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Abstract: Cr-rich clinozoisite with up to 0.89 crt apfu and additional 0.23 V3 apfu originating from the Outokumpu copper mine,
Finland, was studied by electron microprobe analyses, laser ablation inductively coupled-plasma mass spectrometry, single-crystal
X-ray structure refinement of natural crystals and after step-wise annealing to a maximum temperature of 750°C, by HRTEM and
electron backscattered diffraction. Although Cr-rich clinozoisite appears optically of gemmy quality with sharp extinction behavior
under crossed polarizers, its X-ray and electron-diffraction behavior is very poor and resembles that of almost amorphous materials as
known for strong metamictization. Albeit the sample does not contain significant U or Th as potential source of radiation and
destruction of lattice periodicity. Cr- and V-free clinozoisite, intergrown with Cr- and V-rich clinozoisite, displays good diffraction
behavior. Cr- and V-rich clinozoisite of poor diffraction quality has larger unit-cell volume than expected for its composition. The
volume decreases with increasing annealing but does not reach the range expected for the analyzed composition. Heating cycles
slightly improve crystallinity but the diffraction quality remains unsatisfactory. Site occupancy refinements of single-crystal X-ray
data collected for natural crystals after heat treatment could not reproduce the (Cr + V) concentration previously determined by
analytical methods. We speculate that probably on the retrograde path nano-particles of a Cr-(and V-) rich amorphous phase were
exsolved destroying the periodicity of the residual clinozoisite. Annealing led to substantial structural cure but the original (Cr 4 V)
content could not be reabsorbed.
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1. Introduction the suffix designation is used. This paper follows the

recommended nomenclature for epidote-group minerals

Monoclinic epidote-group minerals with the structural for-
mula ATA2M1M2M3Si50,,(OH) belong to the soro/neso-
silicate class. Their structure is based on a chain of edge-
sharing M2 octahedra and a central chain of M1 octahedra
with M3 octahedra attached on alternate sides along its
length. Chains of octahedra run parallel to the b-axis,
linked by SiO4 and Si,O; groups (Ito et al., 1954;
Dollase, 1968). This structural arrangement gives rise to
two types of highly coordinated sites: 9-coordinated Al
and 10-coordinated A2 are mainly occupied by Ca.
Trivalent cations, such as Al, Fe>*, Mn*" and Cr*™, dis-
tribute between the octahedral M1 and M3 sites. The
smallest M20O¢ octahedron is generally occupied by Al
only. The key cation-sites M3 and Al determine the root
name, and for the dominant cation on A2 (other than Ca)

summarized by Armbruster et al. (2006).

Epidote-group minerals containing Cr’" are not com-
mon, but they have been reported from a number of local-
ities worldwide (e.g., Eskola, 1933; Grapes, 1981; Ashley
& Martyn, 1987; Treloar, 1987a, b; Treloar & Charnley,
1987; Sanchez-Vizcaino et al., 1995; Devaraju et al., 1999;
Nagashima et al., 2006, 2007, Uher et al., 2008, Bacik &
Uher, 2010). The term ‘“‘tawmawite”” was proposed for the
Cr’"-analogue of epidote (Bleeck, 1907). However, “‘taw-
mawite”” from former “Burma’ (nowadays Myanmar)
does not show epidote-group stoichiometry and may
reflect a mixture of various Cr-bearing minerals. The high-
est Cr,O3 content of ca. 15 wt% for an epidote-group
mineral was reported by Treloar (1987a, b) corresponding
to almost 1 Cr atom per formula unit (apfu). However, for
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revival of ‘“‘tawmawite’” as a valid mineral name for a
species of the epidote-group it has to be shown that Cr is
the dominant cation at one of the three octahedral sites
(M1-M3). Up to now, there is no structural study of an
epidote-group mineral with more than 0.5 Cr apfu at any M
site. Thus, ‘‘tawmawite’’ is not considered a valid species
name (Armbruster et al., 2006).

A crystal structure of Cr3+-bearing epidote has been
reported by Nagashima et al. (2007). The site preference of
Cr’" is M3 > M1 >> M2 although the results of a polarized
absorption spectroscopic study by Burns & Strens (1967)
have been interpreted to show preference of Cr’" for MI.
In an experimental study of the binary Ca,Al;Si30;,(OH)-
Ca2A12Cr3+Si3012(OH) series (Nagashima et al., 2009) the
maximum Cr content in clinozoisite was 0.5 apfu. The intra-
crystalline partitioning coefficient, K, = (Cr* /ADM'/(Cr*t/
ADM, ranged between 0.57 and 0.73 indicating preference of
Cr’* for M3 > M1.

Subject of this study is the crystal chemistry of Cr-rich
clinozoisite, leading to the decisive question whether a Cr-
analogue Ca,Al,CrSiz;O,(OH) of epidote may exist.

2. Experimental methods
2.1. Specimens

2.1.1. Cr-and V-rich clinozoisite from Outokumpu copper
mine, Finland

Chromium-rich clinozoisite crystals from Outokumpu
copper mine, Finland, were first described by Eskola
(1933) and later studied by von Knorring et al. (1986)
and Treloar (1987a, b). According to Treloar (1987a) the
Cr content in clinozoisite from the Outokumpu mine
reaches 15.4 wt% Cr,O5 The crystals we studied were
received from some Finnish mineral collectors and from
the Mineral Cabinet of the Finnish Museum of Natural
History, University of Helsinki. The museum specimens
are of historic significance, because mining operations in
the Outokumpu mine ended already in 1988. According to
the sample labels, they were collected by Eskola for his
studies published in 1933.

