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Com ple men tary mi cro-area min er al og i cal in ves ti ga tions us ing elec tron probe microanalysis (EPMA) al lowed for the iden ti fi -
ca tion of sev eral REE-bear ing min eral phases, in clud ing monazite-(Ce) [(Ce,La,Nd,Th)PO4], xeno time-(Y) [YPO4], al la -
nite-(Ce) [(Ce,Ca,Y)2(Al,Fe)3(SiO4)3(OH)], plumbogummite [PbAl3(PO4)2(OH)5 · (H2O)], and un iden ti fied fluorocarbonate
min er als oc cur ring in close as so ci a tion with cas sit er ite-sul phide min er al iza tion in the Stara Kamienica schist belt (Sudetes,
SW Po land). Based on whole-rock data, as well as EPMA anal y ses of min eral chem i cal com po si tions, the en vi ron men tal or i -
gins of xeno time-(Y) and monazite-(Ce) were de ter mined as de tri tal, meta mor phic, and hy dro ther mal, re flect ing the com plex
geo log i cal his tory of the study area. REE-bear ing fluorocarbonates, al la nite-(Ce), and plumbogummite, iden ti fied for the first
time in the Stara Kamienica schist belt, re quire fur ther min er al og i cal and geo chem i cal in ves ti ga tions to clar ify their or i gins
and roles within the min eral paragenesis. The re sults of this study pro vide new in sights into the gen e sis and evo lu tion ary his -
tory of both the Stara Kamienica schist belt and the en tire Karkonosze-Izera Mas sif. Ex plo ra tion of the Stara Kamienica min -
ing site has been fo cused so far ba si cally just on tin min er ali sa tion, and this study pro vides the first com pre hen sive
doc u men ta tion of REE-bear ing phases there.
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INTRODUCTION

Rare Earth El e ments (REE), com monly cat e go rized into
light (LREE; La-Eu) and heavy (HREE; Gd-Lu, in clud ing Y)
sub groups, play a cru cial role in mod ern tech no log i cal ap pli ca -
tions ow ing to their dis tinc tive physicochemical prop er ties. For
this rea son, they are of ten re ferred to as the “vi ta mins of in dus -
try” (Crow, 2011; Zhai et al., 2019; He and Yang, 2022).

The Stara Kamienica schist belt, lo cated in the West ern
Sudetes of Po land and form ing part of the Karkonosze-Izera
Meta mor phic Unit, is pre dom i nantly com posed of quartz-
 chlorite - mica schists. Within this lithological frame work, oc cur -
rences of cas sit er ite as so ci ated with sul phide min er al iza tion
have been iden ti fied (Michniewicz et al., 2006). His tor i cal re -
cords in di cate that tin min ing ac tiv i ties in this area date back to
the early 16th cen tury. In the mid-20th cen tury, two ma jor tin ore 

de pos its – Krobica and Gierczyn – were doc u mented but also
sev eral pro spec tive zones were rec og nized (Ma³ek et al., 2019
and ref er ences therein). Re cently, the Stara Kamienica schist
belt has be come an ob ject of in ter est again as part of pros -
pection and as sess ment work aimed at raw ma te ri als con sid -
ered crit i cal by the Eu ro pean Com mis sion (CRM – crit i cal raw
ma te rial; COM, 2017; e.g., Mikulski et al., 2018; Ma³ek et al.,
2019; Foltyn et al., 2020; Zygo et al., 2023). 

Whole-rock geo chem i cal in ves ti ga tion of many rock sam -
ples from the Stara Kamienica schist belt in di cated en rich ment
in some CRMs (Mikulski et al., 2018) and EPMA led to the iden -
ti fi ca tion of a wide range of REE-bear ing min er als such as
monazite-(Ce) [(Ce,La,Nd,Th)PO4], xeno time-(Y) [YPO4], al la -
nite-(Ce) [(Ce,Ca,Y)2 (Al,Fe)3(SiO4)3(OH)], plumbogummite
[PbAl3(PO4)2(OH)5(H2O)] and group of un iden ti fied fluoro carbo -
nates oc cur ring in as so ci a tion with ore min er ali sa tion.

This ar ti cle char ac ter izes the de tailed min er al ogy and geo -
chem is try of (REE)-bear ing min er als oc cur ring in the Stara
Kamienica schist belt. It fo cuses on the iden ti fi ca tion and de -
scrip tion of min eral phases re spon si ble for REE ac cu mu la tion,
their chem i cal com po si tion (Ap pen dix 1), and po ten tial or i gin, in 
the con text of the geo log i cal evo lu tion of the Karkonosze-Izera
Mas sif and its sig nif i cance as a po ten tial source of CRMs.
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GEOLOGICAL SETTING

The West ern Sudetes rep re sent the north ern ex posed seg -
ment of the Saxothuringian Zone within the Bo he mian Mas sif
(Franke and ¯elaŸniewicz, 2000, Konopásek et al., 2019). Its
south ern por tion com prises the Karkonosze-Izera Mas sif,
whose core con sists of a granitoid com plex de rived from an
early Pa leo zoic protolith (Borkowska et al., 1980; Kröner et al.,
2001). This core is en cir cled by meta mor phosed sed i men tary
and vol ca nic se quences (Kryza et al., 1995, 2007; Winchester
et al., 1995, 2003; Žáèková et al., 2012). The geo log i cal evo lu -
tion of the re gion com menced with the subduction of the Saxo -
thuringian Ocean, a pro cess marked by the for ma tion of high-
 pres sure min eral as sem blages in both mafic and fel sic rocks
(Kryza et al., 1990; Smulikowski, 1995; Žáèková et al., 2010;
Majka et al., 2016). Sub se quent stages of de vel op ment in -
volved the ex hu ma tion of these high-pres sure rocks, their wide -
spread ret ro gres sion un der greenschist fa cies con di tions, and
post-meta mor phic fold ing af fect ing the en tire com plex. Around
320–312 Ma, the re gional evo lu tion cul mi nated in the in tru sion
of the Karkonosze plutonic com plex into the Karko nosze -Izera
Mas sif (Machowiak and Armstrong, 2007; Kryza et al., 2014;
Mikulski et al., 2020).

The Karkonosze granitoid body, ex tend ing ~70 km along an 
east-west axis, forms the struc tural core of the Karkonosze -
-Izera meta mor phic com plex. This in tru sive mas sif acts as a
geo log i cal bound ary, di vid ing the sur round ing meta mor phic se -
quences into two dis tinct do mains: the Izera Meta mor phic Unit
to the north (form ing the granitoid’s north ern cover) and the
Karkonosze Meta mor phic Unit to the east and south (Smuliko -
wski, 1972). Re cent stud ies in volv ing lithostratigraphic, meta -
mor phic and struc tural data sug gest that subduction of dis tal
and prox i mal parts of the Saxothuringian pas sive mar gin took
place in high pres sure con di tions, with their sub se quent ex hu -
ma tion dur ing two dis tinct stages of Variscan age (Jeøábek et
al., 2016). The Izera Unit is com posed of two prin ci pal litho -
logical as sem blages. The dom i nant one, in terms of sur face ex -
tent, in cludes pre-Variscan granitoids – chiefly Izera gran ites,
gneiss es, and tran si tional gran ite-gneiss es. The sec ond group
en com passes a more het er o ge neous suite of schists, pri mar ily
com posed of quartz, micas and chlorite, oc cur ring in var i ous
pro por tions. These schists are in ter ca lated within the granitoid-
 gneiss com plex as five rel a tively nar row, east-west trending
belts with the larg est one named the Stara Kamienica schist
belt (Fig. 1; Oberc, 1961; Michniewicz et al., 2006). 

The schist belts within the Izera Meta mor phic Unit are gen -
er ally in ter preted as prod ucts of meta mor phosed supracrustal
rocks (Oberc, 1961; Oberc-Dziedzic, 1975) while the or i gin of
the as so ci ated gneiss-granitoid com plex has been the sub ject
of three pri mary hy poth e ses. The first at trib utes its for ma tion to
the meta mor phism and sub se quent trans for ma tion of infra -
crustal ma te rial (Borkowska et al., 1980). The sec ond pos its a
pro gres sive granitization of supracrustal rocks, re sult ing in a
tran si tional lithological spec trum from schists, through gneiss es 
and gran ite-gneiss es, to granitoid rocks (Oberc, 1961, 1972;
Oberc-Dziedzic, 1975). A third, more in te gra tive model sug -
gests that both pro cesses oc curred con cur rently, and that sub -
se quent ho mog e ni za tion blurred the dis tinc tions be tween orig i -
nally dif fer ent crustal lev els (Koz³owska-Koch, 1965; Smuliko -
wski, 1972; Koz³owski, 1974; ¯aba, 1985; Oberc-Dziedzic,
1988; Mazur and Aleksandrowski, 2001).

Based on var i ous geo log i cal ob ser va tions and struc tural re -
la tion ships, the schist units of the Karkonosze-Izera Mas sif are
in ferred to be of Pre cam brian age (Michniewicz et al., 2006).

Ra dio met ric dat ing of the gneiss-granitoid com plex us ing
Rb-Sr, U-Pb, and Pb-Pb meth ods on zir cons has yielded ages
be tween 452 and 501 Myr, plac ing their for ma tion within the
Late Cam brian to Late Or do vi cian (Borkowska et al., 1980; Ol i -
ver et al., 1993; Korytowski et al., 1993; Kröner et al., 1994).

The Stara Kamienica schists are fine-grained rocks char ac -
ter ized by a granolepidoblastic tex ture and fo li a tion. They are
typ i cally light grey to sil very grey in col our, com monly with a
sub tle green ish hue, and show prom i nent fo li a tion and compo -
sitional lam i na tion. Their min er al og i cal com po si tion is dom i -
nated by mus co vite and quartz, which are pres ent across all
lithological vari ants. Chlorite and bi o tite oc cur less com monly
and may ei ther co-ex ist or ap pear sep a rately. Lo cally, the pres -
ence of chloritoid- and gar net-rich zones con trib utes sig nif i -
cantly to the min er al og i cal di ver sity of these rocks. In ad di tion to 
the main rock-form ing min er als, a range of ac ces sory phases
has been iden ti fied, in clud ing al bite, staurolite, gahnite, mar -
garite, ap a tite, tour ma line, zir con, monazite, xeno time, il men ite
and oth ers (Michniewicz et al., 2006 and ref er ences therein).

The Stara Kamienica schist belt is host to well-known cas -
sit er ite-sul phide min er ali sa tion (i.e. Harañczyk and Skiba,
1961; Kowalski et al., 1978; Wiszniewska, 1984; Bobiñski,
1991; Michniewicz at al., 2006; Mikulski et al., 2018; Ma³ek et
al., 2019; Ma³ek and Mikulski, 2024). Its or i gin re mains a sub -
ject of on go ing de bate and is pos si bly con nected with the oc cur -
rence of REE-bear ing min er als. Now a days, there are four dis -
tinct ge netic mod els, each sup ported by a sep a rate body of ev i -
dence. The first model ad vo cates a syngenetic, sed i men tary or -
i gin for the cas sit er ite-sul phide min er al iza tion, which was sub -
se quently mod i fied by meta mor phic pro cesses (e.g., Jaskólski,
1960, 1963; Sza³amacha, 1967, 1976). A sec ond hy poth e sis
at trib utes the min er al iza tion to pre-meta mor phic, hy dro ther mal
ac tiv ity as so ci ated with the early ig ne ous evo lu tion of the Izera
gneiss com plex, thus pre dat ing the Variscan orog eny (e.g.,
Harañczyk and Skiba, 1961; Siemi¹tkowski, 1986, 1988, 1989;
Michniewicz, 1988; Bobiñski, 1991; Cook and Dudek, 1994;
Michniewicz et al., 2006). A third view sup ports a post-meta -
mor phic, hy dro ther mal gen e sis, tem po rally and spa tially linked
to the em place ment of the Variscan Karkonosze granitoid in tru -
sion (e.g., Jaskólski and Mochnacka, 1959; Koz³owski, 1974;
Kowalski et al., 1978; Karwowski and W³odyka, 1981; Wisznie -
wska, 1983, 1984; Speczik and Wiszniewska, 1984; Berendsen 
et al., 1987; Piestrzyñski et al., 1992; Kucha and Mochnacka,
1998). Fi nally, a fourth, more in te gra tive model has been pro -
posed by Mikulski et al. (2007), based on stud ies of ar senic
min er al iza tion in Czarnów, lo cated in the east ern mar gin of the
Karkonosze gran ite and com posed of litholo gically com pa ra ble
schists host ing cas sit er ite-sul phide as sem blages. This in ter -
pre ta tion sug gests a com plex metasomatic- hy dro ther mal gen e -
sis, in volv ing mul ti ple in tru sive and meta mor phic stages of both
pre-Variscan and Variscan age.

