(6) I ®  Epidote (this study)
127 86742Q2) 5441509) 9.8702) 115.713(6) 419.74(6) 0.96 R
13.7 8.6518(8) 5.428(1) 9.861(2) 115.699(6) 417.28(6) 0.94 |
147 8.6366(8) 5.427(1) 9.845(2) 115.706(6) 415.83(5) = 0o
15.8 8.6201(7) 5.4197(8) 9.809(2) 115.710(6) 412.88(5) N a
16.7 8.5923(9) 5.4028(9) 9.798(2) 115.658(6) 410.01(6) 0.90 -
17.7 8.5715(9) 5.3863(9) 9.778(2) 115.671(7) 406.87(6) 0.88 |-
19.0 8.5560(8) 5.3769(9) 9.750(2) 115.680(6) 404.27(6) 0.86 B
20.5 8.5315(8) 5.3665(9) 9.738(2) 115.665(6) 401.86(6) 3
217 85191(9) 53581(9) 9.7032) 115.737(6) 398.96(6) 0.841
22.7 8.5003(8) 5.3544(9) 9.680(2) 115.647(7) 397.16(5) 0.82 - L
23.7 8.4752(8) 5.3475(9) 9.679(2) 115.646(7) 395.53(5) 0 5 10 15 20 25 30
247 8.43998) 5.3371(9) 9.660(2) 115.568(7) 392.53(5) Pressure (GPa)
26.9 8.4172(7) 5.3163(9) 9.625(2) 115.565(7) 388.89(5)
28.0 8.4099(8) 5.3014(9) 9.592(2)  115.617(7) 385.59(6) Fig. 2 Volume—pressure data for epidote and clinozoisite from the
29.3 8.3837(8) 5.2953(9) 9.568(2) 115.522(7) 384.43(5) current and previous studies. Third-order Birch—-Murnaghan fits to the
Clinozoisite volume compression from this study are shown by the solid curves
0.0001  8.9109(6) 5.589(1) 10.276(1) 116.552(1) 457.80(8)
2.5% 8.8530(7) 5.5739(7) 10.246(1) 116.56(1) 452.24(9)
31 $.8427(7) 5.5715(7) 10241(1) 116.68Q2) 450.80(9) vibrational mO(.ie frequencies (v,), cqmpared with group
37 8.8127(6) 5.5592(1) 10230(1) 116.56(2) 448.30(9) theory calculat10n§ of 57 Raman-active modes for epi-
44 §7988(7) 5.545(1) 10209(1) 116.672) 4452(1) dote and 60 for clinozoisite (Aroyp et al. 2006a,. b). The
54 8.7774(6) 5.5366(7) 10.192(1) 11680(1)  442.09(8) smaller number of ol?servgd modes is due to weak intensity,
6.6 8.7534(6) 5.5266(7) 10.164(1) 116.71(2) 439.72(8) peak overlap,.and orlentat}on de.:p'endence. Selected Raman
74 8.7356(5) 5.5213(7) 10.140(1) 11642(1) 437.49(8) spectra. of epidote and’chnozomte loaded together in tl}e
g8 8.7058(6) 5.5122(7) 10.117(1) 116442 434.7009) same diamond cell at high pressures are plotted togethefr in
07 8.6822(6) 550347) 10.102(1) 11655(1) 431.79¢9) L& - The room pressure spectra of both phases are simi-
105 8.6616(5) 54978(7) 10.082(1) 116.18(2) 43034(8) lar to those from previous stu'dles.(Llebsch'er 2004) and
16 8.6396(5) 548727 10.057(1) 11638(1) 427.11(8) reference spectra from the University of Arizona RRUFF
127 8.6101(6) 54790(7) 10.04(1) 11651(2) 424.460) databasF (L'afuente et al. 2915) #R048809 and #R040085,
13.7 8.5992(5) 5.4722(7) 10.024(1) 116.35(1)  422.70(8) ShOV\./n 1 Flg..S for cpmparlson. All Ra.mar.l mOde.s show a

continuous shift to higher frequency with increasing pres-
14.7 8.5875(5) 5.4661(7) 10.016(1) 116.29(1)  421.50(8) sure. No peaks merge and no new peaks appear over the
158 8.5609(5) 54570(7) 9.989(1)  116.11(1) ~ 419.96(8) experimental pressure range, consistent with the X-ray dif-
13’7/ 2223222 :jﬁ;;; Zii;g; ﬁizig jié?i:; fraction data indicating structural stability of both phases at
: : : : : : room temperature up to 40 GPa.