The Outokumpu Cu-Zn 4 Co ore hosts carbonate-skarn
rock, quartzite and serpentinite. The deposit is an ophiolitic
volcanogenic massive sulfide ore formed by multi-stage
deformation processes during the Paleoproterozoic
Svecokarelian orogeny 1.75-1.9 Ga ago (Koistinen, 1981;
Treloar et al., 1981). According to Treloar et al. (1981) the
Cr-bearing minerals reflect metamorphic conditions of 3.5
=+ 1 kbar and 600 £ 50 °C.

The skarn rocks of the Outokumpu area are enriched in
chromium and vanadium. The Outokumpu mine is, for
example, the type locality for eskolaite (Cr,O5) and kar-
elianite (V,03). The Cr-rich clinozoisite that also may
contain considerable vanadium concentrations locally
occurs as accessory in ore-bearing quartzite and especially
in ore-bearing skarn rocks composed mainly of chromian

diopside, chromian tremolite and uvarovite. The chromian
and vanadian clinozoisite crystals are prismatic, 1-10
millimeters long and they may contain simple crystal
faces like {100}, {001}, {011}, {101} and {110}.

The crystal fragments chosen for this study were some
millimeters in diameter. They were often strongly zoned
and contained also additional phases as inclusions (see
below). Standard thin sections and also thick sections
were prepared from the specimens, which were used for
electron microprobe analyses (see experimental section).
In thin sections, independent of the Cr-content, clinozoisite
showed sharp extinction behavior under crossed polarizers.
In polarized light, Cr-rich crystals displayed characteristic
pleochroism from yellow-green to blue-green. In thick
sections (ca. 300 pm), used for single-crystal harvesting
for structural study, fragments of Cr-rich clinozoisite
appeared in unpolarized light emerald-colored with
gemmy transparence and high optical quality without visi-
ble inclusions, but were commonly fractured by scattered
cracks.

Chemical analyses indicate that our specimens can be
divided into three types: (1) Cr- and V-rich, (2) Cr- and V-
bearing, and (3) Cr- and V-free clinozoisite varieties. For
details of this classification see the Result section. In
several crystals Cr-bearing clinozoisite exhibited fine
oscillatory zoning by layers with strongly variable Cr/Al
content. Such ‘“‘crystals’” were not considered.

According to electron-microprobe analyses the asso-
ciated phases, enclosed within the macroscopic Cr-bearing
clinozoisite crystals, are chromian tremolite, chromian
diopside, uvarovite, pyrite, pyrrhotite, chalcopyrite, a
zinc sulfide phase, eskolaite, quartz, albite, and an uniden-
tified sheet-silicate-like Cr-rich mineral also observed by
Treloar (1987a), which he described as alteration product
of Cr-rich clinozoisite: ‘‘complex hydrated Cr-Mg-A1-Fe-
Ca-bearing silicate, the composition of which approaches a
hydrogarnet type stoichiometry. The degree of hydration
varies from slight to extreme.”’

A typical mineral association is shown in Fig. 1. The
core of the crystal mainly consists of Cr- and V-bearing
clinozoisite, which is pale green in color. The unidentified
sheet-silicate-like Cr-rich mineral (mentioned before)
occurs as greenish-brown ribbons of variable thickness
and it is commonly associated with Cr- and V-bearing
clinozoisite (Fig. 1a). Appearance of this mineral indicates
that it forms layer-like inclusions (exsolutions), which
were cut to bands depending on the inclination angle dur-
ing thin-section preparation. The outer zones of the inves-
tigated Cr-bearing clinozoisite crystals formed under low
fO, condition as indicated by pyrite (commonly <100 pm)
and chalcopyrite (<50 pm) occurring as inclusions in Cr-
and V-free clinozoisite, associated with albite. Cr- and V-
rich clinozoisite showing dark brownish green color forms
the inner rim of the “‘crystal’” but an additional thin Cr- and
V-free clinozoisite phase commonly crystallized at the last
stage on the surface. Although Cr-rich allanite (up to 5.7
wt% Cr,03) in mica schist from Outokumpu was reported
by Treloar (1987b) and Treloar & Charnley (1987), rare
earth element concentrations were below the detection
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Fig. 1. Photomicrograph (a) and back-scattered electron image (b) of clinozoisite (Czo) and associated phases, pyrite (Py), chalcopyrite
(Ccp), albite (Ab), and an unidentified sheet-silicate-like Cr-rich mineral. Box at the bottom in BSE image indicates an area analyzed by

EBSD (see Fig. 5).

limit in specimens analyzed in this study. Furthermore, the
source rock of Cr-bearing clinozoisite in this study was
quartzite in contrast to mica schist in which allanite was
analyzed.

2.1.2. Cr-bearing epidote from Iratsu, central Shikoku,
Japan

A Cr-bearing epidote from Sambagawa metamorphic
rocks in central Shikoku, Japan (Nagashima et al., 2006,
2007) was re-investigated. These Cr-rich epidote crystals
are dark yellow to brown. Microscopically, they are sub-
hedral and are pleochroic from yellowish orange to pale
yellow-colorless.

2.2. Chemical analysis

2.2.1. Electron microprobe analysis

The chemical composition of Outokumpu clinozoisite was
determined using a JEOL JXA-8200 electron probe micro-
analyzer (EPMA/WDS) at the University of Bern. The
abundances of Si, Ti, Al, Cr, V, Fe, Mn, Mg, Ca, Sr, Ba,
Na, K, Zn, P and F were measured using an accelerating
voltage of 15 kV and a beam current of 20 nA, with a beam
diameter of 1 um. The following standards were used:
natural wollastonite (Si, Ca), synthetic ilmenite (Ti, Fe),
synthetic spinel (Al, Mg), synthetic eskolaite (Cr), syn-
thetic shcherbinaite (V), synthetic tephroite (Mn), natural
strontianite (Sr), natural barite (Ba), natural albite (Na),
natural orthoclase (K), synthetic gahnite (Zn), synthetic
CePO, (P), and synthetic phlogopite (F). The PRZ method
(modified ZAF) with ¢(pZ) integration for the atomic
number correction (Packwood & Brown, 1981; Bastin
et al., 1984, 1986) was used for data correction. Some
elements were not detected or negligible. The peak posi-
tions of CrKo and VKB measured with the LIF analyzer
crystal are very close, and the CrKo peak slightly over-
lapped with VK. To obtain proper intensity of CrKo, the

intensity correction was applied for each analytical point.
Experimental details of chemical analyses for Cr-bearing
epidote from Iratsu, Japan, have been summarized by
Nagashima et al. (2006).