SAMPLES AND METHODS 

The ma te rial came from a range of sources within the Stara
Kamienica schist belt, in clud ing ar chi val bore hole cores, the
his tor i cal St. Johannes and St. Leopold mine work ings in Kro -
bica, a mica schist quarry in Or³owice, and post-min ing dumps
in Gierczyn (Fig. 1; Mikulski et al., 2018). The sam ple se lec tion
was dic tated by the pres ence of Sn en rich ment, as the aim of
the re search was fo cused on ore min er al iza tion. Back- scat -
tered elec tron im ag ing (BSEI) and compositional anal y ses were 
con ducted on car bon-coated thin-sec tions via elec tron probe
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microanalysis us ing a Cameca SX-100 housed in the Mi cro -
-area Anal y ses Lab o ra tory at the Pol ish Geo log i cal In sti tute –
Na tional Re search In sti tute in War saw, Po land. An a lyt i cal con -
di tions in cluded an ac cel er at ing volt age of 15 kV, beam cur -
rents of 40 nA, a fo cused elec tron beam with a di am e ter of <1
mm, a peak count ing time of 20 sec onds, and a back ground

count ing time of 10 sec onds. Ad di tional an a lyt i cal con di tions
are given in Ap pen dix 2.

Whole-rock chem i cal anal y ses were con ducted at the
Chem i cal Lab o ra tory of the Pol ish Geo log i cal In sti tute – Na -
tional Re search In sti tute in War saw. The con cen tra tions of
REEs (Sc, Y, La, Ce, Pr, Nd, Eu, Sm, Gd, Tb, Dy, Ho, Er, Tm,
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Fig. 1A – lo ca tion of the Stara Kamienica schist belt host ing stratiform 
cas sit er ite-sul phide min er ali sa tion (NE Bo he mian Mas sif, SW Po land) 

with sam pling points marked (B) 

IKU – Izera-Kowary Unit, SKU – South Karkonosze Unit, LU – Leszczyniec Unit,
JU – Ještìd Unit (mod i fied af ter Michniewicz et al., 2006 and Ilnicki, 2010)

https://doi.org/10.1007/s00531-009-0433-5


Yb, and Lu) were de ter mined fol low ing sam ple de com po si tion
us ing a com pre hen sive acid mix ture of HCl, HNO3, HF, and
HClO4. Mea sure ments were car ried out us ing a Perkin Elmer
ICP-MS Elan DRC II mass spec trom e ter (Perkin Elmer SCIEX
In stru ments, Waltham, MA, USA) em ploy ing in duc tively cou -
pled plasma mass spec trom e try (ICP-MS).

RESULTS

ALLANITE-(Ce)

Al la nite-(Ce) has been ana lysed in sam ples from ar chi val
cores drilled in dif fer ent parts of the Stara Kamienica schist belt: 
the wes tern most part (the Czerniawa-Zdrój area – C-X/46 bore -
hole); the mid dle part (the Krobica area – K-II/3 bore hole) and
the mid dle to east ern part (Gierczyn – the G-I/13 and G-III/17
bore holes; Fig. 1). The sam ples ana lysed were lithologically
mus co vite-bi o tite-chlorite-quartz schist with vari able pro por -
tions of the com po nent min er als. Some con tained ac ces sory
gar nets (almandine). Al la nite-(Ce) oc curs spo rad i cally in the
sam ples in ves ti gated, be ing typ i cally found as hypautomorphic
to xenomorphic, strongly frac tured grains with rounded edges,
up to 100 mm across, most fre quently en closed within chlorite
ag gre gates. Oc ca sion ally, larger grains reach ing 200 mm were

ob served (Fig. 2). Al la nite-(Ce) also tends to form dis sem i nated 
im preg na tions within mica-rich laminae of the schists and, in
rare cases, inter growths with ore min er als, most no ta bly
pyrrhotite, cas sit er ite and il men ite. Ba sic sta tis ti cal pa ram e ters
of REE con cen tra tions in al la nite-(Ce) are pro vided in Ta ble 1,
while the com plete an a lyt i cal dataset is avail able in Ap pen dix
1A. The high est mean con tent of to tal REE+Y (ox ides) are
shown by al la nite-(Ce) from the mid dle and mid dle-to-east ern
parts of the Stara Kamienica schist belt – 21.47 wt.% (Gierczyn) 
and 20.15 wt.% (Krobica), be ing slightly lower in the wes tern -
most part (Czerniawa-Zdrój) with 14.78 wt.% (Ta ble 2). 

Plot ting the data ob tained on an epidote group min eral clas si -
fi ca tion di a gram (Fig. 3; af ter Petrik et al., 1995) shows vari able
com po si tions of the min er als stud ied from the Stara Kamie nica
schist belt. Al la nite is a mem ber of REE-rich epidote -group min -
er als and is a com mon ac ces sory phase in ig ne ous, meta mor -
phic, metasomatic and sed i men tary rocks. The epidote-group
struc tural for mula is  A2M3Si3O12(OH), in which A = Ca, Sr, Pb2+,
Mn2+, Th, REE3+, and U, and M = Al, Fe3+, Fe2+, Mn3+, Mn2+, Mg,
Cr3+, and V3+ (Deer et al., 1986). REE are pres ent in most
epidote group min er als, but in al la nite the REE are es sen tial
struc tural con stit u ents. In the min er als ana lysed from the Stara
Kamienica schists most of the Wavelenght-dispersive X-ray
spec tros copy (WDS) spots (27 out of 40) are char ac ter ized by
REE+Th >0.5 at oms per for mula unit which can be con sid ered
as allanites (Ta ble 2  and Ap pen dix 1B; Gieré and Sorensen,
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Fig. 2A – hypautomorphic al la nite-(Ce) (Aln-Ce) grains with over grown REE-bear ing fluorocarbonates
(Fc-Ree) within a mus co vite (Ms)-chlorite (Chl)-bi o tite (Bt)-quartz (Qz) schist, with ac ces sory ap a tite (Ap)
and il men ite (Ilm); Krobica K-II/3 bore hole, BSEI; B – iso lated, frac tured al la nite-(Ce) grain hosted within a
chlorite lamina, con tain ing in clu sions of na tive bis muth (Bi); Czerniawa C-X/46 bore hole, BSEI; C and D –
xenomorphic al la nite-(Ce) grains oc cur ring within a chlorite lamina, in close as so ci a tion with pyrrhotite

(Pyh) and il men ite (Ilm); Gierczyn G-I/13 bore hole, BSEI

Min eral ab bre vi a tions af ter Warr (2021) 
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2004). Some of the REE-rich epidote group min er als stud ied
have to tal REE+Th <0.5 apfu be cause of an el e vated con tent of
sub sti tu tions such as Ca2+, Mn2+, Fe3+, Fe2+ or Al (Ta ble 2 and
Ap pen dix 1B).

MONAZITE-(Ce)

Monazite-(Ce) has been ana lysed in only two sam ples, one
from ar chi val bore hole core in the Gierczyn area (G-VI/22) and
one from the St. Leopold aban doned mine, both sit u ated in the
mid dle part of the Stara Kamienica schist belt. The sam ples
ana lysed were lithologically mus co vite-bi o tite-chlorite-quartz
schist with dif fer ent pro por tions of these min er als. Monazite -
-(Ce) is no ta bly less abun dant in the sam ples ana lysed sam -
ples com pared to al la nite-(Ce) and REE-bear ing fluorocarbo -
nates. It typ i cally oc curs as automorphic or hypautomorphic
grains up to 100 mm in di am e ter, com monly hosted within
mica-rich laminae. In some cases, larger xenomorphic grains
ex ceed ing 100 mm were ob served (Fig. 4). Oc ca sion ally, mona -
zite -(Ce) ap pears as in clu sions within gar net or intergrown with
il men ite. Back scat tered elec tron im ag ing re veals a gen er ally
ho mo ge neous in ter nal struc ture of the monazite -(Ce) grains
(Fig. 5D). Ba sic sta tis ti cal pa ram e ters of REE con cen tra tions in
the ana lysed monazite-(Ce) com po si tions are sum ma rized in
Ta ble 3, while de tailed an a lyt i cal re sults are pro vided in Ap pen -
dix 1C. A no ta ble compositional dif fer ence is ob served be tween 
automorphic/hypautomorphic and xenomorphic grains, pri mar -
ily in their tho rium con tents: automorphic and hypautomorphic
grains con tain ~7–16 wt.% ThO2, whereas xenomorphic grains
typ i cally con tain <5 wt.% ThO2. Monazite-(Ce) chem is try, de -
pict ing in Ta ble 4 (Ap pen dix 1D) and plots on Fig ure 5, shows
sig nif i cant dif fer ences in its chem i cal com po si tion when com -
par ing both ar eas sam pled. The ones from the St. Leopold
aban doned mine con tain slightly higher REE+Y with si mul ta -
neous lower amounts of Th and U com pared to the G-VI/22
bore hole sam ples. In ad di tion, higher amounts of REE+Y cor re -
lates with higher amounts of Si+Ca in monazite-(Ce) from the
St. Leopold mine. Fig ure 5D shows cheralite
[Ca(Th,U)(Y,REE)-2] and huttonite [Si(Th,U)REE-1P-1] sub sti tu -
tion in monazite-(Ce) in di cat ing that most of the monazite-(Ce)
grains stud ied from the St. Leopold mine have strong cheralite
re place ment in volv ing Th4+ + Ca2+ for 2REE3+ (Harlov et al.,
2008). All re sults from the Gierczyn area bore hole and three

monazite-(Ce) grains from the St. Leopold mine in Krobica are
sit u ated within the monazite chem i cal com po si tion range. 

XENOTIME-(Y)

Xeno time-(Y) was iden ti fied in sam ples from the cen tral part 
of the Stara Kamienica schist belt, in the Krobica area (K-II/3
bore hole). The sam ples ana lysed were lithologically mus co -
vite-chlorite-bi o tite schists with cas sit er ite – sul phide min er al -
iza tion. Xeno time-(Y) oc curs spo rad i cally as xenomorphic
grains, com monly intergrown with other REE-bear ing min er als
and na tive bis muth. Back scat tered elec tron im ag ing fre quently
re veals zoned and ir reg u lar patches of in ter nal struc tures within
the xeno time-(Y) grains (Fig. 6). The full com po si tion of the
xeno time-(Y) is pro vided in Ap pen dix 1E. Among the trace el e -
ments, no ta ble en rich ments were ob served in mid dle (MREE:
Sm, Eu, Gd) and heavy rare earth el e ments (HREE: Tb - Lu;
Ta ble 5). El e vated con tents of Fe (FeO av er age: 1.23 wt.%;
Fe2O3 av er age: 1.37 wt.%) and UO2 (1.00 wt.%) were also de -
tected as com mon trace el e ments in the xeno time-(Y). In grains 
show ing zoned in ter nal struc ture, compositional vari a tions were 
re corded be tween the cores and rims: cores are char ac ter ized
by higher yt trium and lower REE con tents, whereas the outer
rims show re duced Y con cen tra tions ac com pa nied by en rich -
ments in cer tain REEs, par tic u larly Gd, Tb and Dy (Figs. 6A, 7;
Ta bles 6, 7 and Ap pen dix 1F). Min eral chem is try plots of xeno -
time-(Y) grains ana lysed (Fig. 8) shows va ri ety in their com po si -
tion. Some grains are char ac ter ized by a higher Y con tent at the 
ex pense of REE, and to tal U+Th is rel a tively low. The chem i cal
com po si tion of the xeno time-(Y) is gen er ally con stant, but there
are some sub sti tu tions of coffinite [U(SiO4)(OH)4] be cause of
higher Si con tent in most grains stud ied (Fig. 8C) and there is
no clear cheralite [CaTh(PO4)2] sub sti tu tion in the xeno time-(Y)
stud ied due to low Ca con tent (Fig. 8D). 

REE FLUOROCARBONATES

REE fluorocarbonates are rel a tively com mon in the sam -
ples ana lysed from the Stara Kamienica schist belt. They have
been iden ti fied in sev eral sam ples from ar chi val bore holes in
the Gierczyn area (G-III/17, G-I/13), Krobica (K-II/3) and the
wes tern most lo ca tion, in the Czerniawa-Zdrój area (C-X/46).

