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Abstract—Compositional variations of the epidote-supergroup minerals from the different magmatic,
metasomatic, and metamorphic formations of the Pelagonian Massif (Republic of North Macedonia), the
Urals (Russia) and the Eifel Mountains (Germany) were studied. The new data on isomorphism in these
minerals were obtained. Nine potentially new mineral species belonging to the epidote supergroup including
the minerals, in which Cr, Ga, La, Ce, Nd, and Pb are the species-defining components, as well as a number
of varieties with unusually high Zn and Cu contents, were identified. The relationship between the chemical
composition of epidote-supergroup minerals and their Raman spectra is discussed.
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INTRODUCTION

The epidote supergroup minerals (ESM) include
monoclinic ortho—diorthosilicates with a general for-
mulae  A1A2M1M2M3(Si,0,)(Si0,)J4010, where
Al = Ca, Mn?*; A2 = Ca, REE, Sr, Pb, Th; M1 = Al,
Fe3t, V3* Mn®*, Cr3*; M2 = Al, Fe3*; M3 = Al, Fe3*,
V3, Mn?*, Cr3*, Mg, Fe?*, Mn?**; 04 = O, F; 010 =
O, OH (the components playing the species-forming
role in the known ESMs are indicated in bold). Based
on the charges of cations and anions dominating in the
different sites of the crystal structure, four mineral
groups are distinguished within the epidote super-
group (Armbruster et al., 2006; Mills et al., 2009;
Chukanov et al., 2010). They correspond to the fol-
lowing general formulae:

the epidote group, 4127 422" M13* M23* M33*(Si,0,)
(Si04)O(OH);

the allanite group, 4127 A23* M13* M23* M3%**(Si,0,)
(Si0,)O(OH);

the dollaseite group, 4127423+ M1>* M23* M3%**(Si,0,)
(Si0,)F(OH);

the askagenite group, A12*A23* M13* M23* M33*(Si,0,)
(§i0,)0,.

The ESMs are characterized by a wide isomor-
phism in all cationic positions, except for the octahe-
dral site M2, which is predominantly occupied by Al
(often with minor Fe*) in all studied samples. The
heterovalent isomorphism in the M1 site is accompa-
nied by O « F substitutions in the @4 site, while the
710 site demonstrates clear affinity to the OH group
due to the strong hydrogen bond, which results in sta-
bilization of the crystal structure.

From a practical point, the most interesting are the
REE members of the epidote supergroup, mostly as
the components of REE ores, as well as probable pro-
totypes of synthetic materials applicable as the com-
ponents of immobilizing matrixes for actinides and
98r. In addition, with account for a wide abundance
of ESMs in different geological formations and vari-
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ability in their chemical composition, we may con-
sider the crystallochemical patterns of these minerals
as an important typomorphic indicator of the mineral-
forming conditions, mostly the medium chemistry.
Here we report the data on the chemical composition
that significantly expand our knowledge of the chem-
ical variations in the ESMs and Raman spectroscopy
of these silicates.

METHODS OF THE STUDY

The composition of the samples was studied by the
method of X-ray spectral microanalysis on a Tescan
Vega-II XMU scanning electron microscope and an
INCA Energy 450 system of registration of X-ray radi-
ation and calculation of the sample composition (the
EDS mode with an accelerating voltage of 20 kV and
an electron beam current of 400 nA). The period of
signal accumulation was 100 s. The diameter of an
excitation zone did not exceed 5 wm. During the elec-
tron microprobe analyses, the electron beam diameter
was within 157—180 nm. The images were obtained
with magnifications from 302 to 1670X in a scanning
mode, at an electron beam diameter of 60 nm. The
more detailed description of the method was given in
(Ermolaeva et al., 2016; Varlamov et al., 2017).

The Raman spectra of randomly oriented Samples 4,
14, and 15 were obtained in a frequency range from 100
to 1200 cm~! on an XPIoRA automatic Raman spec-
trometer (Horiba Scientific) equipped with a multi-
channel detector combined with a confocal microscope
including the connecting and filtering optics. The focal
distance of a spectrometer is 200 mm. We used laser
radiation with a wavelength of 532 nm and a nominal
power of 25 mW. To decrease the influence of lumi-
nescence, some spectra were taken several times in one
spot. The study was carried out using a spectral cell
2400T (2400 hatches per mm). The period of accumu-
lation of each spectrum window was 90 s (three times
by 30 s) in the mode of automatic combination of win-
dows with overlapping by 100 lines. The initial spectra
processing was performed using the LabSpec v. 5.78.24
software.

The Raman spectra of other samples were obtained
on an EnSpectr R532-20 Raman microscope (Russia)
in a frequency range from 100 to 4000 cm~! with a res-
olution of 6 cm~". The wavelength of exciting radiation
of a diode laser was 532 nm; a radiation output power
was 15—20 mW. The dispersion of scattered radiation
was carried out by a holographic diffraction grating
with 1800 hatches per mm. The spectra were obtained
with a magnification of 40X, exposure of 1 or 2 s, and
averaging by 100, 50, and 30 exposures, respectively. The
diameter of a focal spot of laser radiation was ~10 pm.
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DESCRIPTION OF THE ESM SAMPLES
STUDIED AND A BRIEF CHARACTERISTIC
OF THE OBIJECTS,

FROM WHICH THEY ARE FORMED

Samples of the ESMs from the different mineral
associations of the metasomatic, pneumatolytic, and
regional metamorphic origin and characterized by
wide variations in the chemical composition are the
objects of this study.

