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FTIR and Mossbauer Spectroscopic
Studies on the Hydrothermal Epidote from the
Bobae Clay Deposit, Pusan, Korea
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ABSTRACT : Epidote occurs as veinlets in the propylitic alteration zone of the Bobae clay
deposit, Pusan, Korea. Its cell parameters apparently decrease with the contents of Al, Fe, and
Ca. Fourier transform infrared (FTIR) spectra show one hydroxyl environment related to Alw. at
3357-3358 cm™'. In the mid-infrared region, the peaks at 950 and 1030 cm™ become sharper
with increasing Al shifting to higher energy region. The peak at 885 cm™ shifts slightly to a
lower energy region with a decreasing intensity as the Fe content increases. In the far-IR re-
gion, epidote exhibits absorption bands at 120 and 140 cm™, which are related to the Ca-O bonds
in A-sites.

Mbssbauer spectra of epidote show that the isomer shifts of Fe* range from 0.36-0.37 at the
M3 site and from 0.35-0.44 at M1 site. Fe*" shows the isomer shift ranging from 1.11 to 1.13.
Quadrupole splitting is 2.04 for Fe* ws, 0.52-0.70 for Fe’w, and 2.61-2.70 for Fe* w,. Calculation
shows Fe’ v 86-90.7 %, Fe* w 2.5-3.5 %, and Fe* y; 5.8-11.4 % of total iron, showing preferential
distribution of Fe* in the M3 site. The Fe® s content is between 0.486 and 0.513 per formula
unit. In the Fe-rich epidote, less Fe*" and more Fe*™ are accommodated in the M1 and M3 sites.
Hence, the overall disorder increases as total Fe content increases. The ordering parameter of
the Bobae epidote is 0.93-0.95, suggesting a disequilibrium state below 200 *C. The constant
temperature over a long period may be essential for the transition from disordered state to equi-
librium state, despite the possible variation in flux and composition of the hydrothermal fiuid.
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INTRODUCTION

Epidote is commonly found as one of the
alteration products of hydrothermal fluid-rock
interaction. Hence it occurs widely in the
alteration zones of many hydrothermal ore de-
posits or in geothermal areas (Keith et al, 1968;
Bird and Helgeson, 1981; Bird et al, 1984;
Shikazono, 1984; Caruso et al, 1988, Kim et al,
1994). Extensive hydrothermal alteration has
been reported from the Late Cretaceous volcanic
rocks in the southeastern part of the Korean pen-
insula (Kim et al, 1991, 1994). Several clay depos-
its were formed by the hydrothermal alteration of
volcanic rocks in the Pusan-Kimhae area. These
deposits produce illite, pyrophyllite, and kaolin-
rich clays. Epidote is often found in the pro-
pylitic alteration zone of clay deposits in this
area. It generally shows great diversity in chemi-
cal composition and zoning. Most epidotes show
fluctuation in chemical composition depending
on the bulk composition of host rocks, tempera-
ture, pressure, oxygen fugacity, CO, and pH of
the solution (Raith, 1976; Grapes and Watanabe,
1984; Shikazono, 1984; Bird et al., 1988; Caruso et
al, 1988; Anarson and Bird, 1992). Moreover, their
chemistry is not simply controlled by a single fac-
tor. For instance, Patrier et al. (1991) observed no
correlation in the Fe contents of host rock and
epidote.

Spectroscopic study is useful for the charac-
terization of structures, Fe assignments, and bond-
ing states of constituent atoms in epidote. Mo-
ssbauer spectra of epidotes formed at various P-
T environments have been reported by previous
workers (Bancroft et al, 1967; Dollase, 1973;
Paesano et al, 1983). Their works mainly focused
on the Fe site assignments and ordering state in
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epidotes. Méssbauer studies on epidotes from a
single geothermal area were carried out by Bird
et al. (1988) and Patrier et al. (1991). They used
zoned epidote from veins exhibiting some ranges
in chemistry. Therefore, it is difficult to state that
their data represent the optimum data concerning
oxidation state or site assignment of Fe at a con-
stant pistacite component (X p.=Fe/Fe+ Al) with
certainty. Infrared spectroscopy was frequently
utilized in assigning the states of atomic bondings
in epidote and it was generally performed in the
mid-infrared region by a few workers (Langer
and Raith, 1974; Langer and Lattard, 1980). But
none of spectroscopic data in the far-infrared re-
gion has been reported so far.