Rafa³ Ma³ek / Geological Quarterly, 2025, 69, 59 5

T a  b l e  1

Sta tis tics of REE con tents in al la nite-(Ce) from the Stara Kamienica schists
(wt.%, n – sta tis ti cal group)

Al la nite-(Ce)
 (n = 40)

La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 Dy2O3 SrO Y2O3

Min i mum 2.50 4.46 0.42 1.41 0.17 <0.16 <0.9 0.04 <0.09

Max i mum 6.34 12.46 1.28 5.03 1.00 1.60 0.23 0.42 1.25

Arith me tic mean 4.23 8.60 0.93 3.44 0.52 0.95 0.06 0.19 0.53

Me dian 4.49 9.16 0.94 3.50 0.53 1.02 0.04 0.18 0.45

Stan dard de vi a tion 0.90 1.75 0.19 0.81 0.17 0.43 0.07 0.09 0.29

https://doi.org/10.1007/s00710-008-0003-8
https://doi.org/10.2138/gsrmg.56.1.431


The sam ples ana lysed were lithologically mus co vite-bi o tite-
 chlorite-quartz schist with dif fer ent pro por tions of these min er -
als. REE-bear ing fluorocarbonates typ i cally oc cur as xenomor -
phic grains, most fre quently intergrown with ap a tite and al la -
nite-(Ce), il men ite and rutile. Ad di tion ally, small iso lated grains,
up to ~50 µm in di am e ter, are dis persed within the schist ma trix
(Fig. 9). A to tal of 32 spot WDS anal y ses were con ducted to de -
ter mine their chem i cal com po si tion. The min eral names of the
REE-fluorocarbonate group are de fined by their most com mon
REE and by the re la tion of cal cium to the REE with bastnäsite
and synchisite as endmembers (Meng et al., 2002). The ab -
sence of car bon de tec tion in the an a lyt i cal setup (due to car bon
coat ing of the thin sec tions) pre vented pre cise iden ti fi ca tion of
spe cific min eral phases, but plot ting Ca and REE data on clas -
si fi ca tion di a grams point to bastnäsite-(Ce) [Ce(CO3)F] (Figs.
10 and 11). Based on chem i cal data pub lished by Meng et al.
(2002) the ra tio of Ca and most com mon REE <0.5 cor re -
sponds to bastnäsite. The high est con tent among REE in the
fluorocarbonates stud ied from the Stara Kamienica schists is
Ce (Ce2O3 in a range be tween 21.29–30.83 wt.%). El e vated Ca
con tents in sev eral fluorocarbonates (CaO up to 10.97 wt.%)
sug gest com par i son with parisite-(Ce) [Ca(Ce,La)2(CO3)3F2]
(e.g., Manfredi et al., 2013; Fig. 12) but this is still un con firmed.
Ba sic sta tis ti cal pa ram e ters of REE con cen tra tions mea sured
in these min er als are sum ma rized in Ta ble 8, with the com plete
an a lyt i cal dataset pro vided in Ap pen dix 1G. Av er age to tal
REE+Y ox ide con tents in the fluorocarbonate grains stud ied
range from 46.98 to 72.54 wt.%. The graphs on Fig ure 12
shows the vari a tion of the main REE el e ments (Ce and La) in
re la tion to Ca and F from the sam ples of dif fer ent Stara Kamie -
nica schist belt re gions. The data plot ted does  not in di cate clear
de pend en cies; only the high est con tent in fluorocarbonates
from the Krobica area can be noted.

PLUMBOGUMMITE

Plumbogummite con tain ing REE ad mix tures was iden ti fied
in a sam ple col lected from the his toric St. Leopold adit that was
a chlorite-quartz schist with ac ces sory gar net. The min eral oc -
curs as small grains par tially fill ing a frac ture within gar net-
 almandine (Fig. 13). Two spot anal y ses of the plumbo gummite
were made, and the re sults are given in Ap pen dix 1H. The mea -
sured con cen tra tions of ma jor el e ments were as fol lows: PbO –
32.36 and 29.39 wt.%, Al2O3 – 26.00 and 25.83 wt.%, and P2O5

– 22.02 and 19.99 wt.%. Among trace el e ments, no ta ble con -
cen tra tions of REEs were re corded, in clud ing La2O3 (1.02–1.67 
wt.%), Ce2O3 (1.85–3.01 wt.%), Pr2O3 (<0.22–0.26 wt.%),
Nd2O3 (0.72–1.16 wt.%), Dy2O3 (<0.11–0.12 wt.%), as well as
Y2O3 (0.13–0.14 wt.%). The re sults ob tained were plot ted on a
ter nary clas si fi ca tion plot (Fig. 14) for the most com mon mem -
bers of the plumbogummite group and com pared to min er als
iden ti fied by Kruszewski and Dec (2018) from Pod³azie Hill
(Holy Cross Moun tains, Po land). Be cause of the high PbO con -
tent, the re sults clearly point to plumbogummite.

WHOLE-ROCK ANALYSIS

Among the rare earth el e ments ana lysed us ing the ICP-MS
method, the high est con cen tra tions were re corded for Ce
(1.90–114.2 ppm, n = 64, Ap pen dix 1I), Y (1.40–95.60 ppm, n =
64), La (1.20–56.80 ppm, n = 64), Sc (3.80–50.0 ppm, n = 64), 
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T a  b l e  2

Mean EPMA anal y ses of al la nite-(Ce) 
from the Stara Kamienica schist belt ar chi val bore holes

Sam ple point
C-X/46 G-I/13 K-II/3 G-III/17

12 12 8 8

SiO2 33.32 31.97 32.33  29.92

TiO2   0.29   0.20   0.25    0.16

Al2O3 21.25 19.80 20.65  18.49

Fe2O3 12.05 12.09 11.08  15.74

FeO 10.85 10.88   9.97  14.16

MgO   0.12   0.25   0.04    0.07

CaO 15.75 11.57 12.87  10.92

La2O3   3.16   4.66   4.66    4.76

Ce2O3   6.62   9.68   9.14    9.42

Pr2O3   0.73   1.04   0.99     1.00

Nd2O3   2.52   3.94   3.62     3.87

Sm2O3   0.37   0.60   0.52    0.64

Gd2O3   0.90   1.14   0.34    1.35

ThO2   0.02   0.15   0.06    0.34

Y2O3   0.48   0.40   0.89    0.47

MnO   0.12    0.39   0.25    0.20

SrO   0.21    0.24   0.11    0.17

To tal 97.93 98.12 97.79  97.51

S REE 14.78 21.45 20.15  21.51

Si     3.490      3.479     3.501       3.274

Ti    0.023     0.016     0.021       0.013

Al     1.967      1.904   1.977     1.789

Fe2+     0.712     0.742   0.677     0.964

Fe3+     0.472     0.473   0.434     0.616

Mg    0.009     0.020   0.003     0.006

Ca     0.883      0.674   0.746     0.641

La     0.092      0.140   0.139     0.144

Ce     0.191     0.289   0.272     0.284

Pr     0.021      0.031   0.029      0.030

Nd     0.071      0.115   0.105     0.114

Sm     0.010     0.017   0.014     0.018

Gd     0.023      0.031   0.009     0.037

Th     0.000      0.004   0.001     0.008

Y     0.020      0.017   0.038     0.020

Mn     0.005      0.018   0.011      0.009

Sr     0.006     0.007   0.003      0.005

To tal 8.0   7.98 7.99    7.97

REE+Th     0.408      0.627    0.571      0.635

At oms per for mula unit (apfu) cal cu lated to 12.5 ox y gen and 8 cat ions

https://doi.org/10.1016/S0012-821X(02)00947-0
https://doi.org/10.1016/S0012-821X(02)00947-0
https://doi.org/10.1016/S0012-821X(02)00947-0
https://doi.org/10.22456/1807-9806.77831
https://doi.org/10.7306/gq.1410


Nd (0.80–49.70 ppm, n = 64), Dy (0.15–19.76 ppm, n = 64), Pr
(0.70–13.20, n = 64) and Er (0.09–10.11 ppm, n = 64), The
max i mum con tents of other REEs are all be low 10 ppm (n =
64).

The REE re sults were nor mal ized to chondrite (McDonough
and Sun, 1995), Eu ro pean shales (Bau et al., 2018) and PAAS
(Post-Archean av er age Aus tra lian sed i men tary rock; McLennan, 
1989; Fig. 15). The di a grams clearly in di cate an en rich ment in
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Fig. 3. Compositional plot of to tal REE+Y+Th+Mn+Sr ver sus Al con toured with
isolines of the ra tio FOX = Fe3+ / (Fe3+ + Fe2+) il lus trat ing sub sti tu tion: al la nite-epidote, 

ferrialla nite-epidote and ferriallanite-al la nite (af ter Petrik et al., 1995)

Fig. 4A – xenomorphic monazite-(Ce) (Mnz-Ce) grain; St. Leopold adit in Krobica BSEI; B and C – iso lated,
automorphic / hypautomorphic monazite-(Ce) grains hosted within a chlorite (Chl) – bi o tite (Bt) lamina,
con tain ing ac ces sory il men ite (Ilm); Gierczyn G-VI/22 bore hole, BSEI; D – xenomorphic monazite-(Ce);
Krobica K-II/3 bore hole, BSEI

https://doi.org/10.1016/0009-2541(94)00140-4
https://doi.org/10.1016/0009-2541(94)00140-4
https://doi.org/10.1016/j.apgeochem.2018.01.008


LREE (La-Sm) rel a tive to HREE (Eu-Lu), as well as a gen eral
en rich ment in REE con cen tra tions in sam ples from the Stara
Kamienica schist belt com pared to chondrite (rang ing from sev -
eral times up to sev eral hun dred times). A few sam ples de vi ate
from the gen eral REE trend, likely be cause these sam ples rep re -
sent boudins or quartz veins with sulphides, in which REE-bear -
ing min er als are scarce: the sam ples with the low est to tal REE
con tent (Ap pen dix 1I). The re sults have been di vided into two
graphs: that on Fig ure 15A in cludes sam ples that show a neg a -
tive eu ro pium anom aly when nor mal ized to chondrite, while the
graph on Fig ure 15B in cludes those with a pos i tive Eu anom aly.
Ad di tion ally, most sam ples ex hibit a slight en rich ment in Y.

The vast ma jor ity of the re sults show de pleted con cen tra -
tions of rare earth el e ments rel a tive to the Eu ro pean Shale
Stan dard, with only a few sam ples show ing slight en rich ment. A 
some what more pro nounced en rich ment in REE is ob served in

re la tion to PAAS; how ever, most val ues still re main lower. In
both di a grams (Fig. 15C, D), most sam ples dis play a pos i tive
eu ro pium anom aly. As with chondrite nor mal iza tion, a few sam -
ples de vi ate from the gen eral REE con cen tra tion trend.

INTERPRETATION AND DISCUSSION

REE-BEARING MINERALS

De tailed mi cro-area stud ies of the min eral oc cur rences and
chem i cal com po si tions en abled the iden ti fi ca tion of REE-bear -
ing min eral phases from the Stara Kamienica schist belt. These
in clude al la nite-(Ce) (a car rier pri mar ily of LREE), monazite--
(Ce) (mainly LREE), REE fluorocarbonates (LREE), plumbo -
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T a  b l e  3

Sta tis tics of REE con tents in monazite-(Ce) from the Stara Kamienica schists
 (wt.%, n – sta tis ti cal group)

Monazite-(Ce) 
(n = 23)

La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 Dy2O3 SrO Y2O3

Min i mum   8.59 20.44 2.10   8.26 1.42 0.53 <0.11  <0.05 <0.05 

Max i mum 16.31 30.56 3.13 11.76 2.35 1.62 0.80 0.17 2.81

Arith me tic mean 12.89 27.17 2.74 10.50 1.78 1.10 0.41 0.09 1.34

Me dian 13.09 27.67 2.77 10.57 1.74 1.14 0.50 0.10 1.66

Stan dard de vi a tion   1.79  2.06 0.24   0.88 0.22 0.29 0.26 0.04 0.90

Fig. 5. Monazite-(Ce) min eral chem is try plots

A – Th+U ver sus Si+Ca; B – HREE+Y ver sus Th+U; C – Ce ver sus Y de pict ing the to tal pure xeno time-(Y) com po nent in the
monazites; D – (Si+Th+U) vs. (P+Y+LREE) in at oms per for mula unit (apfu) for monazite-(Ce) de pict ing cheralite
[Ca(Th,U)(Y,REE)-2] and huttonite [Si(Th,U)REE-1P-1] sub sti tu tion in monazite-(Ce) (af ter Harlov et al., 2008; Burda et al., 2020);
Blue dots – monazite-(Ce) re sults from St. Leopold mine sam ples; or ange dots – sam ples from the G-VI/22 bore hole (Gierczyn
area)

https://doi.org/10.1007/s00710-008-0003-8
https://doi.org/10.1016/j.gr.2020.05.018.


gummite (LREE/MREE), and xeno time-(Y): the only iden ti fied
car rier of MREE/HREE. Anal y sis of the chem i cal com po si tion
of REE-bear ing min er als [ex cept xeno time-(Y)] from the Stara

Kamienica schist belt were first per formed and partly men tioned 
pre vi ously by Mikulski et al. (2018, 2021), Ma³ek and Mikulski
(2019, 2024), Mikulski and Ma³ek (2019), Ma³ek et al. (2019). In
ad di tion, al la nite-(Ce), REE fluoro carbo nates, and plumbo -
gummite were iden ti fied for the first time in the Stara Kamienica
range as car ri ers of rare earth el e ments.