2.2.2. Laser ablation inductively coupled-plasma mass
spectrometry (LA-ICP-MS)

The chemical composition of (Cr + V)-rich clinozoisite
was also confirmed by laser ablation, inductively coupled-
plasma mass spectroscopy (LA-ICP-MS). The instrument
consists of a pulsed 193 nm ArF Excimer laser (Lambda
Physik, Germany) with an energy-homogenized Geolas
Pro optical system (Microlas, Germany), coupled with an
ELAN DRC-e¢ ICP quadrupole mass spectrometer (Perkin
Elmer, Canada) operated in standard mode. A spot size
between 60 and 90 pm was used and the counting time was
>50 s for the background and 50 s for sample analysis. The
instrument was calibrated against NIST SRM 610 glass.

2.3. Structural analysis of Cr-rich and Cr-bearing
clinozoisite and epidote

Diffraction data of five crystals, separated from previously
analyzed (EPMA) thick-sections, were collected at room
temperature (23 °C) with graphite-monochromated MoKo
X-radiation (A = 0.71069 A) using different types of sin-
gle-crystals diffractometers, either equipped with a point
detector (Enraf Nonius CAD4) or with a CCD-based area
detector (Table 1). All crystals except for 2E and the Iratsu
epidote were heated at different temperatures in air and
subsequently remeasured and reheated. As an example, crys-
tal 1A was heated at 500, 600, 700 and 750 °C for 20 h at
each temperature. Annealing was done to enhance sample
crystallinity.

For all samples, structural refinements were performed
using SHELXL-97 (Sheldrick, 2008). Scattering factors
for neutral atoms were employed. In all refinements on
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Outokumpu samples M2 seemed to be fully occupied by
Al. Thus Cr and Al were allowed to vary at M1 and M3.
Due to similarity of X-ray scattering factors additional V
was treated as Cr.

The following procedures were applied to refine occu-
pancies for the Iratsu sample: (1) A2 occupancy was fixed
at Ca0.92 Sr0.08 as determined by EPMA. (2) Based on the
results of Mossbauer spectroscopy (Nagashima et al.,
2007), the oxidation state of Fe was ferric and all Fe was
fixed at M3 (0.51 apfu). Site occupancies of M sites were
refined with Al and Cr.

Positions of the hydrogen atoms of the hydroxyl groups
were derived from difference-Fourier syntheses.
Subsequently, hydrogen positions were refined at a fixed
value of Ui, = 0.05 A”. The hydrogen positions were
refined with a bond distance constraint of O-H = 0.98 A
(Franks, 1973).

2.4. HRTEM analysis

A powder sample of specimen 1A from Outokumpu,
Finland, was analyzed with a Philips CM20 transmission
electron microscope operated at 200 eV (point resolution
of 0.27 nm) equipped with a twin objective lens (theore-
tical resolution 0.27 nm), a TV-Camera GATAN 622 with
Image Intensifier and energy-dispersive X-ray (EDX)
spectrometer. The Cr, V and Al contents of the sample
were confirmed by EDX.

2.5. Electron backscattered diffraction (EBSD)

The EBSD analysis was carried out using only the speci-
mens from Outokumpu, Finland. For this purpose the
polished thin sections were subjected to an additional
chemo-mechanical lapping on a polyurethane disk with
colloidal silica during 5.5 h in order to remove prepara-
tion-induced defect structures in the uppermost
nanometers.

The EBSD investigations were carried out under low
vacuum conditions (10 Pa) using a Zeiss Evo 50 SEM in
combination with an EDS Sapphire light element detector
from EDAX-Ametek and a Digiview II EBSD camera as
well as the OIM (5.31) acquisition and analysis software
from TSL-Ametek. For the EBSD-mappings, an accelera-
tion voltage of 20 kV, a beam current of 20 nA, a step size
of 0.3 um and a frame rate of 20 frames/s were chosen.
Simultaneous with the acquisition of the electron diffrac-
tion pattern, the Si, Cr and Al concentrations were mea-
sured with the EDS detector. After analysis, data were
processed using the OIM (5.31) analysis software for
visualization of the image quality maps and the element
distribution images.

In addition to the mapping approach, individual electron
diffraction patterns were acquired at constant time inter-
vals at specific spots on the Cr-rich clinozoisites to dis-
criminate the degree of diffraction between the different
microstructural domains.

3. Results
3.1. Chemical compositions

3.1.1. Cr-rich and Cr-bearing clinozoisite and epidote

The chemical compositions of the studied Cr-rich clino-
zoisite-subgroup crystals studied by X-ray diffraction are
given in Table 2 where the total number of cations, except
H™, was normalized to 8. Figure 1b shows the back-scat-
tered electron image of clinozoisite and associated phases
from Outokumpu, Finland (116_2 crystal). Cr- and V-rich
clinozoisite was mainly found at the rim of this grain
adjacent to Cr- and V-free clinozoisite. The core of this
crystal is composed of Cr- and V-bearing clinozoisite.