The purpose of the present study is to charac-
terize the spectroscopic properties of epidotes of
homogeneous composition using Fourier trans-
form infrared (FTIR) spectroscopy and Mo-
ssbauer spectroscopy. Especially FTIR data were
obtained from mid- to far-IR regions.

OCCURRENCE OF EPIDOTE

The geology of the Pusan-Kimhae area in the
southeastern part of Korean peninsula is com-
posed of sedimentary rocks of the Hayang Group
and the volcanic rocks of the Yucheon Group of
Late Cretaceous, and the Bulgugsa intrusive rocks
of Late Cretaceous to Farly Tertiary. The Yu-
cheon Group consists of volcanic and subordi-
nate sedimentary rocks. The Bobae deposit is one
of the major clay deposits which were formed in
the volcanic rocks in the Pusan-Kimhae area.
The geology around the deposit is composed of
the Late Cretaceous rhyodacitic tuff, granodio-
rite, and quartz porphyry. The Bobae deposit
might be hydrothermal alteration product related
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to the intrusion of granodiorite (Kim et al, 1991;
Moon, 1994). Rhyodacitic tuff is widely distribut-
ed in the northern part of the Bobae deposit,
while granodiorite occurs as intrusion into the
rhyodacitic tuff in the southern part of the depos-
it. The tuff is generally grey and/or greenish grey
but rarely greyish white, probably due to ieaching
of mafic minerals during hydrothermal alteration.
It also shows welding structure of flattened glassy
clasts. Most crystal fragments are quartz, K-feld-
spar and plagioclase, whereas the matrix is com-
posed of glass and fine-grained plagioclase. The
resorption embayments are observed in some
quartz and feldspar grains. Alteration of the host
rocks is characterized by the sericitic and pro-
pylitic alteration zones (Kim et al,, 1991).

Epidote occurs as replacement of feldspar or
veinlets in the propylitic zone of the Bobae depos-
it. Epidote-bearing paragenesis is observed over
the large area as far as 2-3 km from the deposit. It
is closely associated with plagioclase, chlorite,
calcite, pyrite, and quartz Epidote crystal replac-
ing plagioclase commonly shows anhedral to sub-
hedral forms and exhibits homogeneous composi-
tions. But the strong zonal structures are also ob-
served in places. Epidotization is generally detect-
ed at the margin or along fractures of plagioclase.
Thin quartz veins cut epidote-rich veins. Most
epidotes in veinlets are usually equigranular and
show very weak or no zoning. The size of epidote
varies from place to place, ranging from 50 to 200
¢m in length. Since epidote forms in the late stage
of hydrothermal alteration and occurs in the
propylitic alteration zone, its formation tempera-
ture would not be high.

EXPERIMENTAL METHODS

Identification and structural characterization
of epidotes were made using a X-ray diffracto-
meter. A Rigaku RAD3-C, automated X-ray
diffractometer equipped with a Cu target and Ko
radiation, was operated at 40 kV/30 mA and 0.5

0.15 mm-1.0° slits. For structural analysis of pure
monominerals, X-ray diffraction data were re-
corded on the step scan mode. The intensity data
were counted for 3 seconds per each 002° step
from 5 to 70°206.

Chemical analysis of epidotes was performed
using a Cameca SX 50 electron microprobe fitted
with automated wavelength-dispersive spectrom-
eter operated at 1 ym beam diameter, 20 kV ac-
celerating voltage and 15 nA beam current, with
20-seconds counts per element. Both Na and K
were counted first so as to avoid alkali loss during
the analyses. Quantitative analyses were per-
formed using a ZAF correction.

Infrared spectra were obtained using a Bomem
DA-8 Fourier transform infrared (FTIR) spec-
trometer. The FTIR spectrometer incorporates a
KBr beamsplitter and a mercury-—cadmium-tellu-
ride detector (MCT) cooled by liquid-nitrogen
for the mid-IR range. Liquid-helium-cooled Bo-
lometer was adapted for the far-IR experiment.
All the samples were prepared by the pellet tech-
nique. FTIR spectra in the mid-IR region were
recorded in the frequency range 400-4000 cm™,
with resolution of 1 cm™. In the present study, tef-
lon is first used as a matrix material for the far-
infrared experiment because it does not give any
spectra overlapped with those of clay minerals.
Far-infrared absorption spectra were recorded in
the 50-200 cm ™' region, with the resolution of
0.2 cm™'. During the experiments the FT spec-
trometer was operated under the vacuum condi-
tion and purged with dry nitrogen in order to re-
move atmospheric water vapor.