The first chem i cal com po si tion anal y ses of xeno time-(Y)
from the Stara Kamienica schists were con ducted by Bobiñski
et al. (2004), who iden ti fied a zoned struc ture in these min er als,
and con se quently, vari a tions in their chem i cal com po si tion re -
sult ing from the sub sti tu tion of var i ous REE el e ments (mostly
HREE) for yt trium. The xeno time-(Y) com po si tion data de -
scribed by Bobiñski et al. (2004) and later by Michniewicz et al.
(2006) cor re spond well with the re sults ob tained in this study; in
both cases, en rich ments in Dy, Gd, Er, Yb, and oc ca sion ally U
were ob served as well as dif fer ences in chem i cal com po si tion
of the in ter nal struc ture zones (Fig. 6A and Ta ble 6). Mi cro -
scopic stud ies and in situ chem i cal map ping of xeno time-(Y) in
var i ous geo log i cal con texts con sis tently re vealed well-de vel -
oped chem i cal zon ing – in clud ing os cil la tory and con cen tric pat -
terns – at trib ut able to the pro gres sive crys tal li za tion and frac -
tion ation of REE sub groups (LREE, MREE, HREE) dur ing
growth. In par tic u lar, HREE-en riched rims that con trasted with
LREE-rich or Y-rich cores have been doc u mented. In ad di tion,
sev eral stud ies re port that zonation may arise dur ing meta mor -
phic and metasomatic evo lu tion, or in hy dro ther mal set tings
(e.g., Repina, 2010; Repina and Muftakhov, 2021). Based on
the xeno time-(Y) grain shape and its in ter nal struc tures and
chem i cal com po si tion it can be con cluded that this min eral
phase was formed in the schists and were then cataclased dur -
ing later de for ma tion. How ever, the U con tent ver sus U/Th ra tio
di a gram for xeno time-(Y) for ma tion en vi ron ments (McNau -
ghton and Ras mus sen, 2018) shows that xeno time-(Y) from the 
Stara Kamienica schist belt (blue dots) plots within the
diagenetic field (Fig. 16). Due to the low Th con tent in the xeno -
time-(Y) stud ied (<170 ppm, with an av er age of 60 ppm), the
U/Th ra tio ranges be tween 10 and 1000, whereas xeno time-(Y)
of hy dro ther mal or i gin is typ i cally char ac ter ized by lower U/Th
ra tios (0.1–10). Nev er the less, in de tri tal grains found in meta -
sedimentary rocks – par tic u larly those af fected by com plex geo -
log i cal over prints, such as the Stara Kamienica schist belt – the
pri mary for ma tion en vi ron ment is com monly ob scure (Ras mus -
sen, 1996; McNaughton and Ras mus sen, 2018). Orig i nally de -
tri tal xeno time-(Y) from the sed i men tary protolith of the schists
may have been al tered dur ing re gional meta mor phism. Ad di -
tion ally, a coffinite sub sti tu tion in xeno time-(Ce) (Fig. 8C) may
also point to meta mor phic al ter na tion of pri mary de tri tal xeno -
time-(Ce) be cause of Si-U in cor po ra tion dur ing the dis so lu -
tion–reprecipitation mech a nism of re gional meta mor phism con -
di tions (Hether ing ton and Harlov, 2008; Švecová et al., 2016;
Harlov, 2024). It can be con cluded that xeno time-(Y) growth
there fore oc curred be fore the re gional meta mor phism of the
rocks – it is of pre-meta mor phic or i gin.

The chem i cal com po si tion of monazite-(Ce) from the Stara
Kamienica schist belt has not been stud ied pre vi ously. Ac cord -
ing to Michniewicz et al. (2006), monazite in this area oc curs
both as a de tri tal and meta mor phic min eral. It is a com mon ac -
ces sory phase in ig ne ous, meta mor phic, and sed i men tary
rocks, and its com po si tion can serve as an em pir i cal tool for dis -
tin guish ing be tween crys tal li za tion en vi ron ments (Liu et al.,
2022). Trace el e ment data from monazite-(Ce) sam ples col -
lected in the Stara Kamienica schist belt were plot ted on or i -
gin-dis crim i na tion di a grams pro vided by var i ous au thors (Fig.
17; Aleinikoff et al., 2012, 2023; Wu et al., 2019; Liu et al.,
2022). Most of the data fall within well-de fined fields cor re -
spond ing to spe cific or i gins, al though a few points de vi ate from
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T a  b l e  4

Mean EPMA anal y ses of monazite-(Ce) 
from the Stara Kamienica schists

Sam ple point St. Leopold mine G-VI/22 bore hole

n = 16 7

Ce2O3 26.91  27.79    

P2O5 29.83  28.43   

La2O3 12.20  14.46   

Nd2O3 10.56  10.37   

ThO2 2.02 9.32  

Pr2O3 2.71 2.80  

CaO 3.98 1.35  

PbO2 2.59 0.15  

Sm2O3 1.80 1.74  

Y2O3 1.88 0.10  

Gd2O3 1.25 0.76  

Fe2O3 0.83 0.51  

Dy2O3 0.57 0.05  

Eu2O3 0.39 0.21  

UO2 0.31 0.29  

SrO 0.12 0.04  

SiO2 0.27 0.90  

Al2O3 0.20 0.03  

SO3 0.43 0.16  

K2O 0.09 0.03  

As2O3 0.07 0.00  

To tal 99.02  99.48   

Ce   0.283 0.304

P   1.209 1.201

La   0.129 0.159

Nd   0.108 0.111

Th   0.018 0.085

Pr   0.019 0.020

Ca   0.082 0.029

Pb   0.025 0.002

Sm   0.018 0.018

Y   0.029 0.002

Gd   0.012 0.008

Fe2+   0.018 0.012

Dy   0.005 0.000

Eu   0.004 0.002

U   0.003 0.003

Sr   0.001 0.000

Si   0.010 0.036

Al   0.007 0.001

S   0.018 0.007

K   0.001 0.000

As   0.001 0.000

To tal 2.00 2.00  

REE+Y   0.607 0.625

 At oms per for mula unit (apfu) cal cu lated to 4 ox y gen and 2 cat ions

https://doi.org/10.3390/min9100583
https://doi.org/10.1007/s00710-016-0442-6
https://link.springer.com/article/10.1134/S1075701521080079
https://doi.org/10.1134/S1075701510080143
https://doi.org/10.2475/ajs.296.6.601
https://doi.org/10.2475/ajs.296.6.601
https://doi.org/dx.doi.org/10.1016/j.chemgeo.2017.08.016
https://doi.org/dx.doi.org/10.1016/j.chemgeo.2017.08.016
https://doi.org/10.1016/j.oregeorev.2022.105147
https://doi.org/10.1016/j.oregeorev.2022.105147
https://doi.org/10.1016/j.oregeorev.2022.105147
https://doi.org/10.7306/2019.14
https://doi.org/10.7306/2019.14
https://doi.org/10.5604/01.3001.0012.7113
https://doi.org/10.7306/2019.50
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https://doi.org/dx.doi.org/10.1139/cjes-2022-0093
https://doi.org/10.7306/2019.14
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https://doi.org/10.1016/j.chemgeo.2024.122192


these gen eral trends. In di a grams A and B (Fig. 17), most re -
sults (blue dots) in di cate an ig ne ous or meta mor phic or i gin, with 
a few also fall ing within the hy dro ther mal field. Data plot ted on
di a grams C and D sug gest a pre dom i nantly ig ne ous or i gin, but
also in clude points within the meta-ig ne ous and meta sedi -
mentary fields. These re sults sug gest that monazite-(Ce)
grains from the Stara Kamienica schist belt are of mixed prov e -
nance. Monazite is well-known for its re sis tance to weath er ing,
as in di cated by its wide spread oc cur rence as a de tri tal min eral
in sands and sand stones, al low ing it to re cord a long and com -
plex geo log i cal his tory (Tuduri et al., 2023). Some of the grains
stud ied may orig i nate from weath ered nearby ig ne ous rocks,
such as the gra nitic protoliths of the Izera Meta mor phic Unit.
Ad di tion ally, some monazite-(Ce) grains may have formed dur -
ing one or more meta mor phic or hy dro ther mal events as so ci -

ated with the re gion’s com plex geo log i cal evo lu tion. The
monazite -(Ce) grains stud ied from the St. Leopold mine and
G-VI/22 bore hole are char ac ter ized by dif fer ent ThO2 and CaO
con tents. This may be as cribed to hy dro ther mal al ter ation of pri -
mary monazite as the re ac tion of a meta mor phic fluid phase
that de liv ered Ca and Th to the monazite (Fin ger et al., 1998;
Budzyñ et al., 2010). Žáèková et al. (2010) de scribed monazite
grains from the Czech part of the Izera-Kowary Unit, which is
rel e vant to the north ern part of the mas sif (Jeøábek et al., 2016), 
as of two gen er a tions: tho rium rich (~7–11 wt.% ThO2); and with 
lower Th con tent (<5 wt.% ThO2) be ing in clu sions in gar nets.
The la ser ab la tion (LA-ICP-MS) and EPMA dat ing of high-Th
monazites in di cates an age of 330 ±10 Myr which is in ter preted
as rep re sent ing the high-pres sure meta mor phism at least in
part of the Karkonosze-Izera Com plex. Dat ing of low-Th mona -
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Fig. 6A – hypautomorphic xeno time-(Y) (Xtm-Y) grain with zonal in ter nal struc ture, red points cor re spond
to an a lyt i cal WDS points of Ta ble 7; Krobica K-II/3 bore hole, BSEI; B – xeno time-(Y) grains with over grown 
uraninite (Urn) in chlorite (Chl) lamina in the vi cin ity of cas sit er ite (Cst), Krobica K-II/3 bore hole, BSEI; C –
xenomorphic xeno time-(Y) grains with spot ted in ter nal struc ture; Gierczyn G-I/13 bore hole, BSEI; D –
xeno time-(Y) growth with na tive bis muth (Bi) in chlorite-quartz (Qz) lamina, in the vi cin ity of REE car rier

min er als – al la nite-(Ce) (Aln-Ce) and REE fluorocarbonates (Fc- Ree), Czerniawa C-X/46 bore hole, BSEI

T a  b l e  5

Sta tis tics of REE con tents in xeno time-(Y) from the Stara Kamienica schists (wt.%, n – sta tis ti cal group)

Xeno time-(Y) 
(n = 18)

Nd2O3 Gd2O3 Eu2O3 Sm2O3 Dy2O3 Er2O3 Tb2O3 Yb2O3 Ho2O3 Tm2O3 Lu2O3

Min i mum 0.00 1.03 0.12 0.07 5.29 2.93 0.34 1.73 1.14 0.25 0.48

Max i mum 0.63 6.28 0.83 1.48 9.90 4.41 1.34 3.51 1.43 0.45 0.82

Arith me tic mean 0.14 3.20 0.32 0.46 7.17 3.82 0.79 3.11 1.30 0.32 0.67

Me dian 0.08 2.50 0.19 0.19 7.01 3.89 0.72 3.28 1.32 0.31 0.68

Stan dard de vi a tion 0.16 1.62 0.24 0.43 1.07 0.38 0.26 0.51 0.08 0.06 0.09

https://doi.org/10.1016/j.oregeorev.2023.105583
https://doi.org/10.1016/j.jsg.2016.06.008
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zite was bur dened with high un cer tainty due to the low ra dio -
genic Pb con tents and sur plus Si + Ca rel a tive to Th+U, which
may in di cate im pu ri ties or al ter ation. El e vated Ca con tents in
some monazite-(Ce) grains have been also re corded in this
study as pos si bly rep re sent ing cheralite sub sti tu tion (Fig. 5D).
EPMA U-Th-to tal Pb dat ing of hy dro ther mal uraninite as so ci -
ated both with ore min er als and REE-bear ing min er als from the
same sam ples as data in this work in di cates sim i lar ages (301.6 

±7 Myr, 348.6 ±12.5 Myr, and 362 ±8 Myr; Ma³ek and Mikulski,
2024) to those of Zygo et al. (2023) who pro vided LA-ICP-MS
dates of cas sit er ite from the Gierczyn-Przecznica area of 353
±14, 360 ±5 and 318 ±6 Myr. These ages may sug gest ge netic
con nec tion be tween the cas sit er ite, uraninite and monazite
(330 ±10 Myr; Žáèková, 2010), as pos si ble dif fer ent stages of
re gional meta mor phism to gether with hy dro ther mal ac tiv ity of
late-stage Karkonosze gran ite em place ment and cool ing.