;3(5) :i;gig; z :zzjiz; 23222; Hggg jiég;g; Raman spectra of epidote and clinozoisite are similar in

the region between 200 and 1200 cm™! on compression. At
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Fig. 3 Confidence ellipses for (a)

EoS parameters fitted to the data

for epidote (a), and clinozoisite 4.0

(b), at the 68.3 % (darker) and

95.4 % (lighter) confidence
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Fig. 4 Pressure dependence of normalized unit-cell parameters, a/a,
blb, and c/c,

320-540 cm~!, four modes are observed in both samples
mainly from M-O vibrations (M = Al and/or Fe in epi-
dote) within the different octahedral chains (epidote: 359,
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136 138 140 142 144 146 148
K, [GPa]

396, 461, and 508 cm™!; clinozoisite: 359, 398, 462, and
515 cm™!). The Raman shift at 284 cm™! of epidote and
286 cm™! of clinozoisite may be associated with the Ca—O
vibration as inferred from studies of zoisite and clinozoisite
(Langer and Raith 1974). Mode frequencies in the 450-750
and 800-1100 cm™! ranges empirically arise from symmetric
stretching Si—O vibrations (Wang et al. 1994). We therefore
assigned the strong band pair at 572 and 606 cm™! in epidote,
and at 577 and 610 cm™! in clinozoisite, to Si—O. In addition,
Raman bands at 841, 893, and 975 cm™ in epidote, and 843,
892 and 971 cm™! in clinozoisite, are also attributed to Si—O
vibrations in SiO, and Si,0, groups (Bradbury and Williams
2003). For both samples, the strong band at approximately
435 cm™! can be attributed to the Si-O-Si bending.

Figure 6 illustrates the pressure dependence of Raman
mode frequencies. The assignment of Raman modes fol-
lows the notation of Langer and Raith (1974) and Makreski
et al. (2007). All results are summarized in Table 2. Mode
frequencies were fitted linearly by w; = w;y + «; x P,
where w,, is the frequency of mode i at 0 GPa, «; is the
linear pressure coefficient (dw;/0P)p_y, and P is the pres-
sure. The mode Griineisen parameters (y;) are calculated
by v,y = —d(Inw))/0(InV) = (Kpy/w;y)e; (Born and Huang,
1954). We used the bulk modulus Ky, = 115(2) GPa for
epidote and K, = 142(3) GPa for clinozoisite, which were
obtained by the BM3 fit, to calculate the mean y; values.
The resulting values of Ca—O vibrations are 0.81(2) for
epidote and 1.25(4) for clinozoisite. For the Si—O-related
vibrations, the calculated y; values range from 0.5 to 0.8
with average y values of 0.53(1) and 0.67(3) for epidote
and clinozoisite, respectively.

Discussion

Both epidote and clinozoisite in space group P2,/m are
sorosilicates having an additional isolated SiO, tetrahedron
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Fig. 5 Selected Raman spectra of epidote (a) and clinozoisite
(b) at various pressures. Raman spectra from the RRUFF data-
base (Lafuente et al. 2015) for epidote (#R048809) and clinozoisite
(#R040085) are also shown for comparison

in the general formula, A1A2MIM2M3(SiO,)(Si,0,)
O(OH). M cations in octahedral site with coordination
number (CN) = 6 are mainly occupied by Al and Fe**, and
the A cations with CN > 6 are mainly occupied by Ca. The
structure is built up by two edge-sharing octahedral chains
running parallel to the b-axis with three non-equivalent
M1, M2, and M3 octahedra; a single chain of M2 and a
zig-zag chain of M1 with M3-polyhedra attached on the
alternate sides along its length (Franz and Liebscher 2004).
Among M10g4, M20Og, and M30Og octahedra, M3O is the
largest and most distorted, while M2QOg is the smallest and
the least distorted (Nagashima 2011). The two distinct
octahedral chains are bridged in [100] and [001] directions

by isolated single SiO, and Si,O, tetrahedral groups. As in
clinozoisite, the substitution of Fe3* for Al involves the M3
sites, which is different in size and shape from the octahe-
dral chain sites M1 and M2.

