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Abstract. To provide a tool for fast estimation of the Fe* content in Cax(Al, Fe3)3Si3012(OH) epidote grains,
including in thin sections and crude-rock samples, we applied Raman spectroscopy to 33 areas from 15 natural
samples with Fe3* ranging from 0.22 to 1.13 atoms per formula unit (apfu), the chemistry of which was inde-
pendently determined by wavelength-dispersive electron microprobe analysis (WD-EPMA). The Raman spectra
were collected from the very areas subjected to WD-EPMA. We have analysed both the OH-stretching region
(3215-3615cm™!) and the spectral range generated by the framework vibrations (15-1215cm™"). Similarly to
the IR spectra, the Raman peaks in the OH-stretching region shift toward higher wavenumbers with increasing
Fe. However, the quantification of Fe>* based on OH-stretching Raman peaks can be hindered by the multicom-
ponent overlapping and significant intensity variations with the crystal orientation. Among the Raman signals
generated by framework vibrations, the position of four peaks (near 250, 570, 600, and 1090 Cm_l) exhibit a
steady linear regression with the increase in Fe content (in apfu). However, the peak near 250 cm™! attributed to
MOg vibrations also depends on the crystal orientation and therefore is not always well resolved, which worsens
the accuracy in Fe-content determination based on its position. The peaks near 570, 600, and 1090 cm™" arise
from Si»O7 vibrational modes, and although their intensities also vary with the crystal orientation, all three sig-
nals are well resolved in a random orientation. However, among the three Si,O7-related signals, the 570 cm~!
peak is the sharpest (peak width < 10cm™!) and is easily recognized as a separate peak. Hence, we propose to
use the position of this peak as a highly reliable parameter to estimate the Fe content, via the linear trend given as
ws70 = 577.1(3)—12.7(4)x, where w is the wavenumber (cm~!) and x is Fe content (apfu), with accuracy 4 0.04
Fe* apfu. The peaks near 600 and 1090 cm™! may be complementarily used for the Fe estimate, based on the
following relations: wgog = 611.6(2) — 13.8(4)x and wig9g = 1098.8(3) — 13.5(5)x. Analyses of the effect of Sr
as a substitution for Ca and Cr at the octahedral sites indicate that contents of Sr < 0.12 apfu do not interfere
with the quantification of Fe via the ws7¢ (x) relation, whereas Cr > 0.16 apfu leads to overestimation of Fe; Cr
presence can be recognized however by the broadening of the peaks near 95 and 250 cm™!.

1 Introduction

Epidote-supergroup minerals are soro-/nesosilicates, hav-
ing monoclinic symmetry (P2;/m) and the structural for-
mula A1A2M1M2M3[Si»07][Si04](O,F)(OH,0) (Fig. 1),
with M2 entirely occupied by Al and Al by Ca. Based
on the cationic-site occupancies, this supergroup is divided
into three major groups: the epidote, allanite, and dollaseite

groups (Armbruster et al., 2006; Mills et al., 2009). The epi-
dote group is the most abundant one. It differs from the other
two groups by having divalent cations at the A2 site (most
commonly Ca) and trivalent cations, such as Al, Fe3*, and
Mn3*, at the M1 and M3 sites. Since among the three octa-
hedrally coordinate sites M1, M2, and M3, the M30Og¢ octa-
hedron is the largest in volume and most distorted (Fig. 1),
trivalent transition elements, such as Fe3*, preferentially oc-
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Figure 1. Epidote crystal structure projected along the b axis; the
MOg octahedral volume increases in order M2 < M1 <M3; Al and
A2 are 9- and 10-coordinated, respectively; O10 is occupied by hy-
droxyl groups, which are almost parallel to the ¢ axis. The figure
was prepared using VESTA 3 (Momma and Izumi, 2011).

cupy M3, although they may partially substitute for M!Al
even before entirely filling M3 (e.g. Dollase, 1969, 1971,
1973; Giuli et al., 1999; Langer et al., 2002; Nagashima and
Akasaka, 2004, 2010; Nagashima et al., 2009, 2019).

Due to their large compositional diversity, epidote-
supergroup minerals are stable over an extremely wide range
of pressures and temperatures. They occur as typical meta-
morphic minerals but are also observed in igneous rocks, hy-
drothermally altered rocks, low-temperature veins, and join
fillings (e.g. Deer et al., 1997; Franz and Liebscher, 2004)
as well as in ore deposits and in sedimentary rocks derived
from orogenic settings (Garzanti and Ando, 2007; Huber and
Bahlburg, 2021). Thus, understanding of the composition—
paragenesis relation for epidote-supergroup minerals is crit-
ical for petrological and geochemical interpretations of a
wide variety of rocks. Certainly, the best way to obtain high-
precision compositional data is to use wavelength-dispersive
electron microprobe analysis (WD-EPMA). However, over
the past few decades, Raman spectroscopy has become more
and more popular not only for preparation-free mineral
identification using spectral databases, e.g. the RRUFF™
database (Lafuente et al., 2015), but also for a fast quantita-
tive estimation of the crystal chemistry of complex silicates
(Aspiotis et al., 2022; Bendel and Schmidt, 2008; Bersani
et al., 2009, 2018, 2019; Huang et al., 2000; Kuebler et al.,
2006; Leissner et al., 2015; Waeselmann et al., 2020; Waten-
phul et al., 2016a, b).

The compositional effects on the atomic dynamics of
epidote-type minerals have been analysed mainly by Fourier-
transform infrared (FTIR) spectroscopy, focusing on the OH-
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stretching vibrations (e.g. Langer and Raith, 1974; Lieb-
scher, 2004). A summary of the observed IR peaks and
their assignment in previous studies are listed in Table S1
in the Supplement. It has been proposed to estimate the
Fe3t content x (in atoms per formula unit, apfu) in a
clinozoisite—epidote solid solution through the position of
the sole OH-stretching infrared peak woy, using the rela-
tion woy = 3327.1 +49.4x, with accuracy in Fe>* content
Ax ==£0.04 apfu (Langer and Raith, 1974). For piemon-
tite, a Mn>T analogue of epidote, splitting of the OH-
stretching peak due to the Jahn—Teller effect of octahedrally
coordinated Mn3T was observed and the additional, higher-
wavenumber component was assigned to the M2A1,—010-
H. .- 04-MI(AL Fe)}®Mn3* configuration based on an in-
crease in H--- O4 distance due to the shorter M3—0O4 bond
length in piemontite compared to that in the Al-Fe3*t se-
ries of epidote (Della Ventura et al., 1996). Moreover, two
types of behaviour of the v(OH) peak in the epidote group
were indicated (Della Ventura et al., 1996): (i) “one-mode
behaviour” (i.e. a continuous shift of a single peak), re-
lated to the Al-Fe3t substitution, and (ii) “two-mode be-
haviour” related to the (Al, Fe3T)-Mn3t distribution. Two-
mode behaviour due to different octahedral configurations,
namely M2A1,-010-H - .- 04-MAIB AL and M2ALL,-010-
H... O4-MAIYBFe3t, was also suggested for Fe3*-bearing
zoisite (Liebscher, 2004). Multiple OH-stretching IR peaks
(3357, 3397, 3461, 3660, and 3762 cm_l) have also been re-
ported for epidote (Su et al., 2019), although detailed peak
assignment has not been provided. In the range of frame-
work vibrations below about 1200cm~!, 34 IR peaks have
been identified (Langer and Raith, 1974), as some peaks have
shifted toward lower wavenumbers with increasing Fe3™
content.