Al la nite is a mem ber of the epidote group, and its struc ture
can ac com mo date large quan ti ties of many chem i cal el e ments,
in clud ing REE, mainly de pend ing on the sys tem com po si tion
rather than on the P-T con di tions. This min eral tes ti fies to the di -
ver sity of min eral for ma tion en vi ron ments, as well as to sec ond -
ary pro cesses such as metamictization and hy dro ther mal al ter -
ation (Gieré and Sorensen, 2004). Al la nite (epidote) group solid 
so lu tions are well-known within many ig ne ous, meta mor phic
and sed i men tary rocks, and they can also be an im por tant re -
pos i tory of Th and U (Mellado et al., 2022). Al la nite grains can
serve as re cord ers of con tin u ous or dis con tin u ous prograde
and ret ro grade re ac tions and of the P-T-fluid-re dox con di tions
of meta mor phism. The trans for ma tion of al la nite to monazite
dur ing low-to-me dium-grade meta mor phism is rel a tively well-
 known (Engi, 2017). Al la nite com monly forms as a re sult of de -
tri tal, mag matic or meta mor phic monazite al ter ation close to the 
bi o tite-in re ac tion. In con trast, al la nite, at the tran si tion be tween
the chlorite and bi o tite zones, is con sumed to form monazite
dur ing the staurolite-in re ac tion, at the tran si tion be tween the
gar net and the staurolite-kyan ite zones. Ther mo dy namic mod -
el ling of the schists shows that the first meta mor phic al la nite ap -
pears at ~425°C and 4.5 kbar, and trans forms to monazite at
~600°C and 7.5 kbar un der spe cific con di tions of al la nite-
 monazite-xeno time phase re la tions dur ing prograde meta mor -
phism (Jantos et al., 2008; Goswami-Banerjee and Robyr,
2015). The paragenesis al la nite+ap a tite takes place dur ing ret -
ro grade meta mor phism at the ex pense of monazite via fluid-as -
sisted dis so lu tion-pre cip i ta tion pro cesses at greenschist fa cies, 
com monly re lated to shear zones (Cenki-Tok et al., 2014;
Mellado et al., 2022). In nat u ral sys tems, un der hy dro ther mal
con di tions, the re place ment of al la nite by nu mer ous sec ond ary
phases, such as bastnäsite, synchysite, thorite, and monazite,
has been pre vi ously re ported (Gieré and Sorensen, 2004;
Berger et al., 2008; Hanson et al., 2012; Uher et al., 2015; Gros
et al., 2020; Gmochowska et al., 2024). The al la nite-(Ce) grains 
of the Stara Kamienica schists stud ied show a va ri ety of oc cur -
rence forms and of chem i cal com po si tions as their or i gin can be 
in ferred as meta mor phic, hy dro ther mal or even de tri tal. A to tal
REE+Th+Mn+Sr vs. Al di a gram shown in Fig ure 3 is con toured
with Fe ox i da tion isolines. In gen eral, ig ne ous allanites have Fox

ra tios buf fered at ~0.4, vein allanites are vari ably oxi dised, and
meta mor phic allanites are both oxi dised and re duced (Petrik at
al., 1995). Most of the al la nite-(Ce) re sults from the Stara
Kamienica schists shown on the di a gram are cen tred around
the 0.4 ox i da tion isoline, while re sults from the C-X/46 bore hole
(Czerniawa-Zdrój area) are clearly more oxi dised with si mul ta -
neous REE es cape, which may in di cate the ac tiv ity of hy dro -
ther mal so lu tions. Ther mo dy namic mod el ling of al la nite pre cip i -
ta tion in schists (~425°C and 4.5 kbar; Goswami-Banerjee and
Robyr, 2015) is con sis tent with the meta mor phism de ter mi na -
tions of the Stara Kamienica schists made by other au thors, e.g. 
Koz³owski (1974) to gether with Sza³amacha and Sza³ama cha
(1974) con strains meta mor phism con di tions to ~500–550°C
and 6 ±1 kbar based on almandine and hornblenda oc cur rence
in am phi bo lites within the schists based on fa cies com par i son
(af ter Eskola, 1920) and de grees of meta mor phism ac cord ing
to Winkler (1967). Maka³a (1994) points to a meta mor phism
tem per a ture of up to 450–616°C with pres sures of 2–4 kbar
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T a  b l e  6

Mean EPMA anal y ses of xeno time-(Y) 
from the Stara Kamienica schists

Sam ple point K-II/3

n = 18

Y2O3 41.16  

P2O5 34.40  

Dy2O3 7.17

Er2O3 3.82

Gd2O3 3.20

Yb2O3 3.11

Ho2O3 1.30

FeO 1.23

UO2 1.00

Tb2O3 0.79

Lu2O3 0.66

Sm2O3 0.46

Tm2O3 0.33

Eu2O3 0.32

Nd2O3 0.14

PbO 0.05

SiO2 0.36

CaO 0.02

ThO2 0.01

To tal 99.71  

Y    0.717

P    0.986

Dy    0.078

Er    0.041

Gd    0.036

Yb    0.032

Ho    0.014

Fe3+   0.035

U   0.015

Tb    0.009

Lu    0.007

Sm   0.005

Tm    0.003

Eu    0.004

Nd    0.002

Pb    0.000

Si   0.012

Ca   0.001

Th    0.000

To tal    1.998

REE+Y    0.948

At oms per for mula unit (apfu) cal cu lated to 4 ox y gen and 2 cat ions
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https://www.mdpi.com/2075-163X/12/8/954
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based on bi o tite-gar net min eral pair ob ser va tions. In turn,
Marcinowska and Koz³owski (1997) set the meta mor phism
tem per a ture to 470–600°C with 3–5 kbar pres sure through
study ing fluid in clu sions in rock-form ing min er als of the Stara
Kamienica schists. Michniewicz et al. (2006) de ter mined meta -
mor phism con di tions of 470–550°C and 1.5–3.8 kbar based on
the margarite sta bil ity range and other geo log i cal in di ca tions
such as the ab sence of kyan ite and sillimanite, the ex is tence of
parageneses con tain ing mus co vite, quartz and staurolite, the
con tents of spessartine and pyrope par ti cles in the schist gar -

nets and the com po si tion of the chloritoid. The pres ence of pos -
si bly meta mor phic al la nite-(Ce) with spec i fied pre cip i ta tion con -
di tions (~425°C and 4.5 kbar) may cor rob o rate the de duc tions
noted of the Stara Kamienica schists meta mor phism con di -
tions, but de tailed ob ser va tions fo cused on more al la nite grains
and geo chem i cal data are still re quired.

The oc cur rence of REE fluorocarbonates and plumbo -
gummite in the Stara Kamienica schists re mains in suf fi ciently
rec og nized. The prin ci pal REE (Ln) fluorocarbonate min er als
from an eco nomic stand point are bastnäsite [Ln(CO3)F], par a -
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Fig. 7. REE ver sus Y di a gram of the chem i cal com po si tion of zonal xeno time-(Y) from Fig ure 6A

Fig. 8. Xeno time-(Y) min eral chem is try plots

A – S REE ver sus Y; B – S REE ver sus U+Th; C – Si ver sus U+Th, a coffinite [U(SiO4)(OH)4] sub sti tu tion; 
D – Ca ver sus U+Th, a cheralite [CaTh(PO4)2] sub sti tu tion (af ter Broska and Petrik, 2008; Švecová et al., 2016)

https://doi.org/10.1007/s00710-016-0442-6


site [Ln2Ca(CO3)3F2] and synchysite [LnCa(CO3)2F], but thissite [Ln2Ca(CO3)3F2] and synchysite [LnCa(CO3)2F], but this
group con tains many more min eral phases (Wil liams-Jones
and Wood, 1992). Be cause of the ab sence of car bon from the
an a lyt i cal re sults (due to the car bon coat ing of the thin sec -
tions), the pre cise iden ti fi ca tion is un cer tain, but plot ting EMPA
data on clas si fi ca tion di a grams points to bastnäsite-(Ce) (Figs.
10 and 11). There are  well-known oc cur rences of REE fluoro -
carbonates hosted by carbonatites (e.g., Moun tain Pass, Cal i -
for nia; Olson et al.,1954), in sed i men tary suc ces sions (e.g.,
Bayan Obo, China; Chao et al., 1989), in some peralkaline
gran ites and syenites (e.g., Thor Lake, Can ada; Trueman et at., 
1988) as well as in many hy dro ther mal sys tems (mostly epi ther -
mal) for ex am ple in Muso, Co lum bia (Ottaway et al., 1994) and
Schwarzwald, Ger many (von Gehlen et al., 1986). REE fluoro -
carbonates com monly oc cur in the Stara Kamienica schists and 
the ev i dence points to its hy dro ther mal or i gin. 

Plumbogummite is a mem ber of the min eral group that
com prises phos phate rep re sen ta tives of the alu nite super -
group. Min er als of this group are com monly found in weath er ing 
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T a  b l e  7

Short ened chem i cal com po si tion of zonal xeno time-(Y) from Fig ure 6A – WDS anal y sis [wt.%]

WDS
point#

Y2O3 P2O5 Nd2O3 Eu2O3 Sm2O3 Gd2O3 Tb2O3 Dy2O3 Ho2O3 Er2O3 Tm2O3 Yb2O3 Lu2O3

1 45.50 35.15 0.02 0.19 0.07 1.14 0.41 5.89 1.36 4.17 0.25 3.28 0.48

2 44.84 34.58 0.07 0.20 0.09 1.03 0.35 5.29 1.29 4.20 0.39 3.48 0.60

3 38.38 34.12 0.40 0.82 1.06 5.83 1.30 9.61 1.43 2.93 0.30 1.79 0.67

4 38.31 34.44 0.31 0.82 1.03 5.60 1.35 9.90 1.33 2.97 0.26 1.73 0.52

Fig. 9A – inter growth of REE fluorocarbonate (Fc-Ree) with rutile (Rt) frac ture in chlorite (Chl)-quartz (Qz)
schist, Czerniawa C-X/46 bore hole, BSEI; B – growth of REE fluorocarbonate with al la nite-(Ce) (Aln-Ce)
and il men ite (Ilm) in chlorite–quartz schist, Czerniawa C-X/46 bore hole, BSEI; C – iso lated REE
fluorocarbonate grain ad ja cent to ap a tite (Ap) in chlorite-quartz schist, Krobica K-II/3 bore hole, BSEI; D –
REE fluorocarbonates as growths with il men ite and as an iso lated grain ad ja cent to pyrrhotite (Pyh) in
chlorite-quartz schist, Gierczyn G-I/13 bore hole, BSEI
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Fig. 10. Most com mon REE (Ce; %) ver sus Ca/REE ra tio
clas si fi ca tion plot for REE fluorocarbonates 
(af ter Meng et al., 2002; Niegisch et al., 2020)
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zones of Pb ore de pos its as mod er ately rare sec ond ary min er -
als and oc cur es pe cially within carbonatites and var i ous sed i -
men tary rocks as well as those of hy dro ther mal or i gin (Kru -
szewski and Dec, 2018). En vi ron men tal stud ies in di cate that
they may crys tal lize from acidic mine wa ters thus im mo bi liz ing
some toxic met als (Bigham and Nordstrom, 2000; Kolitsch and
Pring, 2001; Dzikowski et al., 2006). Plumbo gummite min er als
show el e vated amounts of trace el e ments such as Ni, Tl, Cr,
Cu, V, Ag, Zr, and Ti as well as REEs (e.g., Bayliss et al., 2010). 
Plumbogummite has been found in only one sam ple from the
St. Leopold adit in Krobica. Its pres ence in this his toric min ing
site is con sis tent with en vi ron men tal data in di cat ing that it may
crys tal lize from acidic mine wa ters. At this stage, the small
amount of plumbogummite data pre cludes more de tailed con -
clu sions and fur ther stud ies are re quired. 