Samples 1—7 were collected in ore occurrences
from the Pelagonian Massif, in the region of the NeZi-
lov Village (Republic of North Macedonia). In this
area, the metasomatic rocks with the high concentra-
tions of chalcophile elements (S, As, Sb, Zn, Pb, and
Cu) compose an endocontact zone between metarhy-
olite, aporhyolite schist and dolomite marble and bar-
yte schist (Bari¢, 1960). A characteristic feature of
these rocks is that, in contrast to most of polymetallic
ores of the endogenic origin, they almost do not con-
tain sulfides and sulfosalts, while the chalcophile ele-
ments enter the composition of oxygen-bearing com-
pounds, mostly oxides, silicates, phosphates, and
arsenates. The mineral parageneses of ore-bearing
metasomatic rocks of the NeZilov area were previously
described in (Chukanov et al., 2015, 2016, 2018;
Ermolaeva et al., 2016, 2018; Janceyv et al., 2016; Var-
lamov et al., 2017a). It is assumed that the absence of
sulfides in these associations, results from the high
activity of barium, as well as from the oxidizing envi-
ronment of the ore formation.

ESMs from the ore occurrences of the Pelagonian
Massif form anhedral ore rarely subhedral grains with
sizes up to a few cm (usually not larger than 1 mm),
sometimes with the complex inner zoning. They form
polymineral aggregates, mostly composed of baryte or
tilasite, with low contents of dolomite and quartz. In
these aggregates, ESMs closely associate with the
minerals of the hogbomite supergroup, Zn-bearing
members of the spinel group, hematite, albite, potas-
sic feldspar, quartz, dolomite, calcite, hematite, Zn-
bearing clinopyroxenes, amphiboles, phlogopite,
chlorite, and talc. Among the accessory minerals in
these associations are Sb>*- and Ti-dominant miner-
als of the pyrochlore supergroup, zircon, As-bearing
apatite, hydroxyl-bearing hedyphane, almeidaite,
neZzilovite, tripuhyite, mottramite, and different man-
ganese oxides. Some samples are characterized by the
high concentrations of Cu (up to ~0.1 pfu in Samples 1,
6, and 7) and Zn (up to ~0.2—0.3 pfu in Samples 1, 6,
and 7).

In Sample 1 (Fig. 1a) mostly composed of an
aggregate of baryte and magnesioriebeckite, ESMs
form individuals of two types: small (~10 wm) not con-
taining REEs and larger ones (~100 um). The central
and peripheral zones of the latter type, mostly repre-
sented by piemontite, contain up to 0.2—0.4 pfu REEs
and 0.13—0.85 pfu Pb.
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Fig. 1. BSE images of polished sections. (a) Grain of epidote-supergroup minerals with zones of piemontite (7), allanite-(Ce) (2),
“ferripiemontite-(Pb)” (3) in association with baryte (4) and magnesioriebeckite (5) (Sample 1); (b) piemontite (/) with zones
containing up to 3—4 wt % PbO (light areas) in granular aggregate of tilasite (2), in association with quartz (3) and baryte
(4) (Sample 2); (c) piemontite grains (/) with outer zones of piemontite-(Pb) (2) and “ferripiemontite-(Pb)” (3) in baryte (4), in
association with albite (5) and zincohdgbomite (6) (Sample 6); (d) fragment of zoned piemontite—piemontite-(Pb) (/) with areas
of “ferripiemontite-(Pb)” (2) in association with quartz (3), baryte (4), magnesioriebeckite (5), and hematite (6) (Sample 6).

In Sample 2 (Fig. 1b), zoned grains of piemontite
(with a Pb content from 0.03 to 0.17 pfu and a size of
0.2—0.3 mm) and their aggregates associate with bar-
yte and tilasite and almost do not contain REEs.

In Sample 3, piemontite and piemontite-(Pb) form
small (~10 wm) segregations in association with aegir-
ine-augite, magnesioriebeckite, ferribarroisite, albite,
tilasite, hydroxycalcioromeite, and fluorcalcioro-
meite. These ESMs almost do not contain REEs as
well.

Samples 4a and 4b are the fragments of a piemon-
tite-(Pb) holotype previously described by Chukanov
et al. (2012). In addition to the prismatic crystals of
piemontite-(Pb) with the composition

Ca(Pbo.73C30.3o)(A10.65FC(3>.+34 )Al(Mn327Fe(3)33)(Si2_96A10.04)
0,,(OH) and a length up to 1 mm subjected to tectonic
crushing, there are small (up to 20 um) anhedral
(sometimes round) grains of piemontite-(Pb) and La-
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dominant ESM containing 0.3—0.5 pfu REE. Among
the major minerals of these samples are cellular zoned
baryte, talc, and clinopyroxene.

In Sample 5, piemontite, “ferripiemontite”, and
epidote containing up to 0.27 pfu Pb form small
(~5um) almost REE-free inclusions in hydroxy-
plumboromeite and small (~5 wm) grains of irregular
shape in calcite, in association with hematite, quartz,
tilasite, and minerals of the pyrochlore supergroup
(hydroxycalcioromeite, fluorocalcioromeite, and
hydroxyplumboromeite) containing up to 0.2 pfu
REEs.

ESMs in Sample 6 form zoned (with the zones of
piemontite, piemontite-(Pb), “ferripiemontite-Pb”
and epidote) individuals with a size up to 1 mm, some-
times with the areas enriched in REEs (up to 0.4 pfu),
as well as small (~10 um) grains almost REE-free, in
association with baryte, albite, quartz, gahnite,
franklinite, zincohogbomite, zincovelesite, and
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Fig. 2. BSE images of polished sections. (a) Individual of epidote-supergroup minerals with piemontite (/) and piemontite-(Pb)
(2) zones in association with magnesioriebeckite (3) and Mn4+—analogue of zincohdgbomite (4) (Sample 6); (b) zoned individ-
uals of epidote (/) in baryte aggregate (2), in association with nezilovite (3), almeidaite (4), zincohdgbomite (5), and Zn-bearing
talc (6) (Sample 7); (c) grains of epidote-supergroup minerals in sphalerite with zones of Ga analogue of epidote (/), Ga-rich
allanite 2), low-Ga allanite (3), and epidote (4) (Sample 4); (d) grain of epidote-supergroup minerals with zones of Cr-dominant
allanite-group mineral (/, see analyses 9 and 10 in Table 2), allanite-(Ce) (2), and epidote (3) (Sample 15).

hydroxyplumboromeite. Large ESM grains contain
abundant inclusions of baryte and zincohdgbomite
(Figs. 1c, 1d, and 2a).