For Mossbauer spectroscopy all spectra were
recorded with a source of “Co in Rh matrix with
an activity of 10 mCi. The transmitted radiation
was recorded at S600 Mussbauer spectrometer
using 1024 channels of a multichannel analyzer.
The purified samples were ground with acetone
in order to prevent Fe ions from oxidizing. Veloc-
ity of each spectrum was calibrated relative to
metallic Fe. Deconvolutions of spectra obtained



Chang Oh Choo + Soo Jin Kim

were evaluated by a least squares fitting program,
assuming Lorentzan line shapes.

RESULTS AND DISCUSSIONS
Epidote Chemistry

Chemistry of vein epidotes were analyzed
using electron microprobe. Fe was assumed to be
ferric. Chemical analysis shows SiO; 37.04-37.92,
AlLO; 24.28-2540, Fe O3 10.17-11.28, and CaO 23
49-24.33 wt%. The mole % of pistacite component
(that is, X;s=Fe/Fe+Al) in epidotes is 20.4-22.7.
The standard deviations of the pistacite compo-
nent are small in vein epidotes, indicating rela-
tively homogeneous compositions. It suggests that
variation in temperature, flux, and composition
of hydrothermal fluids was not significant during
the formation of vein epidotes because the Fe/Fe
+Al ratio varies with these factors {e. g. Bird et
al, 1988; Patrier et al, 1991). Structural formulae
of epidotes are Cazo(Al: FeqsdMnaw)SizesAlie)On
(OH) for sample BJ1-1 and Ca,AAl: #TioaFeqs
MgeaMnoeXSisa)O{OH) for sample B7-25, re-
spectively.

Vein epidotes do not always exhibit homoge-
neous composition. For instance, Bird et al. (1988)
reported that vein epidotes from the active geo-
thermal system exhibit a wide range in Fe* -Al
exchange.

Unit Cell Parameters of Epidote

The unit cell parameters of epidote calculated
from the powder XRD data are a=8825 A, b=>5.
598 A, ¢c=10.118 A, and (/=115.272° for sample
BJ1-1 and a=8871 A, b=5614 A, c=10.141 A,
and B=115515° for sample B7-25, There have
been several studies of the variation of cell pa-
rameters with respect to chemistry in epidotes.
Seki (1959) shows qualitatively that a, b, c, and V
all increase with Fe*/(Fe* +Al) ratio. Myer
(1965) demonstrates approximately linear rela
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Fig. 1. Infrared spectra of epidotes in the mid-
and far-IR region.

tionships for each of these parameters for
epidotes with low Mn content. However, such
structural properties are not found in the vein
epidotes from the Bobae mine. Rather, epidotes
of high Al, Fe, and Ca contents show slightly
smaller cell parameters. The variations in cell pa-
rameters are insignificant in epidotes showing ap-
parent correlation of unit cell parameters with
the iron content.

FTIR Spectroscopy

Mid-IR Region. One broad OH stretching
vibration band is observed at 3357-3358 cm ™' re-
gion (Fig. 1). It is attributed to hydroxyl bound to
octahedral Al Langer and Raith (1974) show
that positions of OH vibration in clinozoisite shift
to higher energy frequency with increasing Fe*
content. According to Deer et al. (1986), the band
positions and shapes in the infrared ranges can be
used to distinguish orthorhombic from monoclin-
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ic species. They show an additional band at 2160
cm™' in orthorhombic. Epidotes from the Bobae
mine do not show such a band, indicating that
these are monoclinic.

The Si-O stretching vibration occurs in the re-
gion of 800-1000 cm™', the SiOSi symmetrical
stretching band in the region of 600-700 cm™, and
the Si-O bending mode in the region of 650-475
cm”' (Vedder, 1964; Farmer, 1974). The peaks at
950 and 1030 cm™' become sharper and shift to
higher wavenumbers with increasing Al. The sub-
stitution of Fe* for Al in the octahedral sites
causes the increase of attractive force of octahe-
dral sites, giving rise to shifting of the band to-
ward the low frequency. The peak at 885 cm™
shifts slightly to a lower wavelength region and
decreases in intensity as the Fe content increases.
Epidote having higher Fe shows sharper bands at
800 cm™. The peak at 520-525 cm™' becomes
sharper and shifts toward higher energy regions
with increasing Ca content.