WHOLE-ROCK ANALYSIS

A slight en rich ment in Ce (71.7 vs. 68 ppm) and La (40.7 vs. 
32 ppm) is ob served in the Stara Kamienica schist sam ples
com pared to the av er age con cen tra tions re ported for con ti nen -
tal crust (Barbalace, 2019). The re main ing rare earth el e ments
show a gen eral de ple tion rel a tive to the con ti nen tal crust av er -
age. As re gards to tal REE con tent rel a tive to the sam pling area, 
the high est value (329.75 ppm) was ob tained for the Krobica re -
gion (mid dle part of the Stara Kamienica schist belt). Slightly
lower val ues were ob tained for Przecznica (308.03 ppm), the
Gierczyn area (299.18 ppm, mid dle to east ern part of the Stara
Kamienica schist belt). Czerniawa-Zdrój, the wes tern most part
of the Pol ish part of the Stara Kamienica belt, is char ac ter ized
by 255.27 ppm of to tal REE. 

REE con cen tra tion pat terns for sam ples from the Stara
Kamienica schist belt, nor mal ized to chondrite val ues (McDo -
nough and Sun, 1995), re veal a marked en rich ment in LREE
rel a tive to HREE, as well as an over all in crease in to tal REE
con tents, reach ing up to sev eral hun dred times chondritic val -
ues. Both neg a tive and pos i tive eu ro pium (Eu) anom a lies are
pres ent. In con trast, REE dis tri bu tion di a grams nor mal ized to
Eu ro pean shales (Bau et al., 2018) and to PAAS (McLennan,
1989) in di cate a gen er ally flat curve and over all REE de ple tion
rel a tive to these ref er ence com po si tions, with only a few sam -
ples show ing mi nor en rich ment. The REE dis tri bu tion of the
Stara Kamienica sam ples re flects REE pro por tions sim i lar to
that of me dium shale (me dium con ti nen tal crust) with no sig nif i -
cant REE frac tion ation. As a sed i men tary-vol ca nic protolith of
the shales can be as sumed, that de tri tal ma te rial co mes from a
typ i cal con ti nen tal source, with out strong sort ing ef fects or se -
lec tive trans port of el e ments. The sam ple se lec tion was fo -
cused on ore min er al iza tion. Even though REE min er al iza tion
can be, at least partly, ge net i cally con nected with the same min -
er ali sa tion pro cesses as ore min er als, the dis tri bu tion of REE-
 bear ing min er als within the Stara Kamienica schists is still un -
con strained. The pres ence of REE con cen tra tion zones within
the Stara Kamienica schists can not be ex cluded as re gards fur -
ther min eral ex plo ra tion.

Most sam ples dis play a dis tinct pos i tive Eu anom aly. Such
REE en rich ment or de ple tion is gen er ally at trib uted to the pref -
er en tial par ti tion ing of Eu into plagioclase. Un der sta ble magma 
crys tal li za tion con di tions, Eu is largely in cor po rated into plagio -
clase, re sult ing in a rel a tive en rich ment of Eu com pared to other 
REEs in this min eral (pos i tive Eu anom aly). The re sid ual mag -
ma con se quently be comes de pleted in Eu. If this Eu-de pleted
melt is sep a rated from crys tal lized plagioclase, its chem i cal
com po si tion re flects a neg a tive Eu anom aly. Con versely, if
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Fig. 11. Ter nary plot of REE-fluorocarbonate chem i cal com po si tion with data 
from the Stara Kamienica schist belt marked
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T a  b l e  8

Sta tis tics of REE con tents in REE fluorocarbonates from the Stara Kamienica schists 
(wt.%, n – sta tis ti cal group)

REE fluorocarbonate
(n = 32)

La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Gd2O3 Dy2O3 SrO Y2O3

Min i mum 10.48 21.29 2.28   8.14 1.41 0.93 0.00 0.06 0.68

Max i mum 20.54 30.83 3.60 15.17 2.80 4.67 1.00 0.38 4.66

Arith me tic mean 14.22 27.23 2.98 11.54 1.97 2.22 0.49 0.20 2.77

Me dian 14.11 27.47 2.99 11.41 1.96 2.02 0.49 0.19 2.63

Stan dard de vi a tion    2.16  2.44 0.30 1.74 0.30 0.89 0.28 0.07 0.89
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Fig. 12A – Ca ver sus Ce and B – F ver sus La compositional plots of REE

fluorocarbonates from the Stara Kamienica schist belt

Blue dots – Czerniawa-Zdrój re sults (C-X/46 bore hole), yel low dots – Krobica re sults (K-II/3
bore hole), green and or ange dots – Gierczyn re sults 

(G-III/17 and G-I/13 bore holes re spec tively)
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Fig. 15A – REE re sults nor mal ized to chondrite with a neg a tive eu ro pium anom aly; B – REE re sults nor mal ized to chondrite 
with a pos i tive eu ro pium anom aly; C – REE re sults nor mal ized to Eu ro pean shales; D – REE re sults nor mal ized to PAAS

Lines ex plained in Ap pen dix 1I

Fig. 14. Compositional ter nary plot of plumbogummite group
min er als in the al ka line metal-REE-Pb sys tem

Blue tri an gles – data from this study, green squares – re sults of
Kruszewski and Dec, 2018 (wt.%)

Fig. 13. Xenomorphic plumbogummite (Pbg) grains as frac ture
fill ings in almandine (Alm); il men ite (Ilm), K-feld spar (Kfs) and
monazite-(Ce) (Mnz-Ce) as in clu sions in almandine, St. Leopold 
adit, BSEI

https://doi.org/10.7306/gq.1410


magma ac cu mu lates crys tal lized plagioclase, a pos i tive Eu
anom aly de vel ops in its com po si tion (Weill and Drake, 1973;
Bau, 1991). In the case of the Stara Kamienica schists, as a
feld spar-poor metasedimentary rock, the Eu anom aly is not
clearly in ter pret able. The ab sence of sig nif i cant feld spar means 
that the typ i cal pro cess of Eu en rich ment via feld spar crys tal li -
za tion is lim ited. Ad di tion ally, pos i tive Eu anom a lies may also
in di cate the Iocal in flu ence of hy dro ther mal flu ids (Bau et al.,
2014; Michard and AlbarÀde, 1986).

CONCLUSIONS

Mi cro-scale ob ser va tions com bined with WDS chem i cal
com po si tion anal y ses of REE-bear ing min er als, along with
whole-rock trace el e ment de ter mi na tions us ing the ICP -MS
method, on sam ples from the Stara Kamienica schist belt have
led to the fol low ing con clu sions:

– Mul ti ple REE car ri ers have been iden ti fied: al la -
nite-(Ce), monazite-(Ce), REE fluorocarbonates, plumbo -
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Fig. 17A, B – monazite-(Ce) or i gin dis crim i na tion charts (mod i fied af ter Wu et al., 2019; Liu et al., 2022); 
C, D – bi nary plots of monazite-(Ce) trace el e ment data 

Red, green, blue and grey fields from Aleinikoff et al. (2012, 2023)

Fig. 16. U vs. U/Th di a gram for xeno time show ing fields for ig -
ne ous (black), meta mor phic (green), diagenetic (red), hy dro -
ther mal and metasomatic (blue) and un con formity-re lated
U-de po s its (brown; af ter McNaughton and Ras mus sen, 2018)
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gummite, and xeno time-(Y) were found to be the main REE -
-bear ing min eral phases in the Stara Kamienica schist belt, with 
al la nite-(Ce), fluorocarbonates and plumbogummite doc u -
mented for the first time in this area.

– The high est REE con tent in whole-rock sam ples was
ob tained for the Krobica re gion (mid dle part of the Stara
Kamienica schist belt).

– Am big u ous for ma tion en vi ron ment of xeno time-(Y):
both this study and pre vi ous re search (Bobiñski et al., 2004;
Michniewicz et al., 2006) re veal pro nounced chem i cal zon ing in 
xeno time-(Y), in di cat ing com plex crys tal li za tion his to ries and
frac tion ation of REE sub groups dur ing min eral growth. Xeno -
time-(Y) grain mor phol ogy and in ter nal struc tures sug gest a
pre-meta mor phic, likely de tri tal and/or hy dro ther mal or i gin, al -
tered dur ing re gional meta mor phism. How ever, U/Th ra tios plot 
mostly within the diagenetic field, mak ing the pri mary for ma tion
en vi ron ment un cer tain.

– Com plex prov e nance of monazite: monazite-(Ce)
grains in the Stara Kamienica schist belt show ev i dence of both
de tri tal and meta mor phic or i gins, with trace el e ment sig na tures
in di cat ing pre dom i nantly ig ne ous and meta mor phic sources,
and mi nor hy dro ther mal con tri bu tions.

– Whole-rock geo chem is try: the Stara Kamienica schist
sam ples are slightly en riched in Ce and La com pared to the av -

er age con ti nen tal crust but gen er ally de pleted in other REEs.
Their REE nor mal iza tion to chondrite pat terns shows LREE en -
rich ment over HREE, and vari able Eu anom a lies the in ter pre ta -
tion of which in feld spar-poor rocks is un clear but can point to
hy dro ther mal ac tiv ity.

– Nu mer ous REE-car ry ing min er als were iden ti fied, but the
spa tial dis tri bu tion of REE con cen tra tion within the Stara
Kamie nica min er al ized area is still poorly con strained. REE -
-bear ing min er als are con cen trated within mica lay ers of the
schists to gether with ore min er als. Be cause of the pos si ble ge -
netic con nec tion of at least part of the REE-bear ing min er als
with Sn-polymetallic min er al iza tion (re gional meta mor phism
and hy dro ther mal ac tiv ity) the pres ence of REE-en riched ho -
ri zons is pos si ble.

Ac knowl edge ments. This ar ti cle is part of Rafa³ Ma³ek’s
doc toral dis ser ta tion ti tled “Min er al og i cal-geo chem i cal study
and gen e sis of rare and ac com pa ny ing el e ments oc cur rence
within the tin-bear ing de posit min er al iza tion of the Stara Kamie -
nica schist belt in the Sudetes” un der the su per vi sion of
S.Z. Mikulski. The au thor would like to kindly thank and ex press
grat i tude to the ed i tor, J. Szczepañski, as well as the re view ers
for the time and ef fort they ded i cated to help im prove this manu -
script.
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APPENDIX 1 

A – Full allanite-(Ce) WDS results. [wt.%; b.d.l. – below detection limit] 

WDS 
point

Sample 
point SiO2 Al2O3 CaO Fe2O3 Ce2O3 La2O3 Nd2O3 Gd2O3 Pr2O3 Y2O3 Sm2O3 TiO2 ThO2 SrO Na2O MgO K2O SO3 MnO Dy2O3 Total 

1 C-X/46 33.89 21.59 15.85 11.62 6.53 2.64 2.83 0.98 0.84 0.78 0.55 0.14 b.d.l. 0.27 0.02 0.06 b.d.l. b.d.l. 0.14 0.12 98.84 

2 C-X/46 34.06 20.89 17.36 12.12 5.06 2.50 2.09 0.76 0.55 0.52 0.33 0.61 b.d.l. 0.27 0.02 0.06 0.02 b.d.l. b.d.l. b.d.l. 97.36 

3 C-X/46 33.51 21.44 16.39 12.07 6.37 2.90 2.49 0.79 0.68 0.46 0.45 b.d.l. b.d.l. 0.15 b.d.l. 0.04 b.d.l. b.d.l. 0.14 b.d.l. 98.06 

4 C-X/46 33.90 21.90 14.53 13.07 6.77 2.94 2.65 0.94 0.89 0.27 0.31 0.19 b.d.l. 0.15 0.02 0.35 b.d.l. 0.05 0.12 b.d.l. 99.09 

5 C-X/46 34.58 21.36 18.00 12.38 4.46 3.12 1.41 0.55 0.42 0.48 b.d.l. 0.27 b.d.l. 0.42 b.d.l. 0.07 b.d.l. b.d.l. 0.11 0.09 98.02 