In Sample 7 (Fig. 2b), large (0.5—1 mm) segrega-
tions of epidote with a Pb content from 0.11 to 0.48 pfu
occur in barite and associate with Zn-bearing talc, zin-
cohogbomite, gahnite, tripuhyite, almeidaite, and nezi-
lovite. Epidote is zoned, the central parts of grains are
enriched in REEs (0.14—0.36 pfu), Zn (0.18—0.36 pfu),
and Cu (0.05—0.09 pfu), while the outer zones almost
do not contain REEs (0.04—0.06 pfu), Zn (0—0.07 pfu),
and Cu (0.02—0.04 pfu).

Sample 8 was collected from the complex of apo-
rhyolitic schist outcropped in the area of Lake
Grubependity, in the zone of an interformational con-
tact (IFC) between the Precambrian tectonic complex
of Preuralides and the Paleozoic complex of Uralides
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on the Maldynyrd Ridge (Subpolar Urals). This for-
mation was described in detail by Yudovich et al.
(2001). At least two tectonic zones of various ages are
observed within the Maldinskii Fault. These zones are
composed of micaceous—chloritoid schist, aporhyo-
litic pyrophyllite schist, conglomerate, diabase, and
intruding rhyolite with the polymetallic mineraliza-
tion at the contacts. Greisenized aporhyolitic forma-
tions are characterized by the high REE concentra-
tions. Microprobe studies of the mineral forms of
REEs showed the presence of phosphates, arsenates,
silicates, molibdates—wolframates, many of which are
most likely the new minerals. The major minerals
accumulating REEs in aporhyolitic schist are phos-
phates and arsenates; among silicates, are the allanite-
group minerals. Exotic accessory phases include REE
arsenates (Yudovich et al., 2001).
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The complex of aporhyolitic schist from the area of
Lake Grubependity contain widely abundant concre-
tions composed of the spessartine—epidote—quartz
aggregates, geochemically characterized by the anom-
alously high concentration of Mn (up to 3.4 wt %
MnO, on the average, 2.72%) and As (up to 1%), as
well as by the high REE concentrations (on the aver-
age, ten times higher than those in rhyolite). As was
reported by Yudovich with co-workers (2001), there
are individual crystals and aggregates of Mn-and
REE-bearing ESMs of at least two generations. Sam-
ple 8 is a fragment of such segregation formed by a
fine-granular aggregate, mostly composed of quartz,
spessartine, and muscovite, as well as accessory xeno-
time-(Y), chernovite-(Y), gasparite-(Nd), ardennite,
and different minerals of the epidote supergroup.
These minerals form anhedral grains with a size not
exceeding 20 um.

Samples 9 and 10 are represented by eruptive frag-
ments of nosean sanidinite collected in the In den
Dellen Mine near the Laacher See (Eifel Mountains,
Rheinland-Pfalz, Germany), which is a caldera of
paleovolcano. The origin of these rocks has been dis-
cussed in detail in some publications (Frechen, 1947;
Schmitt, 2006; Schmitt et al., 2010; Chukanov et al.,
2014). Nosean syenite from the Laacher Volcano is
interpreted as a rock comagmatic to nosean—cancrin-
ite—nepheline syenite and host phonolite. Crystalliza-
tion of nosean syenite occurred in the upper part of
magmatic chamber at a temperature below 700°C,
5000—20000 years prior to the last eruption, which
occurred 12900 years ago. This rock is characterized
by the presence of various accessory minerals of rare
elements (Nb, Zr, REE, U, and Th), most likely of the
pneumatolytic origin, which crystallized on walls of
cavities in sanidinite. Due to the young geological age
of rocks of the Laacher Volcano, the minerals with
impurities of radioactive elements are not metamict
and have complete crystal structures. Sample 10 con-
tains ferriakasakaite-(LLa) and was previously describe
in detail by Chukanov et al. (2018).

Sample 11 is from the Mochalin Lug rare-earth
occurrence, in the exocontact zone of the Potaniny Mt
alkaline intrusion (South Urals), and is an ovoid with
a size of 2 X 4 cm, mostly composed of ferriallanite-
(La), bastnaesite-(La), bastnaesite-(Ce), toerne-
bohmite-(La), fluorbritholite-(La), and minerals of
the gatelite group. The formation of rare-earth miner-
als there most likely results from the process of feniti-
zation of granite pegmatite. The detailed characteriza-
tion of mineralogy of the Mochalin Log deposit was
given by Zil’bermints (1930), Kuznetsov (1930),
Svyazhin (1956), and Pekov with co-workers (2002).
Ferriallanite-(La) in Sample 11 forms monomineral
fine-granular aggregates of the black color with a size
up to 5 X 7 mm and intergrowths with poorly studied
La mineral of the gatelite group.
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Sample 12 is represented by isometric piemontite
crystals of the dark red color with a size up to 5 mm
associated with spessartine and svabite, which is from
the Rakten Mn ore occurrence (Jokkmokk, North
Sweden) related to the low-grade metamorphic for-
mation (Odman, 1950). The empirical formula of this

piemontite is (Ca1.96Nao.06)21.02(A10.78Fe(3;21Ti0.01)21.00
Al(Mnj'ssFeq’s, )z 008130 2(OH).

Sample 13 is from the Trimouns talc deposit occur-
ring near the Luzenac Village in the French Pyrenees.
It is represented by black prismatic crystals of dis-
sakisite-(Ce) with a length up to 5 mm from the asso-
ciation with talc and dolomite. The Trimouns deposit
has a metasomatic origin and is described in detail by
Moine et al. (1989) and Piret et al. (1990). The empir-
ical formula of ESM from Sample 13 is
(Cag 93Nag 7)51.00(Ceo.43Ndg 19Lag 17Cag 11 Pro 05Y0.01)50.96

(Al 90Fe0.10)51.00Al100(M80 55F€0 43Tip-02)51.00[S13.04011]
(OH,0),.