One of the advantages of Raman spectroscopy over FTIR
spectroscopy is that it can reach a lateral resolution of
~ 1 um, which is of an order of magnitude better than
that of FTIR microspectroscopy. This is especially bene-
ficial for minerals with chemical zonation, like epidotes.
Yet, Raman-scattering analyses on mineral series from the
epidote supergroup are relatively scarce. The main charac-
teristic Raman peaks of epidote generated by the frame-
work vibrations appear near ~ 400—420, ~ 550, ~ 910, and
~ 1080 cm™!, while the O-H stretching modes give rise to
Raman scattering in the range 3340-3380cm™" (Liebscher,
2004; Makreski et al., 2007; Enami, 2009; Roache et al.,
2011; White et al., 2017; Ando and Garzanti, 2014; Su et
al., 2019; Nagashima et al., 2021; Kozdkova et al., 2022;
Zheira et al., 2022). The assignment of the observed Ra-
man peaks proposed by different authors is listed in Table 1.
Moreover, Raman spectroscopy has been applied to examine
the structural breakdown of clinozoisite and epidote under
high-temperature and low-pressure conditions (Kozdkova et
al., 2022) as well as to analyse the chemically induced struc-
tural changes in Cr+V-containing clinozoisite (Nagashima et
al., 2021). Raman spectroscopy has also been used to iden-
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tify tanzanite, a V-containing variety of zoisite of gemologi-
cal importance (Coccato et al., 2021).

A qualitative trend between the content of Fe3* and
the positions of the Raman peaks near 137, 571, 604, and
1092cm™! (Enami, 2009) as well as of the O-H stretch-
ing Raman scattering (Nagashima et al., 2021) has been al-
ready reported. Just recently Raman spectroscopy has been
proposed to be used for Fe3*-content quantification in cli-
nozoisite with Fe3T ranging between 0.10 and 0.32apfu
(Limonta et al., 2022), on the basis of the peaks near 560,
980, 1090, and 3350 cm~!. However, a comprehensive study
of the Fe* / Al compositional effect on the Raman spectra
of calcium epidotes exceeding the clinozoisite compositional
range is still required.

Here, we report our Raman spectroscopic results on a
series of natural samples along the clinozoisite—epidote
join, whose chemical composition was determined by WD-
EPMA. The thorough Raman-scattering analysis of 33 ar-
eas from the 15 natural clinozoisite and epidote spec-
imens, selected to be compositionally close to Cax(Al
Fe)3Si3012(OH) (Table 2), allowed us to establish a quan-
titative correlation between Fe3* content and the Raman sig-
nals. Our results provide a tool to determine Fe3* content in
epidote-group minerals with accuracy as good as that derived
from FTIR spectra but with a spatial resolution the same as
that of WD-EPMA and without the necessity of any sample
preparation.

2 Materials and methods

Natural epidote samples in Al-Fe3* solid solution from 15
localities were investigated in this study (Table 2). Samples
C19 and E21 were provided by the Mineralogical Museum,
Universitit Hamburg (catalogue numbers VFMM-2107/17
and 6362, respectively).

The chemical compositions of natural epidote in Al-Fe3*
solid solution in the thin sections were derived from WD-
EPMA data. The analytical points probed by WD-EPMA
and Raman spectroscopy are identical. Chemical analyses for
samples C3, ES5, C6, E7, E8, E9, C10, E11, C13, and E16
were performed with a Cameca SX100 SEM system using
a wavelength-dispersive detector installed at the Institute of
Mineralogy and Petrology, Universitit Hamburg. The energy
of the electron beam was 15kV, and the beam current was
20nA, with a beam diameter of 10 um. The abundances of
Si, Ti, Al, Cr, V, Fe, Mn, Mg, Ca, Sr, Ba, Na, K, Ni, Pb, P,
F, and Cl were measured. The probe standards for the mea-
sured elements are as follows: wollastonite (Si, Ca), MnTiO3
(Ti, Mn), Al;O3 (Al), CryO3 (Cr), vanadinite (V, Cl), andra-
dite (Fe, Ca), MgO (Mg), SrTiO3 (Sr), Ba-containing glass
(Ba), albite (Na), orthoclase (K), NiO (Ni), apatite (P), Pb-
containing glass (Pb), and LiF (F). The acquisition times
were 120s for F; 60 s for Na, Mg, P, Cl, K, Sr, Ba, and Pb;
30s for Ti, V, Cr, Mn, Fe, and Ni; and 20s for Al, Si, and
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Ca. Measurements were performed on three points for each
analytical point. The ZAF correction was applied to all ele-
ments. The chemical compositions for C2, C19, C20, E21,
E22, and CrE14 were determined using a JEOL JXA-8230
electron microprobe analyser installed at the Center for In-
strumental Analysis, Yamaguchi University. Operating con-
ditions were an accelerating voltage of 15 kV, a beam current
of 20nA, with a beam diameter of 1-10 um. Wavelength-
dispersion spectra were collected with LiF, PET and TAP
monochromator crystals to identify interfering elements and
locate the best wavelengths for background measurements.
The abundances of Si, Ti, Al, Cr, V, Fe, Mn, Mg, Ca, Sr, Ba,
Na, K, Ni, Zn, Pb, P, F, and CI were measured. The probe
standards for the measured elements are as follows: wol-
lastonite (Si, Ca), rutile (Ti), corundum (Al), eskolaite (Cr),
Ca3(VO4)2 (V), hematite (Fe), manganosite (Mn), periclase
(Mg), SrBaNb4O1; (Sr, Ba), albite (Na), orthoclase (K), NiO
(Ni), ZnO (Zn), PbVGe oxide (Pb), KTiOPO4 (P), fluorite
(F), and halite (CI). The acquisition times were 30s for all
elements. The ZAF correction was applied to all elements.
Several elements, which are not shown in Tables S2 and S3,
are below the detection limit. The difference between the an-
alytical total and 100 wt % was assumed to represent the H,O
content. The formula was normalized on X cations = 8. All
analytical points of the Al-Fe>T series of epidotes are shown
in Fig. 2.

Raman spectroscopic experiments were conducted in
backscattering geometry with a Horiba Jobin Yvon S.A.S.
T64000 triple-monochromator spectrometer (holographic
1800 grooves mm~! gratings) equipped with an Olympus
BX41 confocal microscope (Olympus LM Plan FLN 50x
objective with a numerical aperture of 0.5) and a Symphony
liquid-Nj-cooled charge-coupled device (CCD) detector in-
stalled at the Institute of Mineralogy and Petrology, Univer-
sitdit Hamburg. The spectrometer was calibrated to the T
mode at 520.5cm™! of a Si wafer. The achieved spectral
resolution was ~2cm™!, and the accuracy in determining
the peak positions was ~ 0.35cm™!. The spectra of the Al-
Fe3* series of epidote-group minerals were collected using
the green line of an Ar™ laser with A = 514.532 nm. The laser
power on the sample surface was ~ 8 mW, while the diame-
ter of the laser spot was ~ 2 um. Spectra were collected in the
ranges 15-1215 and 3215-3615cm™~!. To check the orienta-
tional dependence of the Raman peak intensities, polarized
spectra from a euhedral single crystal (sample C20) were col-
lected from six different scattering geometries with parallel-
polarized spectra (the polarization of incident light E; is
parallel to the polarization of scattered light E) and cross-
polarized spectra (E; L Eg). In Porto’s notation (Porto and
Scott 1967), the scattering geometries were y(xx)y, z(yy)z,
X(zz)x, y(x2)y, z(xy)z, and X(yz)x, where y is parallel to the
b axis, while x and z are two mutually perpendicular di-
rections in the (010) plane. The orientation of the crystal-
lographic axes for the epidote grains in thin sections was
random, and only parallel-polarized spectra (Ei||Es) were
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Table 1. Previously reported Raman peak positions and the peak assignment of Raman spectra of the Al-Fe3t series of epidote, Ep, and

clinozoisite, Czo.