6 C-X/46 31.88 21.09 14.86 13.53 6.20 2.88 2.30 0.83 0.64 0.57 0.34 0.30 0.07 0.16 0.02 0.48 b.d.l. 0.09 0.15 b.d.l. 96.44 

7 C-X/46 33.38 21.65 16.35 11.88 6.53 3.21 2.34 0.93 0.64 0.37 0.37 0.11 b.d.l. 0.20 b.d.l. 0.04 b.d.l. b.d.l. 0.14 b.d.l. 98.16 

8 C-X/46 33.25 21.65 16.52 11.59 5.67 2.68 2.40 0.78 0.73 0.89 0.46 b.d.l. b.d.l. 0.24 b.d.l. 0.06 b.d.l. b.d.l. 0.13 0.13 97.29 

9 C-X/46 32.88 21.49 14.77 11.59 7.38 3.93 2.61 0.99 0.84 0.47 0.43 0.15 b.d.l. 0.21 b.d.l. 0.07 b.d.l. b.d.l. 0.19 b.d.l. 98.05 

10 C-X/46 32.79 20.99 13.54 11.56 9.73 4.32 3.11 1.18 0.94 0.29 0.34 0.28 b.d.l. 0.15 0.04 0.10 0.03 b.d.l. 0.14 b.d.l. 99.58 

11 C-X/46 32.89 20.84 15.03 11.70 7.83 3.69 3.19 1.20 0.83 0.29 0.45 0.22 b.d.l. 0.17 b.d.l. 0.07 b.d.l. b.d.l. b.d.l. 0.18 98.68 

12 C-X/46 32.86 20.15 15.80 11.53 6.95 3.10 2.85 0.87 0.82 0.33 b.d.l. 1.08 b.d.l. 0.13 b.d.l. 0.06 b.d.l. b.d.l. b.d.l. b.d.l. 96.72 

13 G-I/13 31.75 19.35 11.46 11.88 10.73 4.75 4.53 1.34 1.20 0.33 0.88 0.11 0.22 0.26 0.08 0.09 0.04 b.d.l. 0.40 b.d.l. 99.44 

14 G-I/13 31.57 19.39 10.99 11.75 9.67 4.66 4.01 1.27 1.05 0.33 0.54 0.38 0.39 0.24 0.14 0.26 0.10 b.d.l. 0.36 b.d.l. 97.14 

15 G-I/13 31.48 18.72 11.07 11.55 10.00 4.63 3.69 1.25 0.99 0.41 0.34 0.87 0.57 0.14 0.12 0.11 0.17 0.05 0.34 b.d.l. 96.59 

16 G-I/13 32.27 20.48 12.23 11.07 9.19 4.86 3.55 1.24 0.90 0.50 0.60 b.d.l.. 0.12 0.36 0.08 0.14 0.06 b.d.l. 0.42 b.d.l. 98.18 

17 G-I/13 31.94 19.44 11.68 12.28 9.49 5.25 4.43 1.32 1.03 0.29 0.65 0.15 b.d.l. 0.21 0.04 0.11 b.d.l. b.d.l. 0.38 b.d.l. 98.81 

18 G-I/13 32.07 19.92 11.60 12.00 10.42 4.67 4.24 1.29 0.95 0.28 0.63 b.d.l. b.d.l. 0.19 0.10 0.14 0.02 b.d.l. 0.49 b.d.l. 99.18 

19 G-I/13 33.15 20.94 11.77 11.63 8.60 4.31 4.39 1.18 1.04 0.41 0.62 0.12 0.10 0.23 0.05 0.18 0.43 0.17 0.42 b.d.l. 99.73 

20 G-I/13 32.14 20.08 11.96 11.23 9.69 4.54 4.09 1.38 1.17 0.34 0.65 b.d.l. b.d.l. 0.32 0.08 0.08 0.03 b.d.l. 0.43 b.d.l. 98.36 

21 G-I/13 31.83 19.58 11.40 11.77 10.25 4.76 4.48 1.33 1.17 0.34 0.67 0.22 b.d.l. 0.24 0.07 0.08 0.04 b.d.l. 0.43 b.d.l. 98.74 

22 G-I/13 32.03 20.47 11.64 14.36 7.40 3.44 2.81 0.58 0.90 0.90 0.60 b.d.l. 0.10 0.22 0.05 1.26 0.09 0.05 0.33 0.23 97.55 

23 G-I/13 31.79 19.91 11.90 12.62 9.65 4.51 2.46 b.d.l.. 0.78 0.43 0.28 0.14 0.11 0.22 0.06 0.50 0.06 b.d.l. 0.33 0.10 95.86 

24 G-I/13 31.66 19.31 11.16 12.99 11.06 5.47 4.56 1.52 1.24 0.24 0.69 b.d.l. 0.11 0.22 0.08 0.10 0.02 b.d.l. 0.41 b.d.l. 100.92 

25 K-II/3 32.75 21.24 13.57 10.12 8.76 4.88 3.25 0.34 0.88 0.76 0.41 0.49 b.d.l. 0.13 0.03 0.05 b.d.l. b.d.l. 0.21 0.12 98.02 

26 K-II/3 32.51 20.25 12.68 11.08 9.57 4.83 3.35 0.30 0.97 0.74 0.38 0.69 b.d.l. b.d.l. 0.03 0.08 b.d.l. b.d.l. 0.20 b.d.l. 97.84 



27 K-II/3 32.14 20.16 12.37 11.48 9.50 4.24 4.11 0.30 1.10 1.02 0.50 0.15 0.13 0.09 0.04 0.04 b.d.l. b.d.l. 0.28 0.11 97.77 

28 K-II/3 32.24 20.39 12.28 10.93 8.83 4.46 3.98 0.49 1.01 1.25 0.67 0.13 b.d.l. 0.12 0.05 0.04 0.02 b.d.l. 0.40 0.11 97.42 

29 K-II/3 32.46 20.74 12.75 11.21 8.89 4.38 3.72 0.39 1.08 1.18 0.61 0.18 0.07 0.13 0.04 0.05 b.d.l. b.d.l. 0.27 0.13 98.30 

30 K-II/3 32.00 21.33 13.47 11.35 9.13 5.27 3.37 0.28 0.89 0.41 0.44 b.d.l. b.d.l. 0.18 0.02 0.02 b.d.l. b.d.l. 0.14 b.d.l. 98.50 

31 K-II/3 31.88 20.39 12.59 11.30 10.03 4.95 3.58 0.28 1.01 0.67 0.55 0.21 0.07 b.d.l. 0.05 0.03 b.d.l. b.d.l. 0.17 b.d.l. 97.80 

32 K-II/3 32.66 20.73 13.25 11.18 8.40 4.22 3.58 0.37 0.98 1.07 0.58 b.d.l. b.d.l. 0.11 0.02 0.03 0.04 b.d.l. 0.29 b.d.l. 97.72 

33 G-III/17 32.79 20.39 12.18 11.79 9.76 4.50 3.99 1.31 1.16 0.50 0.77 0.27 0.27 0.33 0.06 0.12 0.03 0.37 0.31 b.d.l. 100.90 

34 G-III/17 28.19 15.92 9.48 22.24 8.39 4.47 3.78 1.49 0.93 0.98 0.65 0.47 0.75 b.d.l. 0.10 0.06 0.03 0.59 0.09 0.17 98.87 

35 G-III/17 24.42 14.59 7.60 31.71 6.27 3.18 3.09 1.05 0.59 0.87 0.51 0.20 1.16 0.10 0.12 0.03 0.04 2.18 0.09 0.20 98.01 

36 G-III/17 31.90 20.43 12.20 11.12 9.53 5.13 3.31 1.27 0.91 0.46 0.46 b.d.l. 0.24 0.24 0.06 0.15 b.d.l. b.d.l. 0.30 0.18 97.98 

37 G-III/17 31.64 20.56 12.28 11.48 9.34 5.20 3.46 1.29 1.17 0.45 0.40 0.11 0.23 0.38 0.10 0.10 b.d.l. 0.05 0.30 0.13 98.71 

38 G-III/17 31.10 17.80 9.79 13.52 12.46 6.34 5.03 1.60 1.28 b.d.l. 1.00 0.14 b.d.l. b.d.l. 0.03 b.d.l. 0.02 0.06 0.13 b.d.l. 100.35 

39 G-III/17 30.07 19.24 11.80 12.27 9.68 4.60 4.14 1.38 1.02 0.23 0.61 b.d.l. b.d.l. 0.12 0.03 0.05 b.d.l. 0.10 0.27 b.d.l. 95.65 

40 G-III/17 29.25 18.94 11.99 11.79 9.93 4.67 4.19 1.38 0.92 0.24 0.73 b.d.l. b.d.l. b.d.l. 0.03 0.05 b.d.l. 1.55 0.14 b.d.l. 95.89 

avr. det. lim. 0.06 0.04 0.03 0.07 0.19 0.21 0.29 0.16 0.26 0.09 0.27 0.11 0.07 0.08 0.02 0.01 0.02 0.05 0.08 0.09 - 

SiO2 Al2O3 CaO Fe2O3 Ce2O3 La2O3 Nd2O3 Gd2O3 Pr2O3 Y2O3 Sm2O3 TiO2 ThO2 SrO Na2O MgO K2O SO3 MnO Dy2O3 Total 

minimum 24.42 14.59 7.60 10.12 4.46 2.50 1.41 b.d.l. 0.42 b.d.l. 0.17 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. 95.65 

maximum 34.58 21.90 18.00 31.71 12.46 6.34 5.03 1.60 1.28 1.25 1.00 1.08 1.16 0.42 0.14 1.26 0.43 2.18 0.49 0.23 100.92 

arithmetic mean 32.04 20.14 12.95 12.61 8.60 4.23 3.44 0.95 0.93 0.53 0.52 0.23 0.13 0.19 0.05 0.14 0.04 0.14 0.24 0.06 98.16 

median 32.14 20.41 12.28 11.73 9.16 4.49 3.50 1.02 0.94 0.45 0.53 0.14 0.04 0.18 0.04 0.07 0.01 0.02 0.24 0.04 98.05 

standard deviation 1.70 1.44 2.19 3.55 1.75 0.90 0.81 0.43 0.19 0.29 0.17 0.23 0.23 0.09 0.04 0.21 0.07 0.41 0.13 0.07 1.21 



B – Atoms per formula unit (apfu) calculations in allanite-(Ce). [the formulae were calculated to 12.5 oxygen and 8 cations] 
WDS 
point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 

Sample 
point 

C-
X/46 

C-
X/46 

C-
X/46 

C-
X/46 

C-
X/46 

C-
X/46 

C-
X/46 

C-
X/46 

C-
X/46 

C-
X/46 

C-
X/46 

C-
X/46 

G-
I/13 

G-
I/13 

G-
I/13 

G-
I/13 

G-
I/13 

G-
I/13 

G-
I/13 

G-
I/13 

G-
I/13 

G-
I/13 

G-
I/13 

G-
I/13 

K-
II/3 

K-
II/3 

K-
II/3 

K-
II/3 

K-
II/3 

K-
II/3 

K-
II/3 

K-
II/3 

G-
III/17 

G-
III/17 

G-
III/17 

G-
III/17 

G-
III/17 

G-
III/17 

G-
III/17 

G-
III/17

Si 3.53 3.53 3.50 3.48 3.54 3.37 3.48 3.49 3.48 3.48 3.49 3.50 3.47 3.49 3.51 3.51 3.48 3.48 3.53 3.51 3.48 3.38 3.47 3.42 3.53 3.52 3.50 3.52 3.50 3.44 3.48 3.52 3.50 3.02 2.57 3.49 3.44 3.43 3.39 3.36 

Ti 0.01 0.05 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.09 0.01 0.03 0.07 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.04 0.06 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.04 0.02 0.01 0.01 0.01 0.00 0.00 

Al 1.99 1.92 1.98 1.99 1.93 1.97 2.00 2.01 2.01 1.97 1.95 1.90 1.87 1.90 1.85 1.97 1.87 1.91 1.97 1.94 1.89 1.91 1.92 1.84 2.02 1.94 1.94 1.97 1.98 2.03 1.96 1.97 1.92 1.51 1.36 1.98 1.98 1.74 1.92 1.92 

Fe2+ 0.68 0.71 0.71 0.76 0.72 0.81 0.70 0.69 0.69 0.69 0.70 0.69 0.73 0.73 0.73 0.68 0.75 0.73 0.70 0.69 0.73 0.86 0.78 0.79 0.62 0.68 0.71 0.67 0.68 0.69 0.69 0.68 0.71 1.35 1.88 0.69 0.71 0.84 0.78 0.76 