Sample 14 (Varlamov et al., 2010; Maiorova et al.,
2017) is from ores of the Tykotlovskoe gold—sulfide ore
occurrence located in the northern part of the Subpo-
lar Urals (Narodnaya Mt, Lemvinskii Allochthone).
The zone of interbedding of gray and light gray rhyo-
lite (felsite) with lava breccia and fluidal acid volcanic
lavas contains the local areas schistosity and second-
ary silicification accompanied by the ore (gold—pyrite
and gold—sulfide) mineralization. The ores are repre-
sented by veinlets of essentially pyrite or polymetallic
composition (an association of sphalerite + galena +
chalcopyrite + pyrite). The most typical is the sphaler-
ite—pyrite association with the galena matrix and
minor chalcopyrite. Non-metal minerals are repre-
sented by quartz and minor carbonates (calcite and
Zn—Mn carbonates). The grain size of accessory high-
Ga minerals of the epidote and allanite groups is usu-
ally 20—50 pum, sometimes up to 100 um by the long
axis. They are characterized by the heterogeneous
composition and contain three to five clearly distinc-
tive chemical zones. The major sequence of zones
from the center is the following: (1) minerals of the
epidote group with the high and ultrahigh concentra-
tion of Ga (8—20 wt % Ga,0;) and almost free of
REEs; (2) high-Ga ESMs with an intermediate and
high concentrations of Ga (3—11 wt % Ga,05) and
REEs (3—20 wt % REE,O5; (3) allanite-(Ce) and epi-
dote with the low Ga concentration (<2 wt % Ga,05),
intermediate and high REE concentration (4—19 wt %
REE,0;); (4) epidote—allanite rims (often absent)
without Ga and low or almost zero REE concentra-
tion (<6 wt % REE,O;). Sometimes the central zone
(1) in grain sections is absent or includes small indi-
vidual “spots” (Fig. 2c). We applied the method of
Raman spectroscopy to the study of the high-Ga cen-
tral zone, which is represented by a promising new
mineral: Ga-dominated analogue of epidote, the first
Gassilicate found in nature.
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Fig. 3. Correlations between the total contents (pfu) of large cations (Pb, REEs) and Ca in epidote-supergroup minerals from the

Pelagonian massif.

Sample 15 was collected from rocks of the dyke
complex within the Kos’yuskoe ore field (Chetlasskii
Kamen’, Middle Timan) related to the Riphean Chet-
lasskii hypabyssal complex of alkaline picrite and car-
bonatite. It is represented by breccia composed of the
fragments of alkaline picrite and host fenitized rocks
cemented with albite, and abundant acicular apatite,
single zoned clinopyroxene of the aegirine—augite
series, with rims of amphibole, sulfides (chalcopyrite
and pyrite), magnetite, and titanite. The fragments
have essentially albite cores (often with quartz and cal-
cite) and pyroxene—amphibole rims composed of an
aggregate of laminar aegirine—augite, alkaline amphi-
boles, calcite, apatite, titanite (with 3.5 wt % Nb,Os),
and single chrome spinellide relics. The ESMs studied
in this association (Varlamov et al., 2017b) are repre-
sented by zoned individuals with a size up to 0.3 mm.
They contain the central zones significantly enriched
in chromium (up to 13 wt % Cr,05) and REEs (up to
24—-26 wt % REE,0;) at an anomalously low Al con-
tent (Fig. 2d).

RESULTS OF THE STUDY AND DISCUSSION

The typical chemical compositions of the ESMs
from the studied samples are reported in Tables 1 and
2; their empirical and idealized formulae are presented
in Table 3. The formula coefficients and distribution
of the components over the sites of crystal structure
were determined according to the rules accepted for
the epidote supergroup (Armbruster et al., 2006). As
follows from these data, the compositional series cor-
responds to nine potential mineral species. Unfortu-
nately, due to small sizes of monomineral segrega-
tions, it was impossible to determine the valence state

GEOLOGY OF ORE DEPOSITS

of iron and manganese in these minerals; thus, there is
uncertainty in attribution of REE-bearing ESMs to
a certain group (allanite or askagenite). Due to the
high activity of oxygen in the processes of the forma-
tion of ore bodies in the NeZilov area (Chukanov et al.,
2015, 2016), we may assume that most of Fe and Mn
in the ESMs from these objects occur in the trivalent
state.

The correlation analysis of the ESMs from the
NeZilov area supports the previous conclusion (Arm-
bruster et al., 2006) on the practically complete order-
ing of large cations (Pb and REEs) in the A2 site: there
is the correlation between Ca and Pb + REE with R =
—0.95. A slight dispersal of points on the graph of this
correlation (Fig. 3) mostly results from incorporation
of low contents of Mn?" into the A1 site. Firstly, this is
related to the compositions with the Ca concentration
of <1 pfu (Sample 4). At the same time, the major cat-
ions occupying the A2 site (Ca, Pb, and REEs)
demonstrate three clear trends on the ternary diagram
(Fig. 4) that allows us to suggest three types of min-
eral-forming media. The first trend including most of
the experimental points plotting near the (Ca-1)—Pb
line is controlled by crystallization under the condi-
tions of relatively low REE activity and variable Pb
activity. The second and third trends (points on the
Pb—XREE line and in the lower part of the ternary
diagram) relate to the ESMs crystallized under the
high REE activity, but under the conditions of the low
and high Ca activity, respectively.