In a group with the highest Cr,O3 content we collected
13 analyses for Outokumpu clinozoisite with 10-14 wt%
Cr,0O5 and additional 2-8 wt% V,03. Based on 159 analy-
tical points measured on the same material, the mean
Cr,05 and V,0;5 concentrations in Cr- and V-bearing clin-
ozoisite, mainly constituting the core of the crystal, were
7.3 + 1.1 and 2.4 £+ 1.0 wt%, respectively. The range
within this dominant group covered compositions with
5-10 wt% Cr,0O5 and 1-6 wt% V,05. Interestingly, there
is a compositional gap in our analytical data: except “‘(Cr
+ V)-free’’ clinozoisite with less than 0.1 wt% Cr,0O5 and
V5,05 (10 points analyzed), there are no compositions with
less than 5 wt% Cr,03 (Fig. 2). If not explicitly specified
the Cr,0O5-high and Cr,0O3-bearing groups will not be dis-
tinguished in the following text (named Cr-rich) as both
types of clinozoisite show corresponding diffraction prop-
erties. The specimens from Outokumpu are poor in Fe,03
(e.g., ~0.4 wt% of 1A and 1E). The Cr content of Cr-rich
clinozoisite (5.7-15.4 wt% Cr,03) from the same locality
studied by Treloar (1987a, b) was similar to that in this
study. On the other hand, their samples were poor in V,0;
(max. 2.3 wt%) compared to our samples.

To confirm the accuracy of obtained Cr,O3 and V,0;
contents in Finnish samples by microprobe analysis, 13
points on three different crystals (2A, 2C and 2E) were also
analyzed by LA-ICP-MS. The Cr,O5 and V,03 contents
obtained by EPMA and LA-ICP-MS were closely corre-
sponding. The average deviations of Cr,03 and V,0;5 con-
tents are 0.33 and 0.22 wt%, respectively. This agreement
is rated excellent considering the different sampling areas
of EPMA and LA-ICP-MS and the expected chemical
variation within the sample. The major components of
epidote-group minerals contributing to Cr- and V-rich
clinozoisite from Outokumpu are Ca,Al3Si30;,(OH) (clin-
ozoisite), CazAIZCr3+Si3012(OH) (““tawmawite’’) and
Ca,AlLV>"Si30,,(OH) (mukhinite). The individual site-
specific cation concentrations for crystals 1A and 1C
slightly deviate (e.g., Ca deficiency) from ideal values
(Table 2). This is probably due to low crystallinity of this
sample as discussed below.

The specimen from Iratsu, Japan is characterized by
high Cr,05 (5.6 wt%), high Fe,03 (8.5 wt%), small amount
of SrO (1.7 wt%) and lack of V,0s;. Fe in Iratsu epidote is
only ferric as indicated by °’Fe Mdssbauer analysis
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Table 2. Representative single spot EPMA analyses and formulae of Cr-rich and Cr-bearing clinozoisites and epidote.

Outokumpu, Finland

1A 1C (Max. Cr content) 1E 2E Max. V content Iratsu, Japan

SiO, 38.55 37.91 38.02 37.78 37.18 36.81
TiO, 0.11 0.06 0.17 0.14 0.02 0.16
Al,O5 28.97 19.92 24.07 23.32 18.02 23.03
Cr,05* 5.03 14.01 9.16 9.82 12.68 5.62
Fe,053* 0.38 0.11 0.38 0.29 0.27 8.53
V,05" 0.96 3.51 1.97 3.16 7.93 -
MnO* 0.04 0.00 0.08 0.00 0.04 0.15
MgO 0.18 0.08 0.16 0.17 0.03 0.08
CaO 22.79 22.22 23.42 23.33 22.65 22.00
SrO - - - - - 1.70
Na,O 0.01 0.00 0.00 0.00 0.02 0.06
K>0 0.02 0.02 0.01 0.01 0.00 0.02
P,0s5 0.08 0.01 0.05 0.04 0.00 -
La203 - - — - - 0.07
CeZO3 - - - - - 0.11
F 0.08 0.14 0.20 0.01 0.00 -
Total 97.20 97.99 97.69 98.07 98.84 98.34
Total cations = 8

Si 3.01 3.05 3.01 2.99 2.99 2.95
Ti 0.01 0.00 0.01 0.01 0.00 0.01
Al 2.66 1.89 2.24 2.17 1.71 2.17
crt 0.31 0.89 0.57 0.61 0.81 0.36
Fe* 0.02 0.01 0.02 0.02 0.02 0.51
V3t 0.06 0.23 0.13 0.20 0.51 -
Mn** 0.00 0.00 0.01 0.00 0.00 0.01
Mg 0.02 0.01 0.02 0.02 0.01 0.01
Ca 1.90 1.92 1.99 1.98 1.95 1.89
Sr - - - - - 0.08
Na 0.00 0.00 0.00 0.00 0.00 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00
P 0.01 0.00 0.00 0.00 0.00 -
La - - - - - 0.00
Ce - - - - - 0.00
Total 8.00 8.00 8.00 8.00 8.00 8.00
Sum of Cr*™ 4 Fe*" + V3 0.39 1.13 0.72 0.83 1.34 0.87

Note: * Total Cr, Fe, V and Mn as Cr,03, Fe,03, V,03 and MnO, respectively.

(Nagashima et al., 2007). The Cr-bearing epidote is
divided into three types: (1) Ca-rich (<3 wt% SrO and
REE-free) (2) Sr-rich (3-11 wt% SrO), and (3) REE-rich
(3—10 wt% REE,O3; mainly Ce, La and Nd). The studied
epidote is of type (1). The Cr-bearing epidote has zonal
structure characterized by Ca < Sr and Ca + Y G
REE®" + M?*" substitutions. The Cr distribution is not
related to the zonal structures mentioned above, but the
high concentration of Cr generally occurs around or along
the vicinity of chromite grains (Nagashima et al., 2006).

The Cr-rich clinozoisite (1A, 1C, 1E and 2E) and Cr-
bearing epidote (Iratsu) crystals used for electron microp-
robe analyses (Table 2) and for X-ray single-crystal refine-
ment were identical.

