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Abstract

A new occurrence of pyrophanite (MnTiOj3) in Greece is described from the garnet-
clinopyroxene-wollastonite exoskarn of western Kimmeria. Hostrock of the pyro-
phanite-bearing skarn is amphibolite (retrogressed eclogites) of the Nestos suture
zone in the Rhodope massif. In addition endo- and exo-skarns occur both in the Xan-
thi granodiorite and the surrouding marbles and consinst of diopside-vesuvianite-
quartz and wollastonite-garnet-calcite-quartz respectively. Pyrophanite formed in
the prograde stage, together with garnet, pyroxene, wollastonite, titanite, zircon,
rutile, thorite and ouranothorianite. Retrograde minerals are quartz, epidote, cal-
cite, hematite, and sulfides. Chlorite-geothermometry revealed temperatures in the
range from 300 to 350 °C for the retrograde event. Calcic garnets (andradite-
grossular solid solutions) from the prograde amphibolite-hosted skarn are chemi-
cally zoned with either isotropic or anisotropic cores surrounded by non-cubic ani-
sotropic rims, thus suggesting chemical disequilibrium or disordering phenomena
during crystal growth. The pyrophanite crystals are included in titanite and are ac-
companied by U-rich thorium minerals (uranothorianite, thorite) and by rutile. Elec-
tron microprobe analyses indicate that the studied pyrophanites are solid solutions
between end-member pyrophanite and ilmenite, with isomorphous substitution of
Mn”" by Fe’". No Mg has been detected (geikielite end-member). The alteration of
pyrophanite and rutile to titanite suggests an increase of fO, values of the fluids,
probably due to increased incursion of meteoric waters to the system. The assem-
blage thorite, uranothorianite, pyrophanite and zircon indicates a magmatic contri-
bution from the Xanthi granodiorite.
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Mepidnyn

Aupifolitiko exoskarn ota ovtika Kuyuépio @iloevel Ty dedtepn  gupovion
mopopovity (MnTiO;) ompv EAddo. O mopopavitng Gynuotiotnke 610 TPOoopOUo
010010 UETOUOPPONG Holl e ypavates, mupolevoug, foliactovity, titavity, {ipKovio,
Bopitn ko ovpavioBopravity. Avadpouo. opoktd eivar o yolaliag, emidoto, aofeotitng,
ayotitng  kou  covpliola. Bdoer vmoloyiouwv ue yewbepuduetpo ylwpity, o1
Oepuokpacies Tov avddpopov otadiov vmoloyiotnrav mepimov orovg 300-350 °C. Or
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aofleatotyor ypavates (oTeped O1GAVUA AVOPAITH-YPOCEOVAGPIOD) OTO TO TPOIPOUO
016010, TOPOVTIALOVY YNKY (DOVOON UE 1GOTPOTOVS 1 AVIGOTPOTOVS TOPHVES, OV
wepifidlloviar  amo un-kofikés avioopomes mepipépeies.  Ta  poavoueve. avtd,
DTOONADOVOLY YHUIKH OVIGOPPOTIO. 1| POIVOUEVA OTOLIOG KOTA THY aVOmTOéH TV
Kpvotailwv. O1 kpdoTaAlol mopogavity eykigiovial eVIOS TITaVITH KOl cOVOOEDOVTaL
amd ovpaviotyo opvkta tov Hopiov (ovpavioBopiavityg, Oopitng) kor povtilio.
Mixpoavoiioeig édeilov Ot o1 mopopavites eivor oTEPED O1GAVUO. TVPOPOVITH-
pevity, ue 106uopen vrokataotaoy Mn’' ané Fe’'. H avuxatdotaoy mopopavity
Ka1 povtiAov amo TiTovity vTodnAmver adénon v tiuwv fO; oto didAvua, mbovotata
AOY®W OVUUETOYNG UETEWPIKOD VEPOD 0TO payuoTikO cvotnue. H mopayéveon Bopity,
ovpavioGopravity (ipkoOvVIov Kol TVPOPOVITH VAL EVOEIKTIKY UOYUATIKIG CUUUETOYHG,
amo Tov ypavodiopity e Zaveng.

Aéerg Kierdra: mopopavitng, Bopitne — ovpavobopiavitng, skarn, Kyuuépia, Podony.