As is evident from the diagram (Fig. 5), the total
compositions of the A1 and A3 sites accumulating Fe
and Mn in samples from the NeZilov area vary in rela-
tively narrow limits. Interestingly, the content of wit-
tingly divalent octahedral cations (Cu?*, Zn?*, and
Vol. 61
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Table 1. Representative chemical compositions of epidote-supergroup minerals from the Pelagonian massif

Analysis no. 1 2 3 4 5 6 7 8

sample no. 1 4 1 1 1 6 7 4

component Concentration, wt %
CaO 14.13 11.86 13.75 9.70 12.70 12.84 13.52 6.82
PbO 7.03 26.34 5.61 29.90 8.94 7.31 10.36 15.63
CuO 1.81 B.d.l. 1.57 B.d.L. 1.93 0.77 B.d.L. B.d.l.
ZnO 3.14 The same 1.71 0.49 3.28 3.90 3.46 0.87
MgO B.d.l. " 1.23 0.73 B.d.l. 0.32 0.64 0.43
Mn,04 10.82 8.61 9.44 7.69 4.67 6.93 1.59 13.67
Fe, 0, 5.76 8.75 6.48 11.23 9.35 7.15 10.61 8.32
La,04 4.63 B.d.l. 7.73 B.d.l. 3.25 5.11 1.65 4.87
Ce,04 1.23 The same 0.50 The same 3.91 3.38 3.88 4.49
Pr,03 1.34 " 0.90 " 0.63 1.13 1.14 1.39
Nd,0; 3.63 " 3.36 " 2.72 2.18 2.25 2.40
Sm,0;5 B.d.L. " B.d.L " 0.96 0.06 B.d.l B.d.l.
Eu,0, The same "’ The same " 0.48 B.d.l. The same | The same
Gd,04 " " 0.19 " B.d.l. 0.13 " "
Tb,0; " " 0.11 " The same B.d.l. " "
Dy,0; " " 0.53 " " The same " "
Yb,04 " " 0.10 " 0.33 " " "
Al,O4 14.17 14.04 13.02 10.86 15.48 13.72 17.27 10.34
SiO, 31.79 28.90 32.48 28.06 30.86 30.66 31.66 28.89
Total 99.49 99.97 98.71 98.66 99.49 95.59* 98.03 98.12

Formula coefficients calculated on 8 cations

Ca 1.48 1.30 1.45 1.16 1.36 1.35 1.36 0.77
Pb 0.17 0.73 0.14 0.85 0.23 0.19 0.26 0.45
Cu 0.13 0 0.11 0 0.14 0.06 0 0
Zn 0.21 0 0.12 0.04 0.23 0.28 0.24 0.07
Mg 0 0 0.17 0.11 0 0.05 0.09 0.07
Mn 0.76 0.67 0.68 0.62 0.33 0.52 0.11 1.10
Fe 0.40 0.67 0.45 0.89 0.66 0.53 0.75 0.66
La 0.16 0 0.27 0 0.11 0.18 0.06 0.19
Ce 0.04 0 0 0 0.14 0.12 0.13 0.18
Pr 0.04 0 0 0 0.02 0.04 0.04 0.05
Nd 0.12 0 0.11 0 0.09 0.08 0.08 0.09
Sm 0 0 0 0 0.03 0 0 0
Eu 0 0 0 0 0.02 0 0 0
Gd 0 0 0 0 0 0 0 0
Tb 0 0 0 0 0 0 0 0
Dy 0 0 0 0 0 0 0 0
Yb 0 0 0 0 0.01 0 0 0
Al 1.54 1.69 1.43 1.35 1.71 1.59 1.91 1.29
Si 2.94 2.95 3.05 2.97 2.91 3.01 2.97 3.07

* The low total is explained by the small size of the analyzed homogeneous part of the grain.
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Table 2. Representative chemical compositions of epidote-supergroup minerals from the Urals and Eifel

Analysis no. 9 10 11 12 13 14 15 16 17

sample no. 15 15 14 14 8 8 9 11 10

component Concentration, wt %
Na,O B.d.l. B.d.l. B.d.l. B.d.l. B.d.l. B.d.l. B.d.l. B.d.l. B.d.l.
CaO 9.63 9.38 21.51 20.91 6.07 5.83 10.65 8.02 6.74
PbO 0.22 B.d.l. B.d.L. B.d.l. B.d.L B.d.L B.d.l. B.d.l. B.d.l.
ZnO B.d.l. | The same 0.85 0.45 The same | The same | The same | The same | The same
MgO 0.93 1.01 0.07 B.d.L 0.96 1.22 1.47 1.12 0.89
MnO 0.48 0.63 0.28 0.43 13.19 13.62 2.39 3.46 9.98
FeO B.d.l. B.d.l. B.d.l. B.d.l. B.d.l. B.d.l. B.d.L. B.d.L. 4.04
Fe,03 17.44 16.65 4.15 4.43 7.47 7.79 15.92 20.03 7.39
Cr,04 10.73 12.74 B.d.l. B.d.l. B.d.l. B.d.L B.d.L B.d.l. B.d.L.
La,05 10.44 10.41 0.09 0.16 5.39 6.75 10.73 11.58 13.35
Ce, 05 11.58 11.38 0.38 0.66 8.04 6.98 10.83 11.28 10.58
Pr,0, 0.77 0.09 0.24 0.34 1.77 2.05 B.d.l. 0.63 0.42
Nd,04 1.62 1.80 0.13 0.55 6.85 7.20 1.10 1.21 0.49
Sm,0; 0.20 B.d.l. 0.01 B.d.l. B.d.l. 0.66 B.d.l. B.d.l. 0.34
Eu,0, 0.25 The same 0.16 0.06 The same B.d.l. | The same | The same 0.18
Gd,0;, 0.52 " 0.16 B.d.l. " 0.66 " " 0.20
Dy, 05 0.21 " B.d.l. | The same " B.d.l. " " B.d.L.
Ho,0, B.d.l. " The same " 0.69 B.d.l. " " The same
Y,0;3 The same " " " B.d.l. B.d.l. " " "
Al,O4 2.96 2.87 19.20 17.44 14.76 15.22 12.81 10.31 11.47
Ga,0; B.d.L B.d.l 14.98 17.20 B.d.L B.d.L B.d.l B.d.L. B.d.L.
SiO, 27.92 28.11 36.05 35.42 34.23 31.42 31.19 29.99 29.80
TiO, 3.04 3.08 0.09 B.d.l. 0.31 B.d.l. 0.99 B.d.l. 1.32
ThO, B.d.l. B.d.l. B.d.l. | The same B.d.l. | The same 1.47 0.96 0.43
uUo, The same | The same | The same " The same " B.d.L. B.d.L. 0.10
Total 98.94 98.15 98.36 98.05 99.73 99.40 99.55 98.59 99.22