Ep ‘ Czo ‘ Ep Czo ‘ Ep Czo ‘ Peak assignments
Fe (apfu) - | 006 032 08 0.14 | 0.742 0319 |
Reference? 1 \ 2b |3 4 | | 1d 2 3 4 5
3435(1) v(OH)
3348 3378 3343.46(7) v(OH) v(OH)
1105 Si-O
1084m 1092 1097.2(1) | 1087 1091 | v(Si-Opp) v(Si-0) V(Si-Opp)
1040w 1041 1038 1039 | v(Si-Opp) M-0? V(Si-Opp)
996 M-0?
980w 988.9(2) | 975 981 | v(Si-Opp) V(Si-Opp)
941vs 937 913 912 | v(Si-Opp) Si-O V(Si-Opp)
885m 880 882 887 | v(Si-Opp) Si-O V(Si-Opp)
864sh 868 | v(Si-Opp) V(Si-Opp)
832vw 843 V(Si-Opp) V(Si-Opp)
612 Si-O
599vs 604 607 605 | v(Si-Op) V(Si-Opp)
565s 571 576 575.91(4) | 557 569 | §(Si-Op-Si) Si-O  §(Si-Op-Si)  v(Si-Op)
533 M-O
522w v(M-0)
508m 511 505 506 | v(M-O) M-O v(Si-Op)
465 M-O
452vs 447 450 | 8(Si-Op-Si) V(Si-Op)
430m 438 424 | 8(Si-Op-Si) Si-0 V(Si-Op)
390w 398 390 | v(M-0) 8(Si-Op-Si)
350m 345 347 | v(M-0) v(M-O)
328w 326 v(M-0) M-O
314w 310 v(M-0)
292w 288 Ca-O
276m 260.86(8) | 273 272 V(M-0)
243m
230m 232 235 v(M-0)
168m 170 166 v(M-0)
134m 137 136 v(M-0)
93.2(1)

a References are as follows: (1) Makreski et al. (2007), (2) Enami (2009), (3) Su et al. (2019), (4) Nagashima et al. (2021), (5) Kozékovi et al. (2022). b The wavenumbers of the framework
vibration were derived from a linear trend of peak positions for clinozoisite with Fe = 0.06 and 0.32 apfu for a composition corresponding to Fe = 0.15 apfu. © Raman spectra were collected
from the samples annealed at 900 °C. d As the tentative assignments (Makreski et al., 2007). s: strong, w: weak, m: medium, sh: shoulder, v: very, nb: non-bridging, b: bridging.

collected, keeping the orientation of the thin sections un-
changed for all examined spatial points within the same thin
section. The OriginPro® 2022 software package was used
for data evaluation. The collected spectra were baseline cor-
rected for the continuous luminescence background and tem-
perature reduced to account for the Bose—Einstein distribu-
tion function: Iredyced = Imeasured/(n(@, T) + 1), n(w, T) =
1/(exp(hw/kT) — 1), with w being the phonon frequency (in
s_l), i the reduced Planck’s constant, k the Boltzmann con-
stant, and 7 the temperature in kelvins (Kuzmany, 2009).
Peak positions, full widths at half maximum (FWHMs), and
integrated intensities were determined from fits with pseudo-
Voigt functions (PV = (1 —¢q) x Lorentz + g x Gauss, where
q is a refined weight coefficient). The criterion for the max-
imum number of fitted peaks was Al < I /2, with I and AT
being the calculated magnitude and uncertainty of each peak
intensity.
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3 Results

3.1 Chemical compositions of the Al-Fe3+ series of
epidotes

The backscattered electron (BSE) images of the studied Al-
Fe37 series of epidote samples (Fig. 2) reveal chemical zon-
ing typical of epidote. The chemical formulae and composi-
tions derived from all analytical points, as labelled in Fig. 2,
are listed in Tables 2 and S2, respectively. The main chemi-
cal variation is the substitution of Fe3* for Al, as revealed
by the linear regression between Fe3t in Al contents in
atoms per formula units (apfu) shown in Fig. 3. Among the
studied samples, the Fe,O3 content varies from 3.8 wt % to
18.4 wt % (Table S2), corresponding to a Fe content of 0.22—
1.13 apfu (Table 2 and Fig. 3). Small amounts of Mn and
Sr were typically contained, whereas trivalent rare earth ele-
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Table 2. Sample localities and chemical formulae of each analytical point.
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Sample Locality Analytical Fe content ~ Chemical formula
code point (apfu)
Cc2 Dofia Angelina C2tsl 0.36 (Caz 01Nag 01 )zz.oz(A12.59Fe(3)§6Mno.01 Mg.01)52.97513.01012(0H)0.91Fo.09
copper mine, C2ts2 0.50 Caz.oo(A12A49F€3§0Mn0.02)23.01 Si2.99012(0H)g.90F0.09
Pisco, Peru C2ts3 0.30 Can 01 (Al 66Fe) 5,Mng,01) £2.97513.02012(0H)0.01Fo.00
C3 Mt. Ermetta, C3ts1 0.29 Caono(A12A67Fegf§9Mno.01 Mgo.01Tig.01)£2.98513.01012(0H)0.91Fo.09
Liguria, Italy
E5 Hongxi, Sichuan, E5ts1 113 (Caz.03510.02) £2.05(Al1 81Fe] | 3Mng,02) 5:2.96Si2.99012(0H)0.06F0.04
China E5ts2 1.03 (Cay.04810.01) 522,05 (Aly g1 Fey 3 Mn 01 Tig 01) 2.96512.99012(0H).91 Fo.09
E5ts3 1.01 (Cap 01510.02) £2.03(Al}.94Fey E Mng 1) 52.96513.01012(0H)0.93F0.07
Co Dimac Mine, Cétsl 0.41 Ca2404(A12.53F68LMn0.01Mgo.m )32.96513.00012(0H)g.90F0.10
central British Céts2 0.37 Ca2404(A12.59Fe(3)§7Mn0.01Mgo.m )32.98512.98012(0H)g 89F0.11
Columbia, Canada C6ts3 0.41 Ca 04(Aly 54Feg  Mng,01Mgo,01 Tio.01) 52.98Si2.08012(0H)0.91 Fo,09
E7 Morondava, E7ts] 0.68 Ca 04(Aly 27Fe £gMng 01 V0.01)5:2.97512.99012(0H)0.92F0.08
Madagascar ET7ts2 0.75 Caz.o3(A12.2oFegﬁ5Mno.01V0.0|Tio,oz)22.99Si2.98012(0H)o.93Fo.07
ET7ts3 0.79 (Caz,00S10.01 Naom)zonz(Alz.leegﬁgVoA()l Mng 01) %2.99512.99012(0H)g.93F0.07
E8 Milford Quarry, E8ts2 0.68 Cazoo(Alz.szegngno.ongo.mTio.o1)23.005i3400012(0H)o491F0409
Utah, USA
E9 Los Serranos Quarry, ~ E9tsl 0.94 (Ca2.01Sro4o1)22402(A12404Fe(3)§4)z2493513.00012(0H)o.92F0.08
Valencia, Spain
C10 Trikorfo area, Cl0ts1 0.46 (Cap 01 Sr0403)22404(A12450F€8X6Mgo.01 )52.97512.99012(0H)g.90F0.10
Eastern Macedonia C10ts2 0.29 Ca 02(Al 66Fe() ;; Mng 01 M20,01 Tio.01) 52.98513.00012(0H)0.90F0.10
and Thrace, Greece C10ts3 0.24 Ca2_02(A12_69F6334Mn0_02Mg0_0| Tig.01)x2.97513.01012(0H)¢.89F0.11
Ell North Waziristan Elltsl 0.93 (Cay.9910.02) 52,01 (Al 04Fe §3Mno 01 Tig.01) £2.99S13.00012(0H)0.91Fo.00
District, Pakistan
C13 Tepustete Ranch, Cl13ts1 0.50 Ca 499(A12.47F63§0Mn0.02Mg0.01 Tio.01)£3.01513.00012(0H)0.98F0.02
Sonora, Mexico Cl13ts2 0.54 (Caz.ooSro.o3>22.03(A12.38F63§4Mn0.02Mgo.o|)22.95313.020lz(OH)0.93F0.07
E16 Djouga diggings, El6ts2 0.63 (Caz 03Nag 01 )22.04(A12.32F6323Mn0.01 Mg.01)52.975i2.99012(0H)g 88Fo.12
Kayes, Mali El6ts3 0.49 (Cay A99Sro.01)22.00(A12A49F63X9Mn0.01 )£2.99513.01012(0H)0.99F.01
Elé6ts4 0.83 Cay o2 (A12.14F63§3V0.o 1Mng 1) 52.995i2.99012(0H)0 98Fo.02
C19 Cerro San Cristobal, C19tsl 0.25 Caz‘oo(A12'75Fe(3)'+25)23'OOSi3'00012(OH)1'00
Peru C19ts2 0.52 Caz.oo(Alz.znge?)EZ)23.00313.0001z(OH)0.98F0.01
C19ts3 022 Can 00(Al 76F€) by) £2.08513.02012(0H) 1 00
C20 Tokura, Fukushima, C20ts1 0.42 Caz_OO(A12'55Feng2Mn0_01Mgo'OITio_Ol )3.00513.00012(0H)0.99F0 01
Japan C20ts2 0.41 Cap 01 (AlessFegﬁano.mTiam):2A99Si3A00012(OH)0A99F0A01
E21 Genesee Valley, E21tsl 0.59 Cag_oo(A12A37FegjggMn0_04) 3.00513.00012(OH)0.99F0 01
California, USA E21ts2 0.44 (Cay.96Mnq,04) 22.00(A12.49F6(3)X4Mn0.06) %2.995i3.01012(0H)0.99F0.01
E22 Les Collades ravine, E22ts1 0.59 Cal‘gg(Alz'mFeg;gVo‘mMno'()l)23'01Si3'00012(OH)0'99F0'01
Catalonia, Spain E22ts2 0.75 Cay o1 (A12.21Fe(3ﬁ5Mg0.01 Tig.01)£2.985i3.01012(0H)0.99F0 01
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Figure 2. Backscattered electron (BSE) images of the studied specimens. Circles mark the areas analysed by EPMA and Raman spectroscopy;
note that for better visualization the diameter of the circles is considerably larger than the true size of the corresponding analytical point. The
sample orientation is the same as the orientation in which the Raman spectrum was collected. Scale bars are 100 um.