1. Introduction

Pyrophanite with ideal formula MnTiOj; is a relatively rare mineral and member of the ilmenite
group (Zaccarini et al., 2004). It crystallizes in the trigonal system and is one end member of the
rhombohedral phases in the quaternary system FeTiO;-MgTiO5;-MnTiO3-Fe,05; (ilmenite-
geikielite-pyrophanite-hematite). Pyrophanite as a manganese titanium oxide mineral is the Mn-
rich analogue of ilmenite. Pyrophanite crystals occur as subhedral aggregates or microscopic
grains. They are black, opaque, and have metallic luster. Pyrophanite was originally described by
Hamberg (1890) who first found the mineral in drusy cavities of manganese ore at the Harstig
mine, Pajsberg, Sweden. The associated minerals are garnet, ganophyllite, and calcite. Until 1940,
only other two occurrences of pyrophanite were known, in Brazil and Wales. Pyrophanite can be
present in a wide range of environments ranging from gneisses, granitic rocks, alkaline complexes
and karbonatites, to serpentinite and even in meteorites. It can be also associated with epithermal
and hydrothermal manganese deposits, metamorphic deposits rich in zinc and manganese and oc-
casionally with banded iron formations (BIF) (Zaccarini et al., 2004). In Greece, pyrophanite has
been described for the first time from Mn-bearing metasedimentary rocks in Ikaria Island (Iliopou-
los, 2005).

Amphibolites (retrogressed eclogites) within the Nestos Suture Zone (Krenn et al. 2008) of the
Rhodope metamorphic complex (western Kimmeria), host a garnet-clinopyroxene-wollastonite
exoskarn. The mineralogical study of the exoskarn revealed a complex mineralogical composition
and among the other minerals, the occurrence of pyrophanite (MnTiOs). The mineralization con-
tains U-rich thorium minerals (uranothorianite, thorite) and calcic garnets (andradite-grossular
solid solution). The aim of the present paper is to study the mineralogy and mineral chemistry of
the garnet-clinopyroxene-wollastonite exoskarn of western Kimmeria, highlighting the second
occurrence of pyrophanite in Greece.

2. Regional Geological Setting

The Hellenides, part of the Alpine-Himalayan orogen, can be considered an accretionary orogen,
where a late Precambrian to late Jurassic evolution was marked by the opening and closure of
ocean basins and continental crust formation in the accompanying subduction zones (Papanikolaou
1984; Reischmann and Kostopoulos, 2007). A Permo-Carboniferous igneous event (known from
the Pelagonian Zone, the Rhodope Massif and the Attico-Cycladic Zone) documents an active con-
tinental margin evolution in the Precambrian-Silurian basement of the Hellenides (Reischmann
and Kostopoulos, 2007). After the closure of the Vardar Ocean, shortening and syn-orogenic ex-
humation of HP-LT rocks occurred during the late Cretaceous-Eocene, before an acceleration of
slab retreat changed the subduction regime and caused the collapse of the Hellenic mountain belt
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and the thinning of the Aegean Sea from the middle Eocene/late Oligocene to the present (Jolivet
et al. 2010). During this post-orogenic episode large-scale detachments formed, which exhumed
metamorphic core complexes, in a back-arc setting (Cyclades and Rhodope) (Gautier and Brun,
1994). Turpaud and Reischmann (2010) subdivided the central Rhodope Massif into the upper
Thracia Terrane, dominated by Permo-Carboniferous orthogneisses and Triassic marbles, and the
lower Rhodope Terrane, consisting of Late Jurassic orthogneisses. These two terranes can be in-
terpreted as lower and upper continental plates, which were tectonically superimposed during Al-
pine N-S directed continent-continent collision and subsequent SW directed nappe stacking (Ricou
et al. 1998; Krenn et al. 2010). The two terranes are separated by the Nestos Suture Zone, which is
well exposed north of the SW-directed thrust fault (Nestos thrust, Papanikolaou and Panagopoulos
1981; Barr et al. 1999). The rocks within the suture zone experienced HP to UHP metamorphism
with subsequent high-grade amphibolite-facies overprint, as recorded in metasediments and mafic
rocks (Mposkos annd Kostopoulos, 2001; Liati and Seidel, 1996; Mposkos and Krohe, 2006). Re-
cent studies on metamorphic zircons from the suture zone give ages of 171 Ma related to a post-
eclogite facies metamorphic stage and an age of 79 Ma attributed to amphibolite-facies metamor-
phism (Bauer et al. 2007). The eclogite-facies metamorphic event took place at 19 kbar and 700 °C
(Liati and Mposkos, 1990), and was followed by granulite facies- (P>15 kbar, T>800 °C) and am-
phibolite-facies overprint (8-11 kbar and 580-690 °C) as recorded from relict kyanite-eclogites
(Liati and Seidel, 1996). Ultramafic rocks occur a boudins associated with amphibolites (Barr et
al., 1999). In the Rhodope Massif (Bulgaria and Greece), late Cretaceous-Tertiary exhumation of
deep metamorphic rocks along detachment faults, resulted in the formation of metamorphic core
complexes, supra-detachment sedimentary basins, and widespread Late Eocene to Early Miocene
basic to felsic magmatism (Marchev et al., 2005).