3.1.2. An unidentified sheet-silicate-like Cr-rich mineral
in Outokumpu specimens

An unidentified sheet-silicate-like phase is commonly
associated with Outokumpu clinozoisite (Fig. 1). The thin

nature of the layers characteristic of this sheet-silicate-like
phase may be responsible that precise analytical EPMA
data are difficult to collect due to overlap with underlying
Cr-rich clinozoisite. However, its chemical composition is
roughly represented as: 40 wt% SiO,, 20 wt% Al,Os,
6 wt% Cr,05, 1-1.5 wt% FeO, 10-13 wt% CaO, 1 wt%
Na,O + K50, and < 0.5 wt% V,03, <0.5 wt% MnO and
<0.5 wt% MgO (total oxides = ca. 81-83 wt%).

3.2. Structural analysis of Cr-rich clinozoisite and
epidote

Crystallographic data and refinement parameters are sum-
marized in Table 1. The refined atomic positions and aniso-
tropic displacement parameters are listed in Tables 3 and 4.
Interatomic distances and angles are presented in Tables 5
and 6, respectively. Table 7 gives the site-scattering values
and cation assignments. Tables 3—6 are freely available
online on the GSW website of the journal at http://



/ldoc.rero.ch

http

1.0

T L ]
0.8 - i ®
o
L .. ® ~
I ° ®
L S
S 06—
o
&
O L
0.4 —
0.2 = ® Cr- and V-rich
i [& Cr- and V-bearing
M £ Cr- and V-free |
0.0 H—1 | 1 | I | L | i | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6

V3 (apfu)

Fig. 2. Variation of Cr and V contents (apfu) of clinozoisite from
Outokumpu, Finland. Filled circles represent Cr- and V-rich clino-
zoisite, gray squares Cr- and V-bearing clinozoisite, and open trian-
gles Cr- and V-free clinozoisite. Notice the gap of compositions
between (Cr 4 V)-bearing and (Cr + V)-free clinozoisite.

geoscienceworld.org/. The crystal structure of Cr-rich clin-
ozoisite is shown in Fig. 3.

Considering the relatively large size of the Outokumpu
crystal fragments used for X-ray experiments the diffrac-
tion behavior was very poor compared to other clinozoi-
sites and epidotes recently studied in our laboratory. Thus,
long X-ray exposure times had to be chosen to obtain a
single-crystal diffraction pattern of average reflection
intensity within about 5 % accuracy. Furthermore, the

X-ray reflections of Finnish Cr-rich clinozoisite appeared
as unusual large spherical spots surrounded by a diffuse
halo. Corresponding diffraction behavior was only known
to us for strongly metamict materials. With increasing
heating temperature (up to 750 °C) and annealing time
the diffraction behavior only slightly improved but never
reached the quality of Cr- and V-free clinozoisite picked
adjacent to Cr- and V-rich crystals. In addition, the unit-
cell parameters of crystals 1A and 1C crystals measured at
room temperature were much larger than expected based
on chemical compositions. With increasing annealing tem-
perature, unit-cell parameters decrease. The (Cr + V)
contents derived from refined site-occupancies at M1 and
M3 (Table 7) were considerably lower than those obtained
by chemical analyses (Table 2).

3.3. Samples crystallinity monitored by HRTEM
and EBSD

The crystallinity of samples from Outokumpu, Finland was
investigated by HRTEM and SEM-EBSD analyses. Both
types of analyses indicate that Cr- and V-rich clinozoisite
from Outokumpu has low crystallinity. On the other hand,
Cr- and V-free and Al-rich counterparts analyzed adjacent
to Cr- and V-rich clinozoisite are well crystalline. As
shown in Fig. 4, (Cr 4 V)-free clinozoisites clearly show
sharp electron diffraction spots (a) whereas Cr- and V-rich
crystals appear almost amorphous in their electron diffrac-
tion behavior (b). TEM-EDX measurements on different
areas yielded very poor diffraction (up to almost no dif-
fraction) for Cr-rich compositions. Image quality maps of
spatial resolution constructed from electron back-scattered
diffraction data using various IQ matrices (EBSD by SEM)
indicate that Cr- and V-free clinozoisite had higher crystal-
linity than Cr- and V-rich clinozoisite (Fig. 5). Within large
areas intergrown Cr- and V-free clinozoisite and Cr- and

Table 7. Refined site occupancies and number of electrons for the M1, M3 and A2 sites.

Outokumpu, Finland M1? No. e~ Mm3? No. e~ A2° No. e~
1A No treatment  Al0.94(2)M0.06(2) 13.68  Al0.91(2)M0.09(2) 13.94 Cal.0 20
500°C,20h  Al0.91(1)MO0.09(1) 13.98  Al0.87(1)MO0.13(1) 14.42 Cal.0 20
600°C,20h  Al0.89(1)MO0.11(1) 14.18  Al0.83(1)MO0.17(1) 14.82 Cal.0 20
700°C,20h  Al0.911(7)M0.089(7) 13.98  Al0.846(8)M0.154(8) 14.69 Cal.0 20
750°C,20h  Al0.912(7)MO0.088(7) 13.96  Al0.858(8)M0.142(8) 14.56 Cal.0 20
1C No treatment  Al0.66(2)MO0.34(2) 16.73  Al0.64(2)M0.37(2) 17.01 Cal.0 20
600°C,48h  Al0.65(1)MO0.35(1) 16.90  Al0.66(1)M0.34(1) 16.74 Cal.0 20
750°C,48 h  Al0.61(2)MO0.39(2) 17.32  Al0.70(2)M0.30(2) 16.30 Cal.0 20
1E No treatment  Al0.817(4)M0.183(4) 15.01  Al0.574(4)M0.426(4) 17.69 Cal.0 20
700°C,24h  Al0.820(4)MO0.180(4) 14.98  Al0.592(4)M0.408(4) 17.49 Cal.0 20
2E No treatment ~ A10.809(6)M0.191(6) 15.10  Al0.582(7)M0.418(7) 17.60 Cal.0 20
Iratsu, Japan  No treatment  Al0.898(4)Cr0.102(4) 14.12  Al0.451(3)Cr0.039(3)Fe0.51¢  20.06 Ca0.92Sr0.08 21.44

"M at M1 and M3 in Outokumpu samples represents the (Cr + V) content. During the refinement it was treated as Cr.
A2 in Outokumpu samples was fixed as Cal.0.
“Fe population at M3 in Iratsu sample was fixed based on the results of chemical composition and Mossbauer spectrum by Nagashima ef al.