Formula coefficients calculated on 8 cations
Na 0 0 0 0 0 0 0 0 0
Ca 1.08 1.04 1.92 1.90 0.64 0.60 1.10 0.86 0.72
Pb 0 0 0 0 0 0 0 0 0
Zn 0 0 0.05 0.03 0 0 0 0 0
Mg 0.14 0.16 0.01 0 0.14 0.17 0.21 0.17 0.13
Mn 0.05 0.06 0.02 0.03 1.10 1.10 0.19 0.29 0.85
Fe 1.38 1.30 0.26 0.28 0.56 0.56 1.15 1.51 0.90
Cr 0.89 1.04 0 0 0 0 0 0 0
La 0.40 0.40 0 0 0.20 0.24 0.38 0.43 0.49
Ce 0.43 0.43 0.01 0.02 0.29 0.24 0.38 0.41 0.39
Pr 0.03 0 0.01 0.01 0.06 0.07 0 0.02 0.02
Nd 0.06 0.07 0 0.02 0.24 0.25 0.04 0.04 0.02
Sm 0.01 0 0 0 0 0.02 0 0 0.01
GEOLOGY OF ORE DEPOSITS  Vol. 61 No. 8 2019
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Table 2. (Contd.)

Analysis no. 9 10 11 12 13 14 15 16 17

sample no. 15 15 14 14 8 8 9 11 10

component Formula coefficients calculated on 8 cations
Eu 0.01 0 0 0 0 0 0 0 0.01
Gd 0.02 0 0 0 0 0.02 0 0 0.01
Dy 0.01 0 0 0 0 0 0 0 0
Ho 0 0 0 0 0.02 0 0 0 0
Y 0 0 0 0 0 0 0 0 0
Al 0.36 0.35 1.89 1.75 1.72 1.72 1.45 1.22 1.36
Ga 0 0 0.80 0.94 0 0 0 0 0
Si 2.94 2.91 3.01 3.01 3.00 3.01 3.00 3.01 2.98
Ti 0.24 0.24 0.01 0 0.02 0 0.07 0 0.10
Th 0 0 0 0 0 0 0.03 0.02 0.01

Mg?") is rather high (up to 0.45 pfu) (Fig. 6). Accord-
ing to the data available (Armbruster et al., 2006), the
divalent M cations show a strong tendency towards
accumulation in the M3 site. Judging from the positive
correlation (R = 0.91) between the total concentration
of these elements and total REEs (Fig. 7), we may
assume heterovalent isomorphism via the scheme:
A2Ca?t + M(Fe,Mn)*" = 42REE*" + M3(Zn,Cu,Mg)>".
Such correlation provides additional evidence for the

predominant trivalent state of iron and manganese in
the ESMs from the NeZilov area.

Zones with the highest Cr content in Sample 15 are
the first example of the Cr-dominant ESM. Previ-
ously, high-Cr ESMs were found in Outokumpu, Fin-
land (Treloar, 1987; Treloar and Charnley, 1987), New
Zealand Southern Alps (Grapes, 1981), and Tanzania
(Eppler, 1984); however, these finds are represented
by the minerals with a low REE content. In the min-

Ca-1

YREE

Fig. 4. Relationship between elements in the A2 site (Ca, Pb, and ZREE, pfu) in epidote-supergroup minerals from the Pelago-
nian massif, in assumption that the A1 site contains Ca only. See Fig. 3 for the legend.

GEOLOGY OF ORE DEPOSITS Vol.61 No.8 2019
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Table 3. Typical empirical and idealized formulae of studied epidote-supergroup minerals

Sample

Empirical formula

no. Mineral Idealized formula
1 Piemontite Cay 99(Cag 45Pbg 17Lag 16Ndg 12Ce0 04PTg 04) 51.01(Alg 45Fe0 40MNg 12)31.00Al1 00 *
(Mny 6471 21Cug 13)50.98[(Si2.94Al0 063000111 (OH,0),
CaCaAlAIMn3* (Si;0,,)(OH)
4 | Piemontite-(Pb)* Cay 5o(Pby 73Ca0 30)51.03(Alp.64F€0.36) 51.00Al1.00(Mng 67F€0 31) 30,95 *

15

15

14

14

“Ferripiemontite”

“Ferripiemontite-(Pb)”

Mineral of the askagenite
group or Ca analog (in the
Al site) of androsite-(Ce)

Mineral of the askagenite
group or Ca analog (in the
Al site) of androsite-(La)

Epidote

Mineral of the askagenite

group or Mn?* analog of
“ferridissakisite”

Mineral of the askagenite
group or Cr analog (in the
M2 site) of ferriallanite-
(Ce)**

Mineral of the askagenite
group or Cr analog (in the
M2 site) of ferriallanite-(Ce)

Ga analog (in the M3 site)
of epidote™*

Ga analog (in the M3 site)
of epidote

Mineral of the askagenite

group or Mn?* analog (in
the M3 site) of uedaite-(Ce)

Mineral of the askagenite

group or Mn?* analog (in the
M3 site) of uedaite-(INd)

[(SizgsAl 5)y3.0001:1(OH,0),
CaPbAIAIMn3* (Si;0,,)(OH)

(Cap 9:Mny og)y1.00(Cag s3Lag 27Pbg 14Ndg 11)y1.05(Fe0 45Alg 43)50.88Al1.00(Mng 69 -
Mgy 17Zn 1,Cug 11)51.00[S13,050111(OH,0),