ments (REEs), such as Cet and La®t, were not detected in
our studied specimens (Tables 2 and S2). Among the 33 an-
alytical points, the highest amount of SrO was ~ 0.55 wt %
for C13ts2, resulting in St of 0.03 apfu (Table 1). The Mn, O3
content attains up to 1.69 wt % in E21ts2, corresponding to
Mn of 0.10 apfu. Based on the deficiency of Ca, 1.96 apfu
in E21ts2, and lack of Sr or REEs, partial Mn is assumed to
be in a divalent state, occupying the Al site. Thus, the Mn
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content at the octahedral sites in E21ts2 is expected to be
~ 0.06 apfu.

3.2 Raman spectra

The application of site symmetry group-theoretical
analysis (Kroumova et al.,, 2003) to the clinozoisite
structure of space group P2i/m yields 37Ay+23B,
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Figure 3. Variation in Al and Fe content (apfu); the line is a linear
fit to the data points with RZ =0.99.

Raman-active modes (Table 3). The Raman polariz-

Oxx Oxz
ability tensors are a(Ag)= Qyy and
Ozx 7z
Oy
aBg) = ayx ay; |. The intensity of the z(yy)z
ozy

spectra is determined by the ay, component of the polar-
izability tensor, while X(zz)x spectra result predominantly
from the «;, component with a small contribution of the
oy, component, which depends on the orientation of the
natural crystal surface from which spectra were collected.
Consequently, the Raman spectra shown strong orientation
and polarization dependence (Fig. 4). Therefore, in the
spectra show in Fig. 4, the Ay modes are dominant in
Y(@xx)y, z(yy)z, X¥(zz)x, and y(xz)y, whereas the By modes
are dominant in Z(xy)z and X(yz)x. A more detailed study of
the polarized Raman spectra of epidote-group mineral grains
with different habitus will be presented in a follow-up paper.
It is worth noting that the M1- and M2-site cations at the
M1 and M2 sites do not participate in Raman-active modes;
i.e. among the octahedrally coordinated cations only M3-site
cations are expected to participate in Raman-active modes
(Table 3). The hydrogen cations at the 2¢ Wyckoff position
generate 2A, + By Raman-active phonon modes. Symmetry
considerations of the atomic vector displacements using the
online tools of the Bilbao crystallographic server (Kroumova
et al., 2003) indicate that one Az mode consists of the O-H
bond stretching, whereas one Ag + B, modes consist of OH
libration modes. In the epidote structure, the orientation of
the O-H bond is almost along the ¢ axis. Thus, the O-H
bond stretching mode should generate a single strong peak
in the range 3000—4000 cm ™! of the X(zz)x Raman spectrum
(Fig. 4).

The 33 parallel-polarized Raman spectra of the studied
Al-Fe3t series of epidote-group minerals collected from the
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Table 3. Symmetry types of Brillouin-zone phonon modes for
epidote-supergroup minerals.

Site W* Ag Ay Bg By
Al 2e 2 1 1 2
A2 2e 2 1 1 2
Ml  2a 3 3
M2 2¢ 3 3
M3 2 2 1 1 2
Sil 2 2 1 1 2
Si2 2e 2 1 1 2
Si3 2 2 1 1 2
ol 4f 3 3 3 3
02 4f 3 3 3 3
03 4f 3 3 3 3
04 2 2 1 1 2
05 2 2 1 1 2
06 2 2 1 1 2
07 2 2 1 1 2
08 2 2 1 1 2
09 2 2 1 1 2
010 2e 2 1 1 2
H 2 2 1 1 2

(O8]
~
N
NeJ
[\
(9%}
&
S5}

aW is the Wyckoff notation of the point position
with multiplicity.

Fiotal = 37Ag +29Ay +23Ag +43By;

Cacoustic = Au +2Bu;

I'Raman = 37Ag +23Ag;

Cinfrared = 28Au +41By.

15 specimens are shown in Fig. 5. The orientation of their
crystallographic axes with respect to the scattering geometry
is unknown. The peaks arising from the O—H bond stretch-
ing are in the range of 3323-3463 cm™!, and they vary from
sample to sample, depending on the crystal orientation, as
mentioned above (Fig. 5).

4 Discussion

4.1 Estimation of Fe content in the Al-Fe3* series of
epidotes

With the increase in Fe content, the peaks in the
framework-vibration region (< 1200 cm~ 1) shift toward
lower wavenumbers. This is most probably due to the unit-
cell enlargement with increasing Fe content (e.g. Franz and
Liebscher, 2004; Giuli et al., 1999), i.e. an overall increase
in the interatomic distances and, consequently, a decrease in
the strength of chemical bonds. On the other hand, the peaks
in the OH-stretching region shift toward higher wavenum-
bers with the increase in Fe content. Similarly to the FTIR
spectra, multiple O-H bond stretching Raman peaks can
appear due to the diversity of the chemical environments
around the OH group, i.e. the substitution of trivalent tran-
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Figure 4. Polarized Raman spectra collected in six different geome-
tries from euhedral single crystals of sample C20, along with crystal
habits typical of epidote-group minerals as well as the relationship
between the crystal orientation and the scattering geometry. Peaks
further discussed in the paper are marked by dashed lines. Crystal
shapes were drawn with VESTA 3 (Momma and Izumi, 2011).