3. Local Geological Setting

The Oligocene age, I-type, Xanthi plutonite (Del Moro et al., 1988) penetrates marbles, gneisses
and amphibolites of both the Thracia and Rhodope terranes, as well as of the Nestos Suture Zone.
Its petrological composition varies significantly, but the most common petrographic types are
granodiorite, monzonite and in smaller percentage gabbroic rocks (Sergi, 1997). The Xanthi
plutonite is also characterized by many aplitic and pegmatitic veins that crosscut the igneous body
in various locations. The granodioritic bodies consist of quartz, feldspars, hornblende and biotite
with minor epidote, apatite, zircon and magnetite. The monzonite contains feldspars, quartz, biotite
and pyroxene, while gabbros are characterized by plagioclase, pyroxenes and some olivine.

A thermo-metamorphic halo of considerable thickness is present around the contact of Xanthi
plutonite and the surrounding rocks (e.g. marbles, gneisses and amphibolites). Estimated maxi-
mum P-T conditions are about 750 °C and 3 kb (Liati, 1986; Georgiadis et al. 2012). The studied
skarn outcrop occurs about 3 km NW of the Kimmeria village and is hosted within amphibolites
(and marbles) of the Nestos Suture Zone (Figure 1). Both prograde and retrograde minerals are
present and include calc-silicate minerals (e.g. garnet, epidote, wollastonite, diopside, actinolite,
scapolite), sulfides (e.g. chalcopyrfigite, pyrite), oxides (e.g. magnetite, hematite, scheelite), as
well as secondary phases like azurite, malachite and limonite.

4. Materials and Methods

Fourty-five thin and polished sections of skarn samples and the host rock were studied ny optical
and a Jeol JSM 5600 scanning electron microscope, equipped with back-scattered imaging
facilities, at the Department of Geology and Geoenvironment, University of Athens. The operating
conditions were as follows: accelerating voltage 20 kV, beam current 0.5 nA, time of measurement
50 sec and beam diameter <2 um. The spectra were processed using the ZAF program (3
interactions). The microprobe analyses were conducted on polished sections of the samples after
carbon coating.
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Figure 1 - (a) Wollastonitic-garnetitic skarn developed in amphibolites (and marbles) in the
vicinity of the granodiorite. (b) Hand specimen of amphibolite-hosted skarn with euhedral
crystals of green garnet and quartz.

5. Analytical Data
5.1. Mineralogy and Mineral Chemistry

Garnet group minerals are major constituents of the amphibolite-hosted wollastonitic skarn of
Kimmeria. Garnets occur in idiomorphic light green-yellowish to emerald-colored rhombic dodec-
ahedral crystals (Figure 1b). Initial deposition of garnet with wollastonite, clinopyroxene, titanite,
pyrophanite and thorium-bearing phases during the prograde stage, was followed by the deposition
of a retrograde assemblage consisting of quartz, epidote, chlorite and calcite (Figure 2). The gar-
nets are chemically zoned with individual zones ranging in composition between andradite and
grossular (Table 1; Figures 1a,b; 3a). Mn (up to 0.4 apfu) substitutes for Mg and Fe in the struc-
ture. Isotropic domains in the cores of the crystals and non-cubic anisotropic rims and vice-versa
are common features.

Clinopyroxene and wollastonite accompany garnets in the prograde skarn assemblage (Figure 2a,
d-f). Representative microanalyses of clinopyroxene are presented in Table 1 and ploted in Figure
3b. The analyzed clinopyroxenes are solid solutions between diopside-hedenbergite (Figure 3b).