Referring to Table 3, the bulk modulus obtained here for
epidote of 115(2) GPa from the BM3 fit is in good agree-
ment with 111(3) GPa obtained by Gatta et al. (2011) and
116(7) GPa reported by Fan et al. (2014). For clinozoisite,
our bulk modulus of 142(3) GPa is statistically higher than
127(4) GPa reported by Comodi and Zanazzi (1997) and
138(3) GPa obtained by Fan et al. (2011). There is gener-
ally lack of agreement in the first pressure derivative K(/J.
Whereas we found K(/) = 3.7(2) and 5.2(4) for epidote and
clinozoisite, respectively, the fitted value of K(’) for epi-
dote was 7.6(7) from Gatta et al. (2011) and 7.8(8) from
Fan et al. (2014). For clinozoisite, Comodi and Zanazzi
(1997) obtained K(/) = 0.5(2) but only fitted to data over
a very limited pressure range of 5.1 GPa. The reason for
these discrepancies is not immediately clear, but because
our data cover a wider pressure range (30 GPa) with around
1 GPa steps, the current dataset may offer improved con-
straints on K(/). Fitting the P-V data in XRD compression
experiments suffers from a well-known negative correla-
tion between K, and K(/J, illustrated in Fig. 3. The differ-
ence between the derived pressure derivatives of the bulk
modulus obtained in this study and those reported in previ-
ous studies may likely due to: the limited P-range investi-
gated, i.e., ~5.2 GPa in Holland et al. (1996), ~9.8 GPa in
Gatta et al. (2011), the different pressure media (Table 3),
and also possibly the different Fe contents, although the
Fe,;, = 0.79 pfu in epidote from this study is very similar
to Fe,,, = 0.745 pfu from the study of Gatta et al. (2011).
However, since the epidote and clinozoisite were com-
pressed in the same diamond cell in this study, the compar-
ative values of K(/) between epidote and clinozoisite should
be considered robust.

Our results on the compressibility of epidote and cli-
nozoisite can also be compared with other sorosilicates
in the epidote group, e.g., Fe-free zoisite Ky = 122.1(7)
GPa and Fe-rich zoisite Ky, = 119.1(7) GPa (Alvaro et al.
2012) as well as lawsonite K, = 125(2) GPa (Grevel et al.
2000), and Ky, (or adiabatic Kg,) values in some related
studies are ranging from 102(6.5) to 136(4) GPa (Comodi
and Zanazzi 1997; Mao et al. 2007; Pawley et al. 1998;
Sinogeikin et al. 2000; Winkler et al. 2001), which are still
in a reasonable agreement. Comparing the two composi-
tions in this study, the Fe,, = 0.79 pfu in epidote is about
twice that in clinozoisite with Fe,, = 0.40 pfu, and owing
to the fact that Fe>* has ~14 % larger ionic radius than that
of AP’* (CN = 6, Fe’*: 0.785 A and AI**: 0.675 A), the
iron content likely plays a role. Increasing Fe content gen-
erally reduces O-O repulsion by increasing the M3 octa-
hedral dimensions, while the other M1 and M2 polyhedral
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Fig. 6 Pressure dependence of
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Table2., Results of linear Epidote Clinozoisite
regressions to the pressure
dependence of observed Modes @, (cm™")  « (cm™Y/GPa) Vi Modes o, (em™) & (cm™'/GPa) Vi Assignment
vibrational modes (v;) in epidote
and clinozoisite up to 40 GPa v, 234 1.43(4) 0.70(2) v, 236 1.52(3) 0.91(3)
v, 285 2.0009) 0.81(2) v, 286 2.52(6) 1.25(4) Ca-O
Vs 361 2.15(8) 0.69(2) v, 361 2.12(7) 0.83(3) M-O
v, 392 2.49(5) 0.73(2) v, 398 2.23(6) 0.803) M-O
Vs 435 1.80(7) 0.48(1) s 440 1.69(6) 0.55(2) Si-O
Vg 456 2.53(5) 0.64(2) g 453 3.23(7) 1.01(2) M-O
vy 507 3.28(7) 0.74(2) v, 509 2.04(5) 0.57(2) M-O
Vg 573 1.97(4) 0.40(1) g 575 2.33(2) 0.58(2) Si-O
Yy 601 2.45(2) 0.47(1) v, 602 2.77(5) 0.65(2) Si-O
Yo 835 3.91(6) 0.54(1) v, 836 3.93(7) 0.67(2) Si-O
v 879 5.07(7) 0.66(2) vy, 899 4.20(12) 0.66(2) Si-O
Yy 937 4.00(10) 0.49(1) v, 940 3.95(11) 0.602) Si-O
V3 963 5.02(10) 0.60(1) v5 960 6.35(16) 0.94(3) Si-O
Uy 1089 5.70(16) 0.60(2) vy 1095 5.57(15) 0.72(3) Si-O