sition elements, such as Fe3t, Mn®t, Cr3*, and V31, re-
placing Al at octahedral sites. The shift of the O-H bond
stretching to higher wavenumbers with Fe3* content is due
to the lengthening of O10---04 distance and consequent
weakening of the H bonding, also seen by FTIR spectroscopy
(Langer and Raith, 1974). The OH-stretching peaks are much
broader than those in the framework-vibration region (Ta-
ble 4). In fact, the OH-stretching Raman scattering con-
sists of three overlapping components, (OH)a, (OH)b, and
(OH)c, as exemplified with E21ts1 and C10ts3 in Fig. 6,
due to different local chemical surroundings of the accep-
tor oxygen anion. Thus, the (OH)a, (OH)b, and (OH)c peaks
can be assigned to O10-H ... O4MIMIM3(AJAA]), O10-
H-.. O4MIMIM3(A]A[Fe), and O10-H--- 02, respectively.
Similar two-mode behaviour (Chang and Mitra, 1971) of the
OH-stretching peaks was also observed for other complex
hydrous silicates (Leissner et al., 2015; Watenphul et al.,
2016a). The possibility of O10-H - - - O4MIMIM3(AFeFe) is
excluded in both E21ts1 and C10ts3 in terms of their Fe con-
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Figure 5. Raman spectra of the studied Al-Fe37 series of epidote-
group minerals. The Fe content increases from the bottom to the top;
the orientation of the grains is random. For better comparison, the
spectra were normalized to the height of the strongest peak and ver-
tically offset. Spectra labelling corresponds to the analytical points
listed in Table 2 and indicated in Fig. 2.

tent and the distribution coefficient between M3 and M1 of
Fe in natural epidotes (e.g. Franz and Liebscher, 2004). It is
expected that in both analytical points, Fe>* occupies only
M3. The higher-energy Raman signal is assigned to O10-
H--- 02 linkages (Nagashima et al., 2021) caused by hydro-
gen disorder (Gatta et al., 2012). The relative Raman intensi-
ties of the OH-stretching components can vary with the crys-
tal orientation, which, along with the peak overlapping, im-
pedes the accurate determination of the position of the OH-
stretching peak. The latter in turn may hinder the correct es-
timate of the Fe content in the Al-Fe3* epidote series based
exclusively on the OH stretching, which requires a compre-
hensive analysis of the framework-vibration Raman peaks
below 1200cm ™.

Indeed, a compositional dependence of the framework vi-
brations (< 1200 cm™') is expected because the Fe substitu-
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Table 4. The peak positions, @ (cm—1), and FWHM, T" (cm™1), of the selected Raman peaks.

Analytical ~ Fe content w250 ‘ w570 ‘ w600 ‘ w1090 ‘ “%360

point (apfu) o r | w r | w r | w r | w r
C19ts3 022 258.6(1)  14.2(4) | 574.96(2) 6.46(11) | 608.90(7) 12.02) | 1096.51(7) 9.8(2) 3350.7(5)  26.9(10)
C10ts3 0.24 258.7(2) 13.8(7) | 574.31(6) 7.0(2) 607.01(5) 21.2(12) | 1095.45(10) 10.0(2) 3351.1(7)  34.5(12)
Cl9ts1 0.25 256.1(2) 17.3(7) | 574.17(3)  6.81(15) 608.23(7) 11.7(2) 1095.73(6)  9.01(14) 3350.0(5) 29.5(9)
C3tsl 029  256.3(2)  13.6(5) | 573.96(3) 6.68(11) | 608.11(6) 11.65(15) | 1095.84(6) 9.20(14) | 3351.5(12) 46(3)
C10ts2 029  257.5(2)  13.1(7) | 573.75(5) 7.04(13) 607.3(3) 14.0(8) | 1094.61(10)  10.7(2) 3354.5(4)  32.1(6)
C2ts3 0.30  257.39(6) 14.2(2) | 574.06(2) 7.28(11) 607.76(5) 13.43(14) 1095.43(8) 9.8(3) 3362.5(6) 26(2)
C2tsl 036  256.46(7)  14.3(2) | 573.33(2)  7.51(9) | 606.91(4) 13.88(12) 1094.72)  11.1(7) 3364.7(8) 28(2)
C6ts2 037  254.8(3) 14.1(10) | 571.96(3)  8.47(7) | 607.03(7) 14.2(2) 1093.3(2)  11.6(4) 3363(2) 37(3)
Cé6tsl 0.41 253.8(3) 13.3(13) | 571.58(4) 7.9(2) 606.29(6) 14.2(2) | 1093.59(11) 10.0(2) 3367(2) 37(3)
C6ts3 0.41 253.5(2) 13.8(7) | 571.71(3) 8.33(7) 606.76(6) 14.3(2) 1093.2(3) 11.9(8) 3362(2) 38(4)
C20ts2 0.41 254.13(9)  13.8(3) | 571.65(3) 7.84(12) | 605.96(4) 14.48(12) | 1093.60(9)  10.1(2) 3363.9(4)  33.209)
C20ts1 042  2533(3) 10.0(1) | 571.83(3)  8.41(9) 606.2(5) 12.2(5) | 1093.65(15  10.4(3) 3356.8(4)  46.909
E21ts2 0.44 253.1(2) 15.7(4) | 570.82(5) 7.70(12) | 605.43(13) 15.9(4) 1092.1(3) 13.4(9) | 3360.63(11) 54.9(3)
Cl10ts1 0.46  253.6(3) 13.2(11) | 571.41(4) 7.50(10) | 605.36(15) 15.8(4) | 1091.41(11)  13.8(3) 3361.5(7) 37.9(11)
E16ts3 049  251.1(3) 18.0(12) | 569.82(2)  9.73(7) | 604.72(12) 14.9(2) 1091.6(2)  12.1(5) 3363.8(4)  48.0(7)
C2ts2 0.50 253.7(2) 21.3(6) | 570.57(3) 12.50(8) 603.83(6) 18.5(2) 1093.2(2) 14.9(6) 3358.7(2) 42.8(7)
Cl13tsl 0.50 252.2(1) 13.3(3) | 570.52(4) 7.74(10) | 604.18(12) 16.5(3) 1091.1(3)  17.1(10) 3365.4(6) 39.4(10)
C19ts2 052 251.7(2)  14.08) | 570.66(3) 7.38(10) | 605.15(5) 14.50(13) | 1092.14(10)  10.3(3) 3363.0(8) 43(2)
Cl13ts2 0.54  252.1(1)  14.5(3) | 570.81(3)  8.33(8) | 603.90(10) 16.0(3) 1091.52)  14.8(7) 3363.7(9)  43.4(15)
E21ts1 0.59  249.33(8) 12.7(4) | 568.80(4) 7.59(11) | 603.00(10) 17.9(3) 1088.9(3) 14.3(8) 3372.4(8) 37(2)
E22ts1 059  2489(3) 15.1(9) | 568.18(2)  8.36(5) 602.5(3) 11.8(6) 1090.1(2)  10.5(5) 3373.7(4)  39.2(11)
E16ts2 0.63  250.3(3)  15.5(9) | 568.50(2)  8.89(5) | 603.44(4) 17.77(11) 1090.5(2)  11.5(4) 3369.8(4)  45.7(8)
E8ts2 0.68  249.5(3) 14.8(10) | 567.98(2)  8.04(6) | 602.97(5) 17.49(13) 1089.1(2)  11.8(6) 3370.2(2)  43.0(6)
E7ts1 0.68 246.0(3) 11.9(7) | 568.19(2) 6.94(5) 601.96(3) 17.02(7) 1089.48(8) 11.7(2) 3367.0(3) 33.4(7)
E7ts2 0.75  246.1(2)  11.3(6) | 567.74(2)  7.06(5) | 601.50(5) 13.52) | 1088.95(7) 1172 3369.9(4)  33.08)
E22ts2 075  247.3(3) 9.7(9) | 567.07(2)  7.39(5) 600.8(2) 11.8(7) 1089.4(5) 9.6(6) 3378.1(4)  37.509)
E7ts3 0.79  245.1(1) 9.7(4) | 567.28(2)  6.72(5) | 600.53(5) 11.72) | 1088.44(7)  11.0Q2) 3371.1(3)  30.0(6)
El6ts4 0.83 - — | 566.52(2) 8.70(5) 600.63(4)  20.87(12) 1086.62(6) 14.4(2) 3376.1(12) 45(3)
Elltsl 093  243.5(2) 8.6(6) | 565.62(2)  6.22(4) | 598.69(4) 11.59(14) | 1086.15(5) 9.33(11) 3380.4(6) 25.7(12)
E9ts1 0.94  246.5(6) 12.520) | 566.37(2)  7.71(6) | 599.14(14) 11.7(4) | 1086.49(6)  11.0(2) 3378.5(9) 38(3)
ES5ts3 101 242.1(1) 8.1(4) | 564.56(5) 6.31(12) | 597.43(6) 10.1(2) | 1085.16(12) 7.8(3) | 3383.78(12)  20.7(5)
ES5ts2 1.03  242.1(2) 8.2(7) | 563.93(7) 7.0(2) | 596.99(10) 11.2(4) | 1085.33(15) 8.7(3) 3386.13)  23.1(5)
EStsl 113 241.6(1) 7.6(4) | 563.21(7) 6.3(2) | 596.48(10) 9.6(3) | 1084.37(14) 7.3(3) 3387.2(3)  20.7(5)