Epidote group mineral in euhedral crystals, reaching length of up to 10cm, with dark green color
and intense lustre, is a common constituent in the Kimmeria skarn. Epidote is a retrograde mineral
postdating wollastonite and garnet and clinopyroxene and is associated with other retrograde
phases as quartz, actinolite and calcite (Figure 2e). The REE-bearing allanite contains up to 7.63
wt. % La,Os and up to 12.5 wt. % Ce,0s. Representative microanalyses of allanite are presented in
Table 1.

Chlorite in characteristic radiating aggregates with intense green color replaces garnet (Figure 2b).
Representative microanalyses are presented in Table 1 and the data are ploted in Figure 3c. The
Kimmeria chlorites are classified as Fe-clinochlores (Figure 3c). In order to obtain crystallization
temperatures of the studied chlorites we applied the geothermometer of Cathelinau (1988), which
correlates temperature with chlorite chemical composition based on the relationship T (°C) = -
61.92 + 321.98 (AI"). According to this geothermometer the formation temperatures of studied
chlorites range from 292° to 340 °C.

Chromite occurs is contact to uranothorianite as small euhedral crystals included in garnets (Fig-
ure 2¢).
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Chalcopyrite accompanies pyrophanite, rutile being part of the prograde mineral assemblage
(Figure 2f).

Figure 2 - Microphotographs demonstrating mineralogical assemblages of the Kimmeria
skarn (SEM-BSE images). (a) Idiomorphic zoned garnet crystal (gnt) intergrown with clino-
pyroxene (cpx). (b) Garnets (gnt) replaced by retrograde quartz (qtz), chlorite (chl) and adu-
laria (ad). (c) Chromite (chr) and uranothorianite (thr) included in garnet (gnt). (d) Titanite
(tit) including zircon (zr) replaced by calcite (cc). Wollastonite (wo) and clinopyroxene (cpx)

are also present. (e) Allanite (all), epidote (ep), quartz (qtz) and calcite (cc) postdate wollas-
tonite (wo) and clinopyroxene (cpx). (f) Titanite (tit) crystal with inclusions of pyrophanite
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(pyD), rutile (rt) and chalcopyrite (cpy) replacing wollastonite (wo). (g) Uranothorianite (thr)
and zircon (zr) associated with calcite (cc) and titanite (tit) postdating wollastonite (wo). (h)
Enlargement of Figure 2f (left part): pyrophanite (pyf) and thorite (th) included in titanite

(tit).

Titanite in idomorphic crystals up to 300 pm in length is intergrown with garnets and includes

pyrophanite and rutile (Figure 2d).

Scheelite, hematite, scapolite and adularia, the hydrothermal variety of K-feldspar (Dimitriadis
and Soldatos, 1978; Figure 2b), are additional retrograde minerals of the Kimmeria skarn
(Skarpelis and Liati 1991).

Table 1. Representative microanalyses of garnet (1-3), chlorite (4-6), pyroxene (7-8) and
REE-bearing epidote (9-10).

Wt% 1 2 3 Wt% 4 5 6 Wt% 7 8 Wt% 9 10

SiO, 39.77 37.73 36.95 SiO, 2842 2731 23.81 Si0, 52.35 5045 SiO, 34.08 33.76
TiO, 0.03 2.86 3.22 TiO, 0.04 0.03 0.01 TiO, bd 0.00 TiO, 041 0.11
AL 03 20.21 6.02 9.09 Al,O; 18.69 19.66 18.32 AI20; bd 0.57 Al,O; 1293 1351
FeO 3.68 19.28 14.56 FeO 21.57 25.84 33.49 FeO 8.44 13.10 Fe,O; 15.65 14.58
Cr,0; 0.05 0.73 0.33 Cr,0; 0.12 bd 022 Fe,O; bd bd Cr,0; 4.19 492
MnO 1.15 0.10 0.07 MnO 143 125 1.63 Cr,0; 0.29 0.31 MnO 0.64 024
MgO bd 023 0.51 MgO 1795 14.77 7.42 MnO 7.33 bd MgO 024 031
CaO 34.55 33.59 34.06 CaO 0.03 0.16 0.19 MgO 7.52 13.10 CaO 1332 1394
Na,O bd 026 0.16 Na,O bd 0.01 bd CaO 2320 21.77 La,O; 7.02 7.63