Far-IR Region.In the far-infrared region,
spectroscopic data of epidote have not been yet
reported in the literature. In the far-infrared
range, two bands are observed at 120 cm™ and
140-141 cm™', The vibrations in this range are re-
lated to interlayer M-O stretching modes or
interlayer ion translations (Ishii et al. 1967). In
the epidote structure, Ca enters into the A-sites
which are nine- to ten—coordination slightly dif-
ferent from the interlayer sites in muscovite.
Therefore, absorption bands related to the Ca-O
bond in the sites appear slightly higher frequen-
cies. In the far-IR and OH stretching ranges, the
variation in peak positions due to the different Fe
and Ca contents is not significant. Epidote con-
taining higher Fe and Ca contents shows bands of
relatively stronger intensity.

Mossbauer Spectroscopy

Mdssbauer spectra of epidotes from various
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Fig. 2. M&ssbauer spectra of epidotes. Samples
BJ1-1 (upper) and B7-25 (bottom) show slightly differ-
ent pattern. Lines 1=Fe”w», 2=Fe*w, and 3=Fe”,
respectively.

conditions have been reported by previous work-
ers (Bancroft et al, 1967; Dollase, 1973). Their
works are mainly focused on the Fe site assign-
ments and ordering state in epidotes. MUssbauer
studies on epidotes from a single geological set-
ting were carried out by Bird et al. (1988) and
Patrier et al. (1991). They used zoned crystals
mostly from veins which show still distinct zoning
in chemical composition. The Fe occupancy de-
termined might be the average of zoned epidotes.
The same epidote samples used for the FTIR
experiment were studied using M0ssbauer spec-
troscopy. MUssbauer spectra of epidote are shown
in Fig, 2. The large outer doublets represent Fe’ w
and smaller inner doublets are Fe'm, respec-
tively. For high-spin compound, the chemical
shift for Fe* is larger than that for Fe” compared
with the same ligands. The isomer shift of Fe*" is
always greater than that of Fe* in high spin situa-
tions. As the occupation of the d orbitals with
high coordination number increases, the chemical
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Table 1. Characters of Mussbauer spectra of
epidotes from the Bobae mine.

sample| line assign- IS Qs area
ment | (mm/s) | (mm/s) | (%)

BJI-1| 1 Fe*'ws 0.36 204 86.0
2 Fe*'w 113 261 114

3 Fe*'m 044 0.52 25

B7-25| 1 Fe''w 037 204 90.7
2 Fe’w 1.11 270 58

3 Fe™w 03s 0.70 35

shift increases. With increasing oxidation state
the isomer shift decreases because of an increase
in the electron density within the nuclei. The iso-
mer shift of Fe* ranges from 0.36 to 0.37 at the
M3 site and ranges from 0.35 to 0.44 at M1 site
(Table 1). Fe* shows the isomer shift ranging
from 1.11 to 1.13. According to Maddock (1985),
the isomer shift for octahedral Fe*" ranges 1.1-
1.43, whereas the shift for Fe* in the same coordi-
nation ranges from 0.60 to 0.78. The present study
shows that isomer shift of Fe’ is similar to his
data but Fe* values are much lower relative to
his data. The quadrupole splitting is 204 for
Fe* s, 0.52-0.70 for Fe* w, and 2.61-2.70 for Fe’ a.
The spectral data show Fe® s 86.0-90.7 %, Fe’
2.5-3.5 %, and Fe* s 5.8-114 %. In comparison
with data obtained from the electron microprobe
analysis, epidote of higher total Fe content also
has higher Fe* content. Redhammer et al. (1993)
have shown that with increasing Fe’ content on
octahedral sites in annites the quadrupole split-
ting of Fe” increases, whereas the isomer shift of
Fe* decreases. However, the epidotes from the
Bobae mine show that with increasing Fe” w con-
tent the quadrupole splitting slightly decreases,
whereas the isomer shift is nearly constant on the
Fe’ s site. There is no evidence of the presence
of tetrahedral iron in epidotes from the Bobae
mine.