CaCaFe3*AIMn3* (Si;0,,)(OH)

Cay 99(Pbg 85Cag 16)y1.01(Feg 68Alo.32)31.00Al1.00(Mng 62Fe0 21M80 1121 04) 50,98 *
[(Si5.97Al,03)y3.000111(OH,0),

CaPbFe3*AIMn3* (Si;0,,)(OH)

Cay gol(Ceg.14Lag 11Ndg g9Smy 03P10 02EU 02 YD 01)50.42C80 36Pbo 2313101 *

(Al 62Fe 38)71.00Al1.00(Mng 33F€( 25710 53C U0 14)50.98(S12.91Al) 09)33.000111(0,0H),

CaCeAlAIMn™ (Si;0,,)0 and CaCeAIAIMn?*(Si;0;)(OH)

(Cag 97Mny 3)51.00[(Lag 18Ceq 12Ndg 08PT0.04)50.42Ca0 33PDyg 19]50.99(Alp 59 *
Feg 41)y1.00Al1.00(Mig 49219 25 Fe 12C0g 06M80 05)31.000Si3.0101:11(0,0H),
CaLaAIAIMn®* (Si30,,)O and CaLaAlAIMn®*(Si;0,,)(OH)

(Cag 93Mny o7)51.00(Cag 43Pbyg 26Ceq 13Ndg gsLag 06Pro 04) y1.00(Aly s3F€0.12)71.00 *
Al go(Feg 63200 24Mgg 0oMnyg 04)51.00(S12.97Al0 03)33.000111(OH,0),
CaCaAlAIFe(Si;0,,)(OH)

(Cay 77Mny 19)y0 96[(Lag 19Ce0 15Ndg 09P10 05)50.51PPo 451 50.96(Fe0.66Al0.29 -
Mg 05)31.00Al100(Mng 91Zng 07M80 02) 71.00[S13.070111(0,0H),
CaLaFe3*AIMn®* (Si,0,,)O and CaLaFe** AIMn?* (Si;0,,)(OH)

Cay 00(Ceg.43La0.49Cag 0sNdg.06P10.03)x1.00(Fe0.81Cr0.19)51.00(Cro.70A10.30) 5 1.00 *
(Feg 57Ti 24Mgg 1My 5) 51,00l (Si2.94A15 06)33.000111(0,0H),
CaCeFeCrFe3*(Si;0;,)0 and CaCeFeCrFe?* (Si;0;,)(OH)

(Cao.94M“0.06)z1.00(Ceo.43Lao,4ocao.1oNd0.o7)z1.00(Fe0.70CT0.3o)z1.00(CT0.74 )

Aly 26)y1.00(Fe 60 Tip 24M80.16)31.00[(Si2.91Aly 09)33.000111(0,0H),
CaCeFe**CrFe3* (Si;0,,)0 and CaCeFe>* CrFe?* (Si;0,,)(OH)

(Cag 9sMng 12)y1.00(C2g 94Ce0 01 P10.01)50.96(Alo s9F€0 11)31.00AL100(Gag 0 Fe 15 °
Zny 5Tig 91 Mg 01)51.02[S13,0:0111(OH,0),

CaCaAlAIGa(Si;0 ,)(OH)

(Cag 97Mny 3)51.00(Cag.93Ce0 02Ndg 02PT 01)50.98(Alg.75F€0 25)51.00AL1.00(Gag 94 -
Fep.03Zn,03)51.00[S13.010111(0OH,0),

CaCaAlAIGa(Si;0 ,)(OH)

(Mny 54Cayg 46)31.00(Ce0.290Ndg 24180 20Cag 15P1 06HO0 02)30.99(Alg 72F€0.28) 31.00 °
Al go(Mnyg s¢Feq 26Mgg 14Tig 02)51.00[513,0001:11(0,0H),

Mn?* CeAIAIMn3* (Si;0,,)0 and Mn?* CeAlIAIMn?* (Si;0,,)(OH)

(Mnyg 55Cag 45)y1.00(Ndg 25Ceg 24120 24Cayg 1 5PT) 07SM) 012G dg 02)70.99(Alg 7 *

Feg 28)y1.00Al1.00(Mng ssFeq 2Mgg 17)51.00[513,010111(0,0H)
Mn*NdAIAIMn®* (Si,0,,)O and Mn**NdAIAIMn?* (Si;0,,)(OH)

GEOLOGY OF ORE DEPOSITS  Vol. 61 No.8 2019
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Sample
no.

Mineral

Empirical formula
Idealized formula

9 Ferriallanite (Ce/La)

11 Ferriallanite (La)

10 Ferriakasakaite-(La);

(Cag 93Mng 7)y1.00(Ceg 35Lag 33Cag 17Ndg 04 Tho 03)51.00(F€0 55A10 45)51.00 *

Al go(Fe 6oM8o.21Mng 15 Tig 97)31.00[S13.000111(0OH,0),

CaCeFe**AlFe?* (Si;0,,)OH and CaLaFe3*AlFe?* (Si;0,,)OH

(Cay g1Mny 19)51.00(Lag 43Ceg 41Cag 9sNdg 94P10 02 Thg 02)v0.97(F€0 78Alg 22) v1.00 *
Al go(Feg 73Mgg 1;Mng 19)y100[Si3,0,0111(0,0H),

CaLaFe3*AlFe?* (Si;0,,)0H

2
(Cag gsMnj 3y 1.00(Lag 49Ceg 39Cag 04Prg 02Ndg 02Smyg o Eug o, Gdg 1 -

3 A+ 2 2% 2
Tho.o1)51.00(Fen52Al0 34Tig 10F€0.04)51.00AlLoo(Mnp 537 €5 30 M 13)51.00 °
[(Siz.98Al0 02)y3.000111(OH,0),
CaLaFe**AlMn**(Si;0,,)OH

* The average composition, data from (Chukanov et al., 2012).