The reference frequency at room pressure (w,) and pressure coefficients, o; = (dw;/dP), were used to calcu-
late mode Griineisen parameters (y;) using the fitted Ky, values obtained in this study from BM3-EoS fits:
115(2) GPa for epidote and 142(3) GPa for clinozoisite

volumes remain practically constant (Comodi and Zanazzi
1997). The increase in volume of M3 is accommodated by
increasing the distance between the cation and the apical
O atoms. Furthermore, an increase in Fe content in epidote
may facilitate the rotation of SiO, tetrahedra (Alvaro et al.
2012).

To investigate the compression anisotropy of epidote and
clinozoisite, we fitted the linear compressibility (5,) along
each axis using the BM2 formulation in EoSFit7c (Angel
et al.,, 2014). In both phases, the b-axis was found to be
the least compressible, which might be expected for the
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direction containing more SiO, tetrahedra or Si,0, groups
per unit length than other directions. The zero-pressure S
ratios (B,:B,:8.) for epidote are 1.19:1.00:1.15, and for the
clinozoisite we found 1.82:1.00:1.19. In both phases, we
find B, > B. > B,, and thus the largest anisotropy in com-
pressibility is between the a- and b-axes. Comparing the
two compositions, epidote and clinozoisite possess nearly
the same linear compressibility in the a-axis direction, but
both b- and c-axes of epidote with about twice as much
Fe are ~1.5 times more compressible than in clinozoisite
(Fig. 4). According to our results, the higher Fe content in
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Table 3 Summary of compressibility studies of epidote and clinozoisite

Mineral References Fe, pfu P, ./(GPa) Ky/(GPa) K(/) Pressure medium?* Method

Epidote This study 0.79 29.4 115(2) 3.7(2) Neon XRD(SC)
This study 0.79 29.4 112.2(4) 4 (fixed) Neon XRD(SC)
Holland et al. (1996) 0.96 5.21 162(4) 4 (fixed) ME = 4:1 XRD(PD)
Gatta et al. (2011) 0.745 9.80 111(3) 7.6(7) ME = 4:1 XRD(PD)
Fan et al. (2014) 0.5 9.16 116(7) 7.8(8) MEW = 16:3:1 XRD(PD)

Clinozoisite  This study 0.4 29.4 142(3) 5.2(4) Neon XRD(SC)
This study 0.4 29.4 153(1) 4 (fixed) Neon XRD(SC)
Holland et al. (1996) 0.02 8.20 154(6) 4 (fixed) ME = 4:1 XRD(PD)
Comodi and Zanazzi (1997)  0.22 5.1 127(4) 0.5(2) MEW = 16:3:1 XRD(SC)
Fan et al. (2011) 0.1 20.4 138(3) 4 (fixed) MEW = 16:3:1 XRD(PD)
Winkler et al. (2001) 0 50 136(4) DFT

SC single crystal, PD powder diffraction, DFT density function theory

2 ME = 4:1, 4:1 methanol—ethanol mixture; MEW = 16:3:1, 16:3:1 methanol-ethanol-water mixture

epidote leads to a significant increase in the linear com-
pressibility of the - and c-axes compared with clinozoisite.
For epidote with Fe,, = 0.745 pfu, Gatta et al. (2011) also
found the b-axis to be the least compressible; however,
in that study, which used a linearized BM3 fit, the a-axis
was less compressible than ¢, giving linear compress-
ibility ratios B,:8,:8. of 1.08:1.00:1.40. In contrast, Alvaro
et al. (2012) reported that in zoisite the a-axis is the least
compressible, with linear axial compressibility ratios of
1.00:2.31:2.74 for Fe-free zoisite and 1.00: 2.34:2.99 for
zoisite with Fe,, = 0.12 pfu. Clearly, further studies are
required to more fully understand the effects of Fe content
and structure on the axial compressibility of epidote-group
minerals.