@ Only the strongest signal is given if there is peak overlap.

tion at the octahedral sites varies the geometry of octahedra
as well as influences the geometry of SiO4 and Si;O7 entities
(e.g. Franz and Liebscher, 2004). The thorough analysis of all
peaks below 1200 cm™! revealed that four peaks — near 250,
570, 600, and 1090 cm~! — gradually decrease in wavenum-
ber with the Fe-content increase (Figs. 7 and 8; Table 4).
The Raman peaks in the range 1000-1150 cm™! are com-
monly ascribed to Si—O bond stretching (Table 1), but OH li-
bration modes may also contribute to this spectra range (Win-
kler et al., 2008). FTIR spectroscopy on deuterated epidote
samples indicates that the IR-active OH libration (i.e. AI-OH
deformation) is at ~ 1045cm~! (Petrusenko et al., 1992).
Given that the IR-active and Raman-active OH-stretching
modes are at nearly the same wavenumber (Tables 2 and S2),
we can safely assume that the Raman-active OH librations
should also be near 1045 cm™!. Hence, we attribute the Ra-
man peak near 1090 cm™! to Si-O bond stretching, and the
high wavenumber of this peak indicates that it is generated by
Si—O bond stretching of Si;O7 dimers, which exhibit shorter
average Si—O bond lengths than the isolated SiO4 tetrahedra
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(e.g. Franz and Liebscher, 2004). Moreover, the 1090 cm™!
peak is strongest in the y (xx)y spectrum (Fig. 4), imply-
ing Si—O bond stretching along the a axis. Inspection of
the structure (Fig. 1) suggests that the corresponding crystal
phonon mode involves motions of O8, which is shared be-
tween M30Og¢ and Si»O7. The strong well-resolved peak near
570cm~! has been unambiguously assigned to Si—Op,—Si
bending of the silicate dimer (Table 1), whereas the peak near
600 cm™! has been controversially attributed to Si—-Op, or Si—
Onpon bond stretching (Op; and Opgp stand for the bridging and
non-bringing oxygen atom). However, lattice-dynamics cal-
culations (Dowty, 1987) as well as DFT modelling (Winkler
et al., 2008) indicate that the Si—O bond stretchings are above
800 cm™!. Hence, we attribute the 600 cm™! peak to O-Si—
O bending/Si—O-Si rocking modes of the SioO7 dimer. The
peak near 250 cm™! is most probably related to MOg modes
(Kozdkova et al., 2022).
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Figure 6. Raman spectra E21ts1 and C10ts3 in the OH-stretching
region.

The Fe** substitution for Al at M3 directly reflects on the
position of the 250 cm™! peak, wss0, because the cations at
M1 and M2 in the epidote structure do not participate in the
Raman-active mode. The increase in Fe leads to the elonga-
tion of M3-0i distances and gives isotropic expansion of the
M3 octahedra (e.g. Franz and Liebscher, 2004). In the present
study, wyso varies from 258.7(2) to 241.6(1)cm™! when Fe
increases from 0.22 to 1.13 apfu. However, this peak is not
always strong and well resolved; for E16ts4 it is even absent
(Fig. 7 and Table 4). Besides, the peak may be overlapped
by neighbouring Raman signals related to other MOg vibra-
tional modes, which interfere with the proper peak distinc-
tion as reflected by the variation in FWHM from 7.6(4) to
21.3(6)cm™! (Table 4). Although there is good linear corre-
lation between the Fe content x (inapfu) and wss0, w250 =
262.1(5) — 19.6(8)x (Fig. 8a), it would be better to avoid us-
ing this peak for estimating the Fe content. Only ancillary use
may be tolerated if this peak is separable from the adjacent
peaks and observed with sufficient intensity.

The 570cm™! peak, assigned to 6(Si—Op—Si), is well re-
solved (Figs. 7 and 9) in all orientations. Moreover, it usu-
ally has a relatively small FWHM, < 10cm™! (Table 4). The
peak position varies from 574.96(2) to 563.21(7)cm™! over
the studied range of Fe content (Table 4). The peak reflects
the compositional dependence of the Si1-09-Si2 bridge in
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Figure 7. Raman spectra showing on an enlarged scale the peaks
w250, w570, W00, and wiggg. The Fe content increases from the
bottom to the top. For better comparison, the spectra were normal-
ized to the height of the strongest peak and vertically offset.

the epidote structure. It is known that the Si1-09-Si2 angle
shows a systematic decrease with increasing the Fe content
in the Al-Fe3t series of epidote, and it varies from 164.3°
with 0.03 Fe apfu to 152.7° with 1.14 Fe apfu (Dollase, 1968;
Bonazzi and Menchetti, 1995). Such systematic change in
the angle with Fe content is attributed to the systematic vari-
ation in ws7¢, in addition to the expansion of the whole unit
cell. The experimental wavenumber—Fe content (w—x) data
points match the linear trend ws79 =577.1(3) — 12.7(4)x
(Fig. 8b). In terms of peak characteristics, we believe that
the 570 cm™! peak has high reliability in estimating Fe con-
tent in epidotes, using the relation x = (577.1 — ws79)/12.7
with accuracy =+ 0.04 Fe apfu.

In general, the peaks near 600 and 1090cm™! are also
promising for use in Fe-content estimation, because it is not
difficult to identify them (Fig. 9). The corresponding w (x)
linear trends are wgpp = 611.6(2) — 13.8(4)x (Fig. 8c) and
w1090 = 1098.8(3) — 13.5(5)x (Fig. 8d).
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Figure 8. The correlations between Fe content (apfu) and frequencies of wys5q (a), w570 (b), wgpo (€), and w9 (d) determined the data

listed in Table 4.

In summary, the equation of ws70(x) should be used with
the highest priority for a quantitative determination of the
Fe3* content in Al-Fe3* series epidotes, whereas the equa-
tions of wgpo and wipgg can also be applied if the peaks are
confidently separated from the adjacent peaks.

The proposed linear trends for the peaks around 570 and
1090cm™~! by Limonta et al. (2022) are x = —0.022301 x
w570 + 12.915 corresponding to ws79 = 579.122 —44.841x
and x =—0.017607 x w1090 + 19.434 corresponding to
w1090 = 1103.766 — 56.796x, which are steeper than ours.
This may be caused by the different range of Fe content in
the studied specimens.