** The average composition. Other formulae correspond to the local compositions. The formulae of assumed end members correspond-

ing by the promising new mineral species are given by bold.

eral from this study, Cr mostly substitutes for Al (with
a correlation coefficient of —0.92) and, to a lesser
extent, iron.

Unfortunately, Raman spectra of the studied sam-
ples of ESMs do not allow us to estimate the content
of OH groups in them due to the strong luminescence
and noise in the area of wavenumbers above 2000 cm—.
However, even comparison of the Raman spectra in

the range of 100—1200 cm~! (Figs. 8 and 9) allows us
to make some important conclusions.

It is known that the position of the band within the
range of 1020—1200 cm™! related to stretching vibra-
tions of the Si—O—Si bridge depends on the value of
the Si—O—Si angle: the higher this angle, the higher
the frequency of corresponding vibrations (Chukanov,
2014). As is evident from Figs. 8 and 9, the wavenum-

Mn

Al-1

Fe

Fig. 5. Relationship between major elements (Al, Mn, and Fe, pfu) in the Ml and M3 sites of epidote-supergroup minerals from
the Pelagonian massif, in assumption that the M2 site contains Al only. See Fig. 3 for the legend.
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Al-1

MgJ—Zn+Cu

Fig. 6. Relationship between Al, Mn + Fe and Mg + Zn + Cu (pfu) in the M1 and M3 sites of epidote-supergroup minerals from
the Pelagonian massif, under assumption that the M2 site contains Al only. See Fig. 3 for the legend.
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Fig. 7. Correlation between REEs and Mg + Zn + Cu (pfu) in epidote-supergroup minerals from the Pelagonian massif (Mace-

donia). See Fig. 3 for the legend.

ber of this band for REE-bearing ESMs ranges within
1024—1056 cm~!, whereas the wavenumbers for the
band in REE-free samples including piemontite-(Pb)
with a large cation Pb?>" vary within 1074—1078 cm~.
From this, we can conclude that the angle Si—O—Si in

the SiZOg_ group depends on the force characteristics
rather than on size of a cation in the A2 site. This con-

GEOLOGY OF ORE DEPOSITS

clusion agrees with the data of X-ray structural analy-
sis for ESMs. For example, the Si—O—Si angle in the
ferriallanite-(La) structure is 143.61° (Kolitsch et al.,
2012), while this angle for epidote is 154.59 (Gatta
et al., 2010).

The comparison of Raman spectra of piemontite
and piemontite-(Pb) shows that the latter has wider
Vol. 61

No.8 2019
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Fig. 8. Raman spectra of the Cr-rich allanite-group mineral from Sample 15 (7), Ga-rich epidote-supergroup mineral from Sam-
ple 14 (2), piemontite from Sample 12 (3), and the holotype of piemontite-(Pb) from Sample 4 (4).

bands, and most of them are shifted to the low-fre-
quency area, which may be explained by involvement
of a heavy cation Pb?* to vibrations of this type. The
band resolution of bands in Raman spectra of the sam-
ples from Eifel and Mochalin Log results from the
presence of low contents thorium in their composi-
tions, since radioactive decay of this element leads to
accumulation of structural defects in this mineral. At
the early stages of ESM metamictization, the presence
of structural defects has an insignificant impact on X-
ray diffraction patterns of these minerals, which, for
example, is evident from the data of X-ray structural
analysis of ESMs from Eifel (Kolitsch et al., 2012;
Chukanov et al., 2018). Thus, Raman spectra of
ESMs, as well as their IR spectra (Chukanov, 2014),
are sensitive to radiation damage, which can be used as
a method of monitoring the radiation resistance of
similar materials when they are used to immobilize
actinides.

The spectrum range of 300—600 cm~' shows an
appearance of the M—O stretching vibrations, where
M is the octahedrally coordinated cation. Due to the
collective character of these vibrations, and their reso-

GEOLOGY OF ORE DEPOSITS  Vol. 61

No.8 2019

nance with bending vibrations of silicate anions, it is
impossible to understand the relationship between the
spectral bands in this range and certain M cations.

CONCLUSIONS

The data obtained in this study significantly
expands our knowledge on the chemical composition
of ESMs. In particular, Ga-bearing minerals of this
supergroup including the Ga-dominant member of
the epidote group (the first Ga silicate found in
nature), Cr-dominant member of the allanite group,
and unusual Al-deficient minerals of the epidote
group with the high concentration of chalcophile ele-
ments (Pb, Zn, and Cu) have been described for the
first time. The correlations obtained allow us to make
reasonable assumptions about the distribution of cat-
ions over various sites in the crystal structures of the
studied minerals. Based on these data, we may suggest
nine promising new mineral species in the epidote
supergroup with the following simplified formulae:
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Fig. 9. Raman spectra of dissakisite-(Ce) from Sample 13 (/), ferriallanite-(La) from Sample 11 (2), ferriallanite-(La/Ce) from

Sample 9 (3), and ferriakasakaite-(La) from Sample 10 (4).

CaCaFe’"AIMn’*(Si,0,,)(OH), CaPbFe’ AIMn’"(Si;0,,)(OH),
CaCeAlAl(Mn”",Mn’")(Si;0,,)(OH,0), CaLaAlAl(Mn”*",Mn’")(Si;0,,)(OH,0),
CaLaFe’" Al(Mn”",Mn’")(Si;0,,)(OH,0), CaCeFe’'Cr(Fe’",Fe’")(Si,0,,)(OH,0),
CaCaAlAlGa(Si;0,,)(OH),Mn’ CeAIAl(Mn**,Mn’")(Si;0,,)(OH,0)

and Mn’"NdAIAI(Mn*"

In addition, the data obtained allow us to make the
conclusion on the possibility of the application of
Raman spectroscopy for estimation of the degree of
defectiveness of ESMs containing impurities of radio-
active elements at the early stages of their metamicti-
zation.
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