(2007).
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Fig. 3. Crystal structure of Cr-rich clinozoisite projected parallel to
[010] using the program VESTA (Momma & Izumi, 2008).

(a) Cr- and V-free

behavior that strongly resembles metamict materials
(Fig. 4 and 5). However, adjacent (Cr + V) free clin-
ozoisite produces excellent diffraction patterns.
Actually, the electron diffraction behavior of (Cr +
V)-rich clinozoisite (Fig. 4) is inferior to the quality
of X-ray diffraction, which may be related to the smal-
ler sampling area in electron diffraction covering a
lower number of coherent domains.

There is no quantitative relation between (Cr + V)
content and diffraction behavior. Very poor X-ray diffrac-
tion was found for crystal 1A with 5.03 wt% Cr,O5 and
also for 1C with 14.01 wt% Cr,O5 whereas crystals 1E and
2E with ca. 9.5 wt% Cr,03 (Table 2) produced a fair
diffraction pattern. Crystal fragments with varying alpha-
betic character designation, studied with X-rays, were
picked from different source crystals. Thus partial amor-
phization seems to be variable in (Cr + V)-rich domains of
different mother crystals.

The term metamict is reserved for minerals that lose
their crystal structure due to radioactive elements. In the

(b) Cr- and V-rich

Fig. 4. SAED patterns of Cr- and V-free (a) and Cr and V-rich — almost amorphous — (b) clinozoisite from Outokumpu, Finland.

V-rich clinozoisite show the same orientation as derived
from corresponding EBSD behavior.

In addition, the unidentified sheet-silicate-like Cr-rich
mineral was also analyzed by EBSD. This phase did not
produce any EBSD diffraction patterns, thus its true nature
remains unknown.

4. Discussion
4.1. X-ray and electron scattering behavior

As mentioned in the Results section, (Cr + V)-rich
clinozoisite from Outokumpu shows a diffraction

original sense metamictization is the destruction of the
regular internal structure of a mineral produced by radia-
tions from contained radioactive elements. The metamic-
tization of minerals can be dissipated and the original
structure restored by heating them to about 450-900 °C,
depending upon the mineral and the rate and time of heat-
ing (McGraw-Hill, 1960).

If we accept this latter definition, (Cr + V)-rich clino-
zoisite cannot be considered metamict because our ana-
lyses failed substantiating significant U and Th or even
REE commonly accompanying U and Th. In addition, we
did not find any U- or Th-bearing mineral in the source
rocks. Thus, a radioactivity origin of the poor diffraction
behavior can be excluded and we should thus avoid the
term metamict.
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However, we can imagine other geological or anthropic
processes leading to a continuous destruction of the crystal
structure or gradual loss of periodicity. Friction, plastic
deformation or polishing (Libowitzky, 1994) are among
the known mechanisms. Characteristic of zeolites and
other framework structures is their pressure and tempera-
ture induced amorphization (Greaves, 2001). But at first
glance the unusual behavior of (Cr + V)-rich clinozoisite
cannot be easily explained by these additional processes
leading to poor diffraction behavior.

4.2. Inconsistency between Cr (+V) determined
analytically and obtained by structure refinement

The observation that the quality of the diffraction pattern is
strongly related (in a qualitative sense) to the (Cr + V)
content of clinozoisite indicated that amorphization of clin-
ozoisite is somehow connected with these ions. This is
verified by the structure refinements leading to large differ-
ence of Cr (4+V) contents derived from refined site-occu-
pancies and from microprobe or LA-ICP-MS analyses. e.g.,
untreated crystal 1C from Outokumpu contains 1.12 (Cr +
V) apfu derived from chemical analysis (Table 2) but only
0.70 apfu could be located by structural analysis (Table 7),
which is a difference of ca. 37 %. Increasing annealing at
600 and 750°C improved crystallinity and reduced the unit-
cell volume by 1.4 % (Table 1) but heat treatment did not
lead to higher Cr (+V) occupancies in the structure of
clinozoisite. All other analyzed crystals behaved

Fig. 5. BSE image (a) and EBSD image quality map (b) of studied specimen. Light contrast indicates good diffraction quality, dark contrast
poor diffraction quality.

correspondingly. Based on these observations we hypothe-
size that (1) a Cr-rich epidote-group mineral with composi-
tion according to our analytical results (Table 2) was stable
at specific metamorphic conditions (p, 7, fluid regime),
(2) after retrograde change of these conditions, destruction
of the clinozoisite structure was accompanied by exsolution
of a Cr-rich amorphous phase. Subsequent heat treatment
did not lead to re-accommodation of the exsolved Cr-phase
but slightly improved crystallinity of clinozoisite with less
(Cr + V) than assumed from the bulk composition.