Raman spectroscopy is a sensitive technique to probe
the characteristics of cation—anion coordination groups.
The pressure coefficients, o; = (dwy/dP)p_,, give quanti-
tative comparisons for the changes of different vibration
modes with pressure (Table 2). Raman modes are assigned
by comparing our results with previous ambient pressure
data (Makreski et al. 2007; Bradbury and Williams 2003;
Langer and Raith 1974). The pressure coefficient of Ca—O
bond in epidote is somewhat different than that in clinozo-
isite, which is partly attributed to the different energy of
bands. As for the silicate-derived vibration in both phases,
the calculated y values fall generally in the range of 0.5—
0.8, which are typical for some hydrous silicates, e.g.,
phase D and phase E. By comparing with dense hydrous
magnesium silicates, the internal Si—~O modes of phase E
possess the nearly same range in y values, 0.53-0.83 (Shieh
et al. 2009). The calculated mode Griineisen parameters
for epidote and clinozoisite in this study are ranging from
0.40(1) to 0.81(2) (epidote) and 0.55(2)-1.25(4) (clinozo-
isite), with average values from all the observed modes of
0.61(1) and 0.77(3), respectively.

The mean pressure coefficient of M—O modes in epidote
of 2.61(6) cm™!/GPa is slightly larger than 2.40(6) cm™!/
GPa found in clinozoisite, consistent with the higher com-
pressibility of epidote relative to clinozoisite. The pres-
sure coefficient of Si—-O modes in epidote, 3.74 cm™Y
GPa, is nearly the same with in uncertainty to 3.85 cm™!/
GPa for clinozoisite. We therefore conclude that the major
difference in compressibility between the two structures
is related to M—O bonds and in particular FeOg and AlOg¢
octahedra in M3 sites. Our conclusion that the addition of
Fe into epidote reduces its bulk modulus is consistent with
the findings of Gatta et al. (2011).

Epidote-group minerals are commonly found in a wide
range of crustal rocks and hydrothermally altered basalt.
At 600-700 °C, a breakdown of epidote-group minerals is
typically observed, but they can be stabilized to higher tem-
peratures by incorporation of rare earth elements (Hermann
2002). The combined influence of temperature and pressure
on clinozoisite can be evaluated by the volume-expansion-
to-compression-ratio about 38 bar/K (Comodi and Zanazzi
1997), indicating that the thermal behavior of epidote-
group minerals remains stable along the geothermal gradi-
ent. As potential carriers of H,O into the upper mantle, the
physical properties of epidote-group minerals at simultane-
ous high pressures and temperatures warrant further inves-
tigation of their elastic properties to assist in calculations of
predicted seismic wave speeds in hydrated slabs.

Conclusion
The comparative compressibility of a natural epidote
(Fe,,; = 0.79) and clinozoisite (Fe,, = 0.40) was examined

by loading both crystals simultaneously into the same dia-
mond-anvil cell experiment up to 30 GPa. The results show
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that increasing iron content reduces the bulk modulus and
increases the first pressure derivative (K(/)) in the BM3-EoS
formulation. In combination with Raman spectroscopy per-
formed up to 40 GPa, we find no evidence for phase trans-
formation over this pressure range at 300 K. We found the
b-axis to be the least compressible, and the addition of Fe
appears to significantly increase the linear compressibility
of the b- and c-axes of epidote, leading to an overall reduc-
tion in bulk modulus of epidote compared with clinozoisite.
We attribute the differences in compression behavior to the
addition of Fe at M3 site in the epidote structure. Raman
spectra further suggest that the difference in compressibil-
ity between epidote and clinozoisite is likely due to the dif-
ferent compressibility of FeOg4 and AlOg octahedra in M3
sites.
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