K, O 0.02 bd 0.14 Na,O 0.29 bd Ce,0; 9.86  9.05
Total 99.43 100.80 98.95 Total 88.27 89.03 85.23 Total 99.42 99.29  Total 98.34 98.05

24(0) 24(0) 24(0) 28(0) 28(0) 28(0) 6(0) 6(0) 12.5(0) 12.5(0)
Si 3.039 3.001 2.952 Si  5.845 5.694 5.508 Si  2.044 2.031 Si  3.145 3.118
Ti 0.002 0.171 0.194 Ti 0.006 0.005 0.002 AlY - - Al 1405 1.469
Al"Y - - 0.048 Al 2155 2306 2.492 Ti - - Fe** 1.086 1.012
AIY' 1.819 0.564 0.807 AIY' 2372 2521 2.499 AN - 0.027 Mg 0.033 0.043
Fe** 0.092 1.085 0.855 Cr 0.019 0.040 Feé? Ca 1317 1379

Cr 0.003 0.046 0.021 Fe** 3.710 4.506 6.479 Cr 0.009 0.010 La 0.239 0.260
Fe** 0.143 0.197 0.118 Mn 0.249 0.221 0.319 Fe** 0276 0.151 Ce 0333 0.306
Mg - 0.027 0.061 Mg 5.503 4.591 2.559 Mn 0.243 0.056 Cr 0.141 0.166
Mn 0.074 0.007 0.005 Ca 0.007 0.036 0.047 Mg 0.437 0.786 Mn 0.021 0.008

Ca 2.828 2.862 2915 Na - 0004 - Ca 0970 0939  Ti 0013 0.004
Na 0.000 0.040 0.025 K 0005 - 0.041 Na 0.022 -
K - -
Alm - - - T(C) 285 309 339
And 4.79 64.00 49.37
Gross 92.47 31.95 4691 Wo 50.38 48.61
Pyr 000 1.07 234 En 22.72 40.69
Spes 2.59 027 0.18 Fs  26.90 10.70

Uva 0.15 271 1.20

Table 2. Representative microanalyses of pyrophanite (1-4), uranothorianite (5), and thorite
(6,7). bd: below detection; (-) not analyzed.

wit% 1 2 3 4 5 6 7
SiO, - - - - 0.36 16.09 1635
ALO; - bd bd bd

FeO 1153 1458 9.6 1012 014 02 -
Ca0 054 074 066 061 075 133 0.6
TiO, 52.12 5412 5289 53.1 - - -
MnO 3395 30.52 3644 357 - - -
MgO bd bd 025 bd - - -
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Cr,0; - - - - bd bd bd

ThO, - - - - 76.52 7532 7794
[S[0 - - - - 23.11 7.97 5.25
Total 98.14 99.96 99.84 99.53 100.88 10091 100.2

Figure 3 - (a) Ternary Gross-(Alm+Spess+Pyr+Uva)-And diagram demonstrating composi-
tion of garnet group minerals; (b) Plot of clinopyroxenes in the ternary Wo-En-Fs diagram;
(¢) Classification of chlorite in the binary (Fe**+Fe*") vs Si diagram after Mc Leod and
Stanton (1984) (1: Mg-Al chamisite; 2: Mg-chamosite; 3: Fe-Al-clinochlore; 4: Fe-
clinochlore; 5: Fe-Si-clinochlore); (d) Compositions of pyrophanite from the Kimmeria
skarn plotted in the MnTiO;-FeTiO;-MgTiO; diagram.

Pyrophanite forms hypidiomorphic crystals with size of up to 60um and is usually enclosed in
garnet or titanite crystals (Figure 2f,h). Representative microanalyses are presented in Table 2. The
analyzed pyrophanites contain 52.1-54.1 wt.% TiO,, 9.6-14.6 wt.% FeO, 30.5-36.4 wt% MnO
with minor CaO content (0.5-0.7 wt%) and are characterized as solid solution between
pyrophanite-ilmenite (Figure 3d).

Zircon is included in titanite, wollastonite and garnets, forming isolated grains and/or intergrown
with uranothorianite (Figure 2c, d, g).