As an example, even in the simple system Al,O3—Cr,03
with isotypic end-members (corundum structure type)
there is a strongly pressure dependent solvus (Fujita
et al., 2007 and references therein). However, as character-
istic of sesquioxides, exsolved Cr-poor corundum and Al-
rich eskolaite are both crystalline. We speculate that in
case of Cr-rich clinozoisite a low-temperature miscibility
gap exists. The exsolved Cr-rich phase is amorphous
because under retrograde conditions a Cr-rich clinozoisite
is not stable and the activation energy is not sufficient to
transform the exsolved product into a crystalline assem-
blage stable under these conditions. This model would also
suggest that the exsolution process is governed by kinetics,
which could explain the strongly differing partition coeffi-
cients and the varying structural damage observed for the
crystalline relics.

The inconsistency of Cr content refined from site occu-
pancies (0.22 apfu) and measured by electron-microprobe
(0.30 apfu) has also been noted by Nagashima et al. (2007).
However, they related the observed misfit to heterogeneity
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within the crystal. In this study, Cr-rich epidote from Iratsu
(Nagashima et al., 2007) was measured to confirm the
compositional difference. In this new experiment the Cr
content derived from structural analysis was 0.14 apfu
instead of 0.36 apfu from chemical analysis.

Another confusing aspect is evident for the various
refined Me** (Cr** and V**) populations at M3 and M1.
There seems to be no consistent partitioning between M1
and M3. For crystal 1A (EPMA: 5.03 wt% Cr,03) the
partitioning coefficient (Kp = (Cr’ /ADM'/(Cr* T /ADM?) is
ca. 0.65 but ca. 1 for 1C (EPMA: 14.01 wt% Cr,05). For the
crystals 1E and 2E with best diffraction properties and
intermediate composition (EPMA: 9.5 wt% Cr,03) Kp is
only ca. 0.33. Any 1nterpretat10n of this behavior is aban-
doned because the role of minor V** in the assumed exsolu-
tion process and in M3-M1 site preference is unknown.

The inconsistency of chemical composition derived
from site scattering (X-ray structure refinement) and mea-
sured by EPMA for epidote-group minerals is not new.
Bonazzi et al. (2009) showed that a truly metamict allanite-
group mineral displayed a bulk chemical composition that
yielded a strongly non-stoichiometric formula if normal-
ized to 8 cations or 3 Si. In a multi-analytical approach they
could show that the results of the structure refinement were
correct and that EPMA analyses were biased by the pre-
sence of SiO; enriched metamict areas. After a correspond-
ing correction for excess SiO, the formula became
stoichiometric without significant vacancies at any site.

4.3. Structural variation of Cr and V-rich clinozoisite

Excessively large unit-cell parameters, which decrease
with increasing temperature and annealing duration, are
also typically observed in metamict REE-rich epidote-
group minerals. The decrease of the unit-cell volume
with annealing is caused by re-crystallization (e.g.,
Bonazzi et al., 2009). A corresponding behavior is also
found for our Cr- and V-rich clinozoisite. In particular for
those crystals with very poor diffraction behavior, pro-
longed heating could not readjust the unit-cell volume to
the expected range. The expected range was estlmated from
unit-cell volumes of epidotes with varying Fe’™ content
(Fig. 6). This procedure seems admissible as high spin
Fe + (0.645 A) has only a slightly larger ionic radius for
octahedral ~coordination (Shannon, 1976) than crit
(0.615 A) and V> (0. 640 A) but all three are significantly
larger than Al (0.535 A) Crystal 1E with fair diffraction
behavior also displayed a unit-cell volume which upon
heating adjusted to the expected range.

A corresponding ‘‘expected range’’ can also be defined
for mean M3-O and M1-O distances derived from epidote
structural data with refined Fe®>" occupancy (Fig. 7). As
already found for the unit-cell volume behavior upon heat-
ing, crystals 1A and 1C show longer M3-O distances than
assumed from site-occupancy refinement whereas M3-O
distances for crystals 1E, 2E and Iratsu are within the
predicted range. Due to lack of reliable reference data,
the Me®" population versus mean M1-O distance relation
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Fig. 6. Variation of cell volume versus Me® ™ (= Cr** 4 Fe>™ + V™)
contents (apfu). Filled symbols represent the results from this study;
squares 1A, inverted triangle 1C, triangle 1E, circle 2E and diamond
Iratsu. Symbols connected by solid lines towards decreasing volume
show the development with 1ncreasmg annealing temperature
Circled symbols represent the Me>* content determined by micro
robe analysis. Open squares represent the data of synthetic Al-Cr”"
clinozoisite with 1o standard deviation (Nagashima et al., 2009).
The gray ribbon shows the regression curves of Al-Fe™ epidotes
summarized by Franz & Liebscher (2004).

is less precisely defined. Nevertheless, M1-O distances of
(Cr + V)-rich clinozoisites fit much better to expected and
extrapolated values than corresponding M3-O distances.

In our structure refinements of Outokumpu (Cr + V)-
rich clinozoisite the strongest difference-Fourier peak
comprising 1.0-2.3 electrons (Table 8), not in accordance
with epidote-like atomic sites, always appears at a similar
position (0.16, 1/4, 0.30). A corresponding peak was
observed in untreated and heated allanite-subgroup crys-
tals (Bonazzi et al., 2009). The location of this peak is
approximately at the barycenter of a tetrahedral cavity
defined by 02-02-0O10-O4 atoms (Bonazzi et al., 2009;
see their Fig. 5). In addition, this ‘‘site’’ is along b halfway
between two orthosilicate Si3 positions. If occupied, this
additional site would connect Si3 tetrahedra to a trimer.
This peak position also corresponds to that reported as H
site in untreated dissakisite-(La) (Lavina et al., 2006).
Bonazzi et al. (2009) concluded that the presence of this
“ghost”” peak could be regarded as a sign of radiation
damage, or in our case a consequence of low crystallinity.
The ‘“‘ghost” peak was not observed in well crystallized
Cr-bearing epidote from Iratsu, for which structure refine-
ment also demonstrated Cr deficit. In our structure refine-
ments of Outokumpu (Cr + V)-rich clinozoisite there is
also a second recurring peak (Table 8) of ca. 0.8 electron
close to M3, which has no analogue among epidote-like
atomic sites.
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One of the major problems in collecting diffraction data
for poorly crystalline materials is scan truncation (point
detector) or intensity integration in a too narrow window
(area detector). If X-ray reflections are surrounded by a
diffuse halo, diffraction spots merge more or less continu-
ously with the background. This type of truncation parti-
cularly decreases the intensity of strong reflections. Being
aware of this problem, we have performed intensity inte-
gration tests with strongly reduced and augmented window
size but the ‘‘ghost’” peaks persisted. Another explanation
could be stacking faults along the b-axis. Thus the stron-
gest “‘ghost’” peak approximately coincides with Si3 dis-
placed by 1/2 along b. However, such stacking faults
should also be confirmed by other sites with even stronger
scattering power such as Ca at Al and A2. This is not
observed. Most probably, these ‘‘ghost’” peaks are related
to inadequate handling of diffuse scattering and treating
such phenomena as “‘relics’” of Bragg reflections.