4.2 Effect of strontium

The substitution of Sr for Ca is known as one of the com-
mon chemical varieties in epidote-group minerals, and the Sr
content attains up to 1 apfu (e.g. Akasaka et al., 2000; Arm-
bruster et al., 2002). Commonly, Al-Fe** epidotes in meta-
morphic rocks contain up to ~ 0.1 Sr apfu, and such compo-
sitions were also reported from ultra-high-pressure metamor-
phic rocks (e.g. Nagasaki and Enami, 1998). Among the sam-
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ples studied here, Sr is partially distributed in E16 and E17.
These epidotes are associated with prehnite and/or pumpel-
lyite formed under the low-grade metamorphic condition.
To evaluate the influence of Sr on the accuracy in esti-
mating Fe content, Raman spectra were collected from Sr-
bearing epidote, such as E16tsSr and E17tsSr (Table 5). The
analytical point of E16tsSr contains 0.09 Sr and 0.76 Fe apfu
(Table S3). Compared to the spectrum of Sr-free E22ts2
containing 0.75 Fe3* apfu, no significant difference was ob-
served (Fig. S1 in the Supplement). The estimated Fe con-
tent of E16tsSr using the ws79(x) equation was 0.73(5) apfu
with 567.78(1)cm™!, which is consistent with the observed
Fe content within the standard deviation. Moreover, the spec-
imen labelled E17 is characterized by Sr and high Fe con-
tent. The Sr and Fe contents of the area (E17tsSr) where
the Raman spectrum was collected were 0.12 and 1.10 apfu,
respectively (Table S3). The peak position of ws79(x) was
563.74(3)cm™!, leading to 1.05(6) Fe apfu using the equa-
tion of ws70(x). These two spectra, E16tsSr and E17tsSr, sug-
gest that the samples containing up to around 0.12 Srapfu
do not disturb the estimation of Fe content using the w570

Eur. J. Mineral., 35, 267-283, 2023
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Table 5. Sample localities and chemical formulae of each analytical point in Sr-bearing epidote.

Sample  Locality Analytical ~ Chemical formula
code point
El6 Djouga diggings, = E16tsSr (Caj.90510.00) 21 .99(A12.22F68ﬁ6Mn8T)1)22.9951300012(0H)o.96F0A04
Kayes, Mali
E17 Schnellbach, E17tsSr (Ca1_8sSro.12)>:2.00(A11.89Feﬁ0Ti0.01)23.005i3.00012(0H)0.98F0.02
Thuringia,
Germany
CrE14  Iratsu, Ehime, CrE14Srl1 (Ca1_885r0.12)22.00(A12.38F68§6CFSE4M110.01Mgo.01Ti0.o1)23.01Si2.98012(0H)0.97F0.03
Japan CrE145r2 (Ca1.865r0.14)22.00(A12.36F6838Cr SﬁéMno.m)m.mSi2.98012(0H)0.98F0.02

E22ts1

Intensity

T T T T
550 600 1050 1100
Raman shift (cm™)

Figure 9. Raman spectra of E22ts] in the range of 510-650 and
1010-1135cm™! along with the fitting pseudo-Voigt functions.

equation determined from the results of the Al-Fe3* series
of epidote.

4.3 Effect of chromium

The Sr+Cr-bearing epidote (specimen code: CrE14) from
Iratsu, Ehime, Japan, studied by Nagashima et al. (2006,
2007) was also available for the current study (Tables 5 and
S3). Since the Sr content of CrE14tsSr1 and tsSr2 is 0.12
and 0.14 apfu, respectively, the effect of Sr to estimate the
Fe content can be negligible. The Fe content of CrE14tsSrl
and tsSr2 estimated from the ws7o(x) relation proposed
above is 0.52(4) apfu and 0.58(4) apfu, respectively (Fig. 10
and Table 6), whereas the content of Fe3t determined by
EPMA is less: 0.36 and 0.48 apfu, respectively (Table 5).
On the other hand, the sum of the octahedrally coordinated
non-aluminium trivalent cations Me3" in each analytical
point was 0.61 apfu (0.36 Fe3t 4 0.24Cr>+ 4+ 0.01Mn) for
CrE14tsSrl and 0.65 apfu (0.48Fe> 4+ 0.16Cr>* 4 0.01Mn)
for CrE14tsSr2 (Tables 5 and S3), which is higher than
the estimated Me3T content considered Fe3t. This indi-
cates that a content of VICr3* more than 0.16 apfu leads
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to overestimation of Fe3T via the ws7o (x) relation while un-
derestimating the total numbers of octahedrally coordinated
non-aluminium trivalent cations Me>*. A previous study of
natural Cr+V-bearing clinozoisite has revealed that octa-
hedrally coordinated V3* and Cr’* promote structural de-
fects due to their smaller electronegativity as compared to
that of Fe3t (Nagashima et al., 2021). This in turn causes
broadening of the Raman peaks (Nagashima et al., 2021),
which can also be seen in the spectra collected from the
CrE14 specimen, particularly for the peaks near 95 and
250 cm™~! (Tables 4 and 6). Their FWHMs are approximately
2 times larger than the FWHMs of ~ 10cm™! for Cr3t-
free clinozoisite or epidote (Tables 4 and 6). It is worth
noting that the deficiency of X(Cr+Fe) in the CrE14 crys-
tal relative to that obtained by EPMA has been reported by
X-ray single-structure analysis (SXRD: 0.65 apfu, EPMA:
0.87 apfu = 0.36Cr>* 4+ 0.51Fe3*; Nagashima et al., 2011),
which also implies the presence of structural defects induced
by VICr3*+. Hence, although the occurrence of Cr-bearing
epidote is less common, the presence of Cr’t > 0.16 apfu
can be recognized by the broader Raman peaks near 95
and 250cm™!, having a width > 17 cm~ !, and in this case
ws70(x) cannot be used for proper quantification of Fe3*.
More Cr-bearing samples need to be analysed to verify the
minimum threshold value of Cr content that does not affect

w570 (xX).
4.4 Tips for data collection

The orientation effects on the Raman scattering should also
be taken into account when collecting a Raman spectrum
from a randomly oriented epidote grain, with unknown di-
rections of the crystallographic axes. As can be seen in
Fig. 4, the peak near 570cm~! is well observed and sepa-
rated from the other peaks in all parallel-polarized spectra.
Since commercial Raman spectrometers are commonly de-
signed to measure chiefly parallel-polarized Raman scatter-
ing, this peak is always well resolved (Figs. 5 and 10). Hence,
we recommend the utilization of this peak for Fe3*-amount
determination via Raman spectroscopy for any randomly ori-
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Table 6. The peak position, @ (cm_l), and FWHM, I' (cm_l), of
the selected Raman peaks for Sr+Cr-bearing epidote and reference
materials.

Table 7. Comparison between the Fe contents derived from EPMA
as well as from the w570 (x) dependence proposed in this study, us-
ing data for Al-Fe3t epidote provided in the RRUFF database.

CrE14tsSr1  CrE14tsSr2  Czo-ts1*  Czo-ts2?
w 94.9(5) 96.3(7) 93.2(1) 92.4(3)
r 17(1) 23(2) 974)  19.0(8)
w 248.04(2) 245.4(2) 260.86(8) 247.8(1)
T 24.5(5) 22.1(7) 10.9(3) 20.9(4)
w 570.51(3) 569.68(3) 575.91(4) 570.54(8)
r 9.06(9) 9.6(1) 7.1(1) 12.8(3)
w 983.7(2) 983.2(3) 988.9(2) 979.8(2)
r 14.0(6) 13.98)  11.8(6)  22.3(8)
w 1089.1(2) 1088.4(2) 1097.2(1) 1087.8(2)
T 19.1(5) 17.8(5) 11.1(4) 21.6(5)

2 Me3+ content of Czo-ts1 and Czo-ts2 is 0.14Fe3+ and
0.46Cr3F +0.14V3+ 4 0.02Fe3 ™, respectively (Nagashima et al., 2021).