Thorite with formula (Th,U)SiO,, is an accesory mineral in the Kimmeria skarn, that crystallizes
in the tetragonal system. It is the most common mineral of thorium and is nearly always strongly
radioactive. In the Kimmeria skarn, thorite occurs as microscopic inclusions in titanite crystals
(Figure 2E). Representative microanalyses are presented in Table 2 indicating that thorite contain
75.3-77.9 wt. % ThO,, 5.2-7.9 wt.% UQO; and minor CaO (up to 1.3 wt.%).
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Uranothorianite with formula (Th,U)O, is a thorium oxide mineral, which crystallizes in the cu-
bic system. Uranium and REE substiture for Th in the structure. In the Kimmeria skarn the
uranothorianite occurs as microscopic inclusions in garnet and titanite crystals, associated with
zircon (Figure 2g). A single microanalyses is presented in Table 2. The analyzed uranothorianite
contain 76.5 wt. % ThO, and 0.75 wt. % CaO and 23.1 wt. % UO; substituting for Th.

6. Discussion and Conclusions

Using the orthopyroxene-clinopyroxene- and the plagioclase-amphibole geothermometers, Liati
(1986) estimated temperatures during the prograde skarn evolution of Kimmeria at about 725° to
750 °C. The retrograde evolution took place at much lower temperatures (at about 300-350 °C), as
indicated by the chlorite geothermometry (this study) and resulted in the deposition of quartz,
sheelite, epidote, allanite, calcite, hematite and sulfides. Among the prograde skarn minerals of
Kimmeria (e.g. garnet, pyroxene, wollastonite, titanite), pyrophanite is a rarity, accompanying U-
bearing thorium minerals, as well as rutile and chromite.

Garnets have either anisotropic cores and isotropic periphery or the opposite, suggesting changes
either in mineral chemistry or in crystallization conditions. Optical anisotropy in garnets is
common in Ca-rich garnets elsewhere, especially those related to contact metamorphism and
hydrothermal metasomatism. According to Allen and Buseck (1988), several hypotheses have
been proposed for optical anisotropy, but none of them is totally acceptable. These hypotheses
include plastic deformation and crystal lattice deformation (Lessing and Standish, 1973; Kitamura
and Komatsu, 1978). Other researchers suggest that anisotropic areas in garnets may be attributed
to the existence of Al and Fe’" in octahedral sites (Takouchi et al., 1982) or the presence of OH in
cubic coordination (Rossman and Aines, 1986).

In the Kimmeria skarn, pyrophanite occurs as a minor constituent included in garnet and titanite
accompanying U-bearing thorium minerals (uranothorianite, thorite) and rutile. This suggests that
pyrophanite forms part of the prograde assemblage of Kimmeria skarn. In the studied pyrophanites,
a substitution of Mn®" by Fe*” was observed, corresponding to a significant ilmenite component
(about 20-30%). The Mn, which is necessary for the formation of pyrophanite, is probably of
magmatic origin and/or may have been derived from the amphibolite host-rocks. The alteration of
pyrophanite and rutile to titanite (hematite and chalcopyrite) indicates a trend towards more
oxidizing conditions, since pyrophanite similarly to ilmenite mostly occurs in reducing
assemblages (Nayak and Mohapatra, 1998; Iliopoulos 2005) and titanite is indicative for more
oxidizing conditions (e.g. Xyrouchakis and Lindslay, 1998; Broska et al., 2007). Moderate fO,-fS,
conditions have been also suggested by Skarpelis and Liati (1991) based on the coexistence of
chalcopyrite-bornite-wollastonite-andradite in the prograde skarn paragenesis at Kimmeria.
Increasing values of fO, in the fluid, probably due to increasing participation of meteoric water in
the retrograde skarn evolution at Kimmeria skarn, may have caused deposition of hematite and
major introduction of sulfides, in common to other skarn ores elsewhere (Meinert et al., 2005). The
presence of thorium-bearing minerals (e.g. uranothorianite and thorite) and zircon accompanying
pyrophanite are indicative of a magmatic contribution. Thorite and uranothorianite from the
Kimmeria skarn contain significant amounts of UO; (up to 23 wt. %) substituting for thorium in
the structure. This study verifies previous work by Karavassili et al. (2005) who measured high
radioactivity values in fresh monzodiorites of Kimmeria and related them to the presence of
thorium minerals in the granitoid body.
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