5. Conclusion

Evidence shown in this paper and in the studies by Treloar
(1987a, b) suggests that a mineral of CaALCr’"Si;0,,(OH)
composition once existed in the quartzites of Outokumpu.
With a slight preference of Cr for M3, the above analytically
determined (EPMA) composition would at first glance
already be sufficient to revive the mineral name ‘‘tawma-
wite”’. However, the original composition could not be re-
established by heat treatment. This implies that for the
crystals investigated by us the physical properties of
CaAlzCr”Sig,O]z(OH) cannot be determined, which alone
disqualifies revival of the name ‘‘tawmawite’” for (Cr + V)-
rich clinozoisite from Outokumpu, Finland. This conclusion
is in full agreement with the remarks on nomenclature by

Bonazzi et al. (2009) suggesting that their allanite-group
mineral theoretically deserves a new root-name but strong
amorphization and the existence of inclusions inhibit deter-
mination of physical properties required for acceptance of a
new mineral species.

The superb optical quality with well defined anisotropy
of Outokumpu (Cr + V)-rich clinozoisite is not in contrast
to its very poor diffraction behavior. Anisotropic optical
properties are due to orientation-dependent electronic
polarizabilities of valence electrons under the influence
of the electric field tensor (e.g., Armbruster, 1985). The
electric field tensor reflects the structure-specific atomic
arrangement. Thus, periodicity required for diffraction is
not a prerequisite for optical anisotropy. Even a fragmen-
ted structure still preserves optical anisotropy if the struc-
tural motif maintains corresponding alignment.

Our results indicate that (Cr + V)-rich clinozoisite with
poor diffraction behavior has a strongly disturbed lattice
periodicity. Furthermore, the high (Cr + V) content of the
crystals determined by EPMA and LA-ICP-MS could not
be confirmed by site-occupancy crystal-structure refine-
ments, not even after prolonged annealing. Thus, excess
(Cr 4+ V) is not part of the clinozoisite structure. The
observations suggest that Cr-rich nano-domains exsolved
from originally (Cr 4 V)-rich clinozoisite on the retro-
grade path, interrupting lattice periodicity. Subsequent
experimental annealing of the composite material cured
to some degree the faulty structure of the clinozoisite, but
the exsolved Cr-rich phase could not be resorbed.

We do not believe that the ubiquitous, probably
exsolved, unidentified Cr-rich sheet-silicate-like phase
observed within clinozoisite has a direct bearing on the
poor crystallinity and site occupancy problems of (Cr +
V)-rich clinozoisite. The Al/Cr ratio of the unidentified
silicate is always close to adjacent clinozoisite and not
Cr-enriched.

11



/ldoc.rero.ch

http

Table 8. The strongest and second strongest positive difference-Fourier peaks of Cr-rich clinozoisite.”

Second strongest peak

Strongest peak

o

Distances (A) from the nearest atoms

No.e™
1.49
1.00
0.75
0.54

X
0.384

0.375

o

Distances (A) from the nearest atoms

-

No.
2.33
1.

Outokumpu, Finland

1A

0.86 from M3
0.84 from M3
0.85 from M3
0.84 from M3

0.215

1/4

1.65 from O4

0.309
0.304
0.305
0.298

1/4

0.164
0.160
0.165
0.167
0.168
0.168
0.163
0.178
0.156
0.159
0.158

No treatment
500°C, 20 h

0.204
0.207

1/4

0.78 from H10, 1.59 from O4

79

1/4

1/4

0.83 from H10, 1.60 from O4 0.377

1.54
1.27
1.28
2.10
2.06
1.83
1.85
0.93
1.05

1/4

600°C, 20 h

1/4 0.222

0.383

1.01 from H10, 1.54 from O4
1.07 from H10, 1.55 from O4

1/4
1/4

700°C, 20 h

0.299

750°C, 20 h

0.95 from M3
0.88 from M3
1.21 from A2
0.58 from Al

1.25
0.89
0.78
0.92

0.184
0.206
0.401

1/4

0.376
0.383

0.86 from H10, 1.59 from O4

0.304
0.298

1/4

No treatment
600°C, 48 h

1C

1/4

1.19 from H10, 1.52 from O4

1/4

0.94
3/4

0.536

0.90 from H10, 1.60 from M3

0.306
0.303
0.304
0.304

1/4

750°C, 48 h

0.103

0.697

0.88 from H10, 1.57 from O4

1/4

No treatment
700°C, 24 h

1E

0.99 from H10, 1.58 from O4

1/4
1/4

0.83 from H10, 1.58 from O4

No treatment

2E

Note: “The peaks more than 0.5 e A~ are listed. The Cr-rich epidote from Iratsu, Japan has no positive difference Fourier peaks more than 0.5 e A3,
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