T T T T 4 T
1.5+ T q
f
= ‘t it [ b
S 1.0 ‘;': / I H
5
;] CrE14tsSr2 f / H 540 570 600 630
z ! A
g |
9054
b= | \
CrE14tsSr2-90°
(90° rotation) [ IR
0.0 J v Awd ¥ M . Wit ot .|
T

0 200 400 600 800 1000 1200 3400 3600
Raman shift (cm™)

Figure 10. Orientational dependence of the Raman spectra of
CrE14tsSr2. The optical microphotograph shows the Sr+Cr-
bearing epidote (yellow) corresponding to the orientation of the Ra-
man spectrum of CrE14tsSr2 collected (green line). The spectrum
of CrE14tsSr2-90° was collected after 90° rotation. The scale bar
in the microphotograph is 100 pm, and the analytical point is repre-
sented in the green circle.

ented grain. If the use of the other three peaks (near 250,
600, and 1090 cm_l) is desired to verify the content of Fe3+
derived from ws79, one should find the most suitable orien-
tation of the grain to better resolve the corresponding peak.
To utilize the peak near 250 cm~L, it would be better to ro-
tate the sample within the plane perpendicular to the laser
beam to a position where the OH-stretching peak is strongest
(Fig. 10), because in such an orientation the 250 cm™! peak
is better resolved. For the utilization of the peaks near 600
and/or 1090 cm™!, it is advisable to double-check their posi-
tions also in a 90° orientation with respect to the orientation
where the OH stretching is strongest (Fig. 10), because then
these peaks will be better resolved from the neighbouring Ra-
man signals.

https://doi.org/10.5194/ejm-35-267-2023

RRUFF Fe content  Peak position Estimated Fe A
no. (apfu)? (em~ 1P content (apfu)®  (obs. —est.)
R040089 0.64 569.46 0.60 0.04
R050202 0.68 567.70 0.74 —0.06
R050131 0.75 567.81 0.73 0.02
RO050191 0.84 566.73 0.82 0.02
R050303 0.97 564.35 1.00 —0.03
R050064 1.00 564.28 1.01 —0.01
R040092 1.02 562.70 1.13 —0.11

2 The Fe content (apfu) provided by the RRUFF database. ® Wavenumber of the maximum
intensity count corresponding to the 570 cm~! Raman peak. ¢ Estimated Fe content (apfu) using
the ws7¢(x) relation.

The ws70(x) equation proposed in this study was applied to
estimate the Fe content for a selected Al-Fe3* epidote in the
RRUPFF database. The processed Raman data collected from
the unoriented sample using a 532 nm laser were compared.
The wavenumber with a maximum peak count derived from
the 570cm™! peak and the estimated Fe content are listed
in Table 7. The Fe contents provided in RRUFF have also
been added. The estimated Fe contents excluding R040092
are consistent with those derived by EPMA within the stan-
dard deviation. The estimated Fe content in sample R040092
is higher than that reported in RRUFF by A = 0.11 apfu (Ta-
ble 7) when the spectrum collected with the 532 nm laser
was considered. However, the Fe content was calculated to
1.05 apfu, which is much closer to the reported value of
1.02 apfu if the peak position (563.73cm™!) obtained us-
ing a 785nm laser is applied. In the case where the data
were collected from the same analytical area, the peak po-
sition should be identical, but they differ in ~ 1cm™'. Such
differences may be due to local chemical variety related to
unidentical analytical areas or calibration of the spectrome-
ter. It is very clear that if the determination of the mineral
chemistry is based on peaks with one-mode behaviour, one
should take care to properly calibrate the spectrometer and,
when possible, to collect a reference spectrum from a sam-
ple with known composition to verify that the correspond-
ing data points do not systematically deviate from the linear
trends proposed here.

An open question remains whether the ws7o(x) relation
can also be used to determine the Fe3* content in Mn>*-
containing samples, such as piemontite. The ionic radius of
Mn3* (0.645 A) is similar to that of Fe3T; octahedrally coor-
dinated Mn3* displays a Jahn—Teller effect. Although a split
of the OH-stretching peak of piemontite caused by the Jahn—
Teller effect was reported by Della Ventura et al. (1996), the
effect of Mn3* in the lattice vibration region of the epidote-
group mineral has not been investigated until now. Further
studies are needed to check whether the equation proposed
by the systematic study of the Al-Fe>* series is also appli-
cable to Mn3*-bearing samples.
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5 Conclusions

On the basis of a comprehensive Raman-scattering analysis
of 33 areas from the 15 natural clinozoisite and epidote stud-
ied here, we provide a tool to determine Fe3* content in the
epidote group with a spatial resolution the same as that of
WD-EPMA. As Raman spectroscopy is a non-destructive,
preparation-free, quick, and easy-to-handle method, the fol-
lowing guidelines are intended to help to estimate the Fe con-
tent in the Al-Fe3* series of epidote.

The spectrometer should be carefully calibrated using the
standard material. The T2z mode at 520.5 cm~! of a Si wafer
is recommended for achieving the best results from the w (x)
relations proposed here.

The OH-stretching peaks are much broader than those in
the framework-vibration region, and they are composed of
overlapping components due to different local chemical sur-
roundings (Figs. 4, 5, and 6). Moreover, the relative Raman
intensities of the OH-stretching vibrations vary with the crys-
tal orientation. Thus, the sole use of OH-stretching Raman
peaks is not appropriate for the correct estimate of the Fe
content.

With the increase in Fe content, the peaks in the
framework-vibration region (below 1200cm™') gradually
shift toward lower wavenumbers. Four well-resolved peaks,
near 250, 570, 600, and 1090 cm ™!, were selected as rep-
resentatives in this study (Fig. 7). The peaks near 570
and 1090 cm™! are assigned to the Si—Op—Si bending and
the Si—O stretching of the Si»O7 dimers, respectively. The
600 cm~! peak is assumed to arise from O—Si—O bending/Si—
O-Si rocking vibrations of the Si»O7 dimer. The peak near
250 cm™!, which is considered to be related to MOg modes,
should be avoided for the estimation of Fe because it is often
unresolved (Fig. 7).

The 570 cm™! peak, assigned to §(Si—Op—Si), is well re-
solved (Figs. 7 and 9) in all orientations and has a relatively
small FWHM (Table 4). The experimental wavenumber—Fe
content (w—x) data points match the linear trend ws79 =
577.1(3) — 12.7(4)x (Fig. 8b). In terms of peak character-
istics, the 570cm™"! peak has the highest reliability among
the four representative peaks in estimating Fe content in epi-
dotes, using the relation x = (577.1 — ws79)/12.7 with accu-
racy £ 0.04 Fe apfu.

The peaks near 600 and 1090 cm™! can be complementar-
ily used for the Fe estimate. The corresponding w(x) linear
trends are wgpo = 611.6(2) — 13.8(4)x (Fig. 8c) and w1p90 =
1098.8(3) — 13.5(5)x (Fig. 8d), resulting in x = (611.6 —
we00)/13.8 and x = (1098.8 — w1099)/13.5 with similar ac-
curacy of £0.04 Fe apfu. These equations can be applied if
the peaks are confidently separated from the adjacent peaks.

The spectra collected from the Sr-bearing epidote sug-
gested that the linear trend ws70(x) determined by Al-Fe3+
epidotes can be applied to the Sr-bearing epidote containing
< 0.12 Srapfu.
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The presence of VICr3* affects the wavenumber Si—O—
Si bending mode ws79, leading to overestimation of Fe3t
and underestimation of the sum of octahedrally coordinated
non-aluminium trivalent cations (Me>*). Based on the sam-
ples available for this study, we recommend examining the
FWHM of the peaks near 95 and 250 cm™~!. If the instrumen-
tal spectral resolution is 2cm™" or better and the FWHM of
the above-mentioned peaks is ~ 10cm™!, the sample is free
of VICr3*. Cr content larger than 0.16 apfu leads to FWHM

> 17cm™ 1L
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