Nonequilibrium ordering states are typical of
epidote minerals in various geological environ-
ments (Bird et al, 1988; Franz and Selverstone,
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1992). The exchange of Fe* and Al in epidote is
complicated by intracrystalline substitutional
order/disorder in the M1 and M3 octahedral sites.
If a completely ordered epidote contains Fe®
ions only in the M3 site, the octahedral disorder-
ing can be written as Fe* ws + Al’"w = Fe’'w +
AP As Xrs+u increases, disordering increases.
M2 site accommodates only Al, whereas M3 site
contains a larger fraction of Fe* compared to the
smaller M1 site. As the content of Fe’ increases,
disordering also increases because octahedral
Fe® has larger ionic radius than Fe”. Since total
Fe content is low in epidote from the Bobae mine,
the Fe®  ion assigned to the M3 site is also low;
0.486<X e+ w<0.513 per formula unit. Langer
and Raith (1974) proposed that in clinozoisite-ep-
idote series with Fe* contents up to 0.8 Fe’ per
formula, the M1 and M2 octahedra are nearly
free of Fe*. However, although total Fe content
in epidote from the Bobae mine is relatively low
per formula unit, the Fe” content in the M1 site is
2.5-3.5 % of total Fe. Therefore, the Fe* content
attributed to M1 site does not appear to strictly
depend on the total Fe content. In the more Fe-
rich epidote, less Fe’ and more Fe* are accom-
modated in the M1 and M3 sites. As a conse-
quence, overall disordering increases as total Fe
content increases, although further data on many
epidote samples should be needed to ascertain
this hypothesis.

Disordering in epidote is also largely con-
trolled by temperature. With increasing tempera-
ture, the Fe’ content of the M1 site decreases in
epidotes from the Salton Sea geothermal system
(Bird et al, 1988). The ordering parameter (0=1-
2X e+ ) by Bird and Helgeson (1980) are 0.99 at
25 °C, 0.90 at 200 C, 0.85 at 300 C, and 0.74 at 600
*C, respectively. On the basis of Fe” w occupancy,
the ordering parameters in epidotes of the Bobae
mine are calculated to 0.93-0.95, which implies
disequilibrium state of order/disorder below 200
C. Because most epidotes reported in the litera-
ture occur in active geothermal systems, pegma-
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tites, skarns, high grade metamorphic rocks, or
plutonic rocks, their formation temperature is rel-
atively high. Therefore, an average ordering pa-
rameter is perhaps lower than ours. Dollase
(1973) reports that the ordering parameter is
about 0.85 for most natural epidotes. Epidotes
crystallized at temperatures lower than 300 C
show an increase of the nonéquilibrium ordering
state (Patrier et al, 1991). Considering the order-
ing parameter, the epidote from the Bobae mine
was probably formed at lower temperature than
epidotes reported by Dollase (1973).

According to the isotope data on the Bobae
deposit by Moon (1994), the character of initial
hydrothermal fluids derived from residual
magma changed due to introduction of meteoric
water during the later stage and hydrothernal
alteration persisted over at least 15m. y. The con-
stant temperature over a long period might be es-
sential for the transition from disordered state to
equilibrium state, despite the possible variation in
flux and composition of the hydrothermal fluid.

Epidotes studied previously by Mbissbauer
spectroscopy commonly show distinct zoning in
chemical composition though most samples were
collected from veins or vugs (e. g Bird et al., 1988;
Patrier et al, 1991). For example, the X.s (=Fe/
(Fe+Al) ranges from 0.23-041, with the average
variation of Xs=0.1 within a single sample (see
Bird et al, 1988). The most disordered epidotes
also exhibit the widest range in X Their obser-
vations might be due to the effect of ordering on
chemical zoning in epidotes. Hence its effect
should be taken into account in Mdssbauer result.

CONCLUSIONS

Vein epidotes occurring in the propylitic
alteration zone of the Bobae clay deposit show lit-
tle or very weak zoning, Epidote of higher Al, Fe,
and Ca contents shows slightly smaller cell pa-
rameters. FTIR spectra show that the substitution
of Fe for Al causes peak positions to shift to a

lower energy region and a decrease in the absorp-
tion intensity. In the far-IR region, epidotes ex-
hibit two absorption bands, which are related to
the Ca-O bonds in A-sites.

These bands apparently show no trend in
peak positions with respect to the Fe and Al con-
tents possibly due to their weak bondings, as is
the case for the interlayer sites of clay minerals.

Mossbauer spectra of epidote show a preferen-
tial distribution of Fe*" in the M3 sites. In Fe-rich
epidote, less Fe* and more Fe* are accommodat-
ed in the M3 and M1 sites. As a consequence,
overall disordering increases as total Fe content
increases. The ordering parameters of the Bobae
epidote imply a disequilibrium state below 200 C.
The constant temperature over a long period
seems to be an important factor for the transition
from disorder state to equilibrium state, despite
the possible variation in flux and in composition
of the hydrothermal fluids.
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