Fe3+ 0.45 0.47 0.47 0.51 0.48 0.53 0.46 0.45 0.45 0.45 0.46 0.45 0.46 0.46 0.45 0.43 0.48 0.47 0.46 0.44 0.46 0.56 0.49 0.51 0.40 0.43 0.45 0.43 0.44 0.44 0.44 0.44 0.46 0.87 1.24 0.44 0.45 0.53 0.48 0.46 

Mg 0.00 0.00 0.00 0.03 0.01 0.04 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.10 0.04 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 

Ca 0.88 0.96 0.92 0.80 0.99 0.84 0.91 0.93 0.84 0.77 0.85 0.90 0.67 0.65 0.66 0.71 0.68 0.67 0.67 0.70 0.67 0.66 0.69 0.65 0.78 0.74 0.72 0.72 0.74 0.78 0.73 0.76 0.70 0.54 0.43 0.71 0.72 0.58 0.71 0.74 

La 0.08 0.07 0.08 0.08 0.09 0.08 0.09 0.08 0.12 0.13 0.11 0.09 0.14 0.14 0.14 0.15 0.16 0.14 0.13 0.14 0.14 0.10 0.14 0.16 0.15 0.14 0.13 0.13 0.13 0.16 0.15 0.13 0.13 0.13 0.09 0.16 0.16 0.19 0.14 0.15 

Ce 0.19 0.14 0.18 0.19 0.13 0.18 0.19 0.16 0.21 0.28 0.23 0.20 0.32 0.29 0.31 0.27 0.28 0.31 0.25 0.29 0.31 0.21 0.29 0.33 0.26 0.28 0.28 0.26 0.26 0.27 0.30 0.25 0.29 0.25 0.18 0.29 0.28 0.38 0.30 0.31 

Pr 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.02 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.04 0.03 0.03 

Nd 0.08 0.06 0.07 0.07 0.04 0.07 0.07 0.07 0.07 0.09 0.09 0.08 0.13 0.12 0.11 0.10 0.13 0.12 0.13 0.12 0.13 0.08 0.07 0.13 0.09 0.10 0.12 0.12 0.11 0.10 0.10 0.10 0.11 0.11 0.09 0.10 0.10 0.15 0.12 0.13 

Sm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.03 0.02 0.02 

Gd 0.03 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.04 0.03 0.03 0.03 0.04 0.03 0.03 0.04 0.04 0.02 0.00 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.04 0.03 0.03 0.03 0.04 0.04 0.04 

Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.01 0.01 0.00 0.00 0.00 

Mn 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 

Sr 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 

Y 0.03 0.02 0.02 0.01 0.02 0.02 0.02 0.04 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.04 0.02 0.01 0.03 0.03 0.04 0.05 0.05 0.02 0.03 0.05 0.02 0.04 0.04 0.02 0.02 0.00 0.01 0.01 

Total 8.00 8.00 8.00 8.01 8.01 7.99 8.00 8.00 7.99 7.99 7.99 7.99 7.98 7.97 7.97 7.98 7.98 7.98 7.99 7.98 7.98 7.99 7.97 7.98 7.99 7.98 7.98 7.98 7.98 7.99 7.98 7.98 7.99 7.97 7.99 7.98 7.98 7.97 7.96 7.95 

REE+Th 0.41 0.32 0.39 0.41 0.28 0.38 0.40 0.36 0.47 0.57 0.49 0.43 0.70 0.65 0.65 0.60 0.66 0.66 0.59 0.64 0.67 0.46 0.53 0.72 0.55 0.58 0.59 0.58 0.56 0.57 0.61 0.53 0.63 0.59 0.45 0.62 0.62 0.83 0.66 0.68 

C – Full monazite-(Ce) WDS results. [wt.%; b.d.l. – below detection limit] 
WDS 
point Sample point Ce2O3 P2O5 La2O3 Nd2O3 ThO2 Pr2O3 CaO PbO2 Sm2O3 Y2O3 Gd2O3 Fe2O3 Dy2O3 Eu2O3 UO2 SrO SiO2 Al2O3 SO3 K2O As2O3 Total

1 St. Leopold 
mine 28.03 29.69 13.09 10.93 b.d.l. 3.08 3.74 0.84 2.10 2.81 1.62 0.71 0.80 0.49 0.13 0.13 0.07 0.05 0.16 0.07 b.d.l. 98.55 

2 St. Leopold 
mine 27.13 30.14 12.78 10.88 b.d.l. 2.77 4.11 3.85 1.97 2.09 1.39 0.67 0.63 0.47 0.18 0.12 0.09 0.24 0.53 0.04 0.09 100.17 

3 St. Leopold 
mine 29.18 30.08 13.53 11.76 b.d.l. 3.13 3.58 0.48 1.88 2.37 1.39 0.51 0.75 0.60 0.14 0.10 0.27 0.09 0.23 0.09 b.d.l. 100.19 

4 St. Leopold 
mine 28.80 29.36 12.49 11.58 0.08 2.99 3.67 2.25 2.06 1.66 1.24 0.45 0.51 0.35 0.29 0.08 0.18 0.10 0.31 0.02 0.04 98.53 



5 St. Leopold 
mine 25.96 30.40 10.12 11.76 2.43 2.92 3.80 b.d.l. 2.35 2.14 1.40 0.81 0.72 0.55 0.57 0.08 0.13 0.04 0.14 0.08 b.d.l. 96.41 

6 St. Leopold 
mine 20.44 28.96 8.59 8.26 16.36 2.10 5.18 b.d.l. 1.43 1.40 0.94 1.11 0.41 0.27 0.36 0.15 0.48 0.14 0.14 0.11 b.d.l. 96.85 

7 St. Leopold 
mine 27.67 30.54 12.71 10.57 b.d.l. 2.53 4.09 2.72 1.70 2.12 1.48 0.59 0.56 0.34 0.34 0.11 0.12 0.14 0.29 0.05 0.12 98.84 

8 St. Leopold 
mine 27.98 30.01 13.94 10.95 b.d.l. 2.59 3.89 2.13 1.66 1.92 1.24 0.47 0.51 0.36 0.26 0.10 0.16 0.08 0.26 0.03 b.d.l. 98.55 

9 St. Leopold 
mine 28.38 30.14 13.64 11.58 b.d.l. 2.76 3.67 1.00 1.74 2.14 1.41 0.66 0.63 0.30 0.14 0.08 0.18 0.07 0.20 0.06 b.d.l. 98.77 

10 St. Leopold 
mine 28.35 30.54 14.06 10.68 b.d.l. 2.66 4.23 2.11 1.66 1.79 1.22 1.00 0.44 0.38 0.16 0.10 0.20 0.08 0.33 0.12 b.d.l. 100.12 

11 St. Leopold 
mine 28.01 31.23 14.30 10.42 b.d.l. 2.90 4.38 1.01 1.60 2.07 1.43 1.13 0.52 0.34 0.23 0.11 0.12 0.02 0.11 0.07 b.d.l. 99.99 

12 St. Leopold 
mine 28.58 28.99 10.90 11.53 b.d.l. 2.96 4.09 2.98 2.09 1.22 1.14 1.68 0.50 0.42 0.81 0.09 0.49 0.28 0.61 0.07 0.07 99.50 

13 St. Leopold 
mine 25.36 30.46 11.19 9.36 5.22 2.43 3.95 5.01 1.66 1.37 1.00 0.88 0.50 0.34 0.40 0.17 0.21 0.29 0.82 0.11 0.19 100.91 

14 St. Leopold 
mine 25.79 28.67 11.16 9.80 b.d.l. 2.75 3.55 6.60 1.76 1.70 1.05 1.76 0.59 0.33 0.60 0.14 0.43 0.57 0.94 0.06 0.34 98.66 

15 St. Leopold 
mine 24.02 30.10 10.55 8.75 7.63 2.32 4.22 4.99 1.42 1.10 0.84 0.46 0.37 0.32 0.29 0.16 0.27 0.33 0.84 0.19 0.13 99.31 

16 St. Leopold 
mine 26.82 28.00 12.19 10.11 0.50 2.54 3.57 5.48 1.76 2.20 1.18 0.42 0.70 0.41 0.04 0.13 0.91 0.68 0.94 0.20 0.17 98.97 

17 G-VI/22 25.32 26.31 12.75 9.94 12.88 2.56 1.52 0.26 1.86 0.18 0.87 1.45 0.11 0.32 0.24 b.d.l. 1.63 0.03 0.98 b.d.l. b.d.l. 99.28 

18 G-VI/22 26.45 27.61 13.40 10.32 10.54 2.71 1.50 0.19 1.89 0.28 1.02 0.54 0.11 0.26 0.28 b.d.l. 1.02 b.d.l. 0.03 0.02 b.d.l. 98.22 

19 G-VI/22 27.25 28.29 14.11 10.14 10.70 2.80 1.51 0.15 1.84 b.d.l. 0.53 0.18 b.d.l. 0.27 0.29 0.05 1.01 b.d.l. 0.04 0.04 b.d.l. 99.22 

20 G-VI/22 28.22 28.82 14.66 10.91 8.83 2.83 1.35 0.13 1.65 b.d.l. 0.72 0.20 b.d.l. b.d.l. 0.26 b.d.l. 0.70 0.03 b.d.l. 0.04 b.d.l. 99.47 

21 G-VI/22 27.29 28.59 14.48 10.23 10.10 2.80 1.49 0.16 1.67 b.d.l. 0.64 0.29 b.d.l. 0.22 0.24 0.07 0.90 0.05 b.d.l. 0.03 b.d.l. 99.33 

22 G-VI/22 29.43 29.43 15.49 10.43 7.16 2.90 1.19 0.08 1.56 0.12 0.78 0.36 b.d.l. b.d.l. 0.33 b.d.l. 0.59 b.d.l. b.d.l. 0.04 0.03 100.10 

23 G-VI/22 30.56 29.97 16.31 10.60 5.00 2.97 0.91 0.09 1.71 0.10 0.80 0.57 b.d.l. b.d.l. 0.38 0.05 0.42 0.05 b.d.l. 0.06 b.d.l. 100.75 

avr. det. lim. 0.17 0.02 0.16 0.24 0.07 0.21 0.02 0.05 0.22 0.05 0.18 0.06 0.11 0.21 0.04 0.05 0.02 0.02 0.03 0.02 0.02 - 

Ce2O3 P2O5 La2O3 Nd2O3 ThO2 Pr2O3 CaO PbO2 Sm2O3 Y2O3 Gd2O3 Fe2O3 Dy2O3 Eu2O3 UO2 SrO SiO2 Al2O3 SO3 K2O As2O3 Total 
minimum 20.44 26.31 8.59 8.26 0.00 2.10 0.91 b.d.l. 1.42 b.d.l. 0.53 0.18 b.d.l. b.d.l. 0.04 b.d.l. 0.07 b.d.l. b.d.l. b.d.l. b.d.l. 96.41 

maximum 30.56 31.23 16.31 11.76 16.36 3.13 5.18 6.60 2.35 2.81 1.62 1.76 0.80 0.60 0.81 0.17 1.63 0.68 0.98 0.20 0.34 100.91 

arithmetic mean 27.17 29.41 12.89 10.50 4.24 2.74 3.18 1.85 1.78 1.34 1.10 0.74 0.41 0.34 0.30 0.09 0.46 0.15 0.35 0.07 0.05 99.16 

median 27.67 29.69 13.09 10.57 0.50 2.77 3.67 1.00 1.74 1.66 1.14 0.59 0.50 0.34 0.28 0.10 0.27 0.08 0.23 0.06 0.00 99.28 

standard deviation 2.06 1.12 1.79 0.88 5.08 0.24 1.26 2.01 0.22 0.90 0.29 0.43 0.26 0.12 0.17 0.04 0.39 0.17 0.33 0.05 0.09 1.06 



D – Atoms per formula unit (apfu) calculations in monazite-(Ce). [the formulae were calculated to 4 oxygen and 2 cations] 
WDS 
point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

Sample 
point 

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine

St. 
Leopold 

mine
G-VI/22 G-VI/23 G-VI/24 G-VI/25 G-VI/26 G-VI/27 G-VI/28 

Ce 0.30 0.28 0.31 0.31 0.28 0.22 0.29 0.30 0.30 0.29 0.29 0.30 0.26 0.27 0.25 0.28 0.28 0.30 0.30 0.31 0.30 0.32 0.33 

P 1.22 1.21 1.21 1.21 1.25 1.21 1.23 1.22 1.22 1.22 1.24 1.17 1.21 1.16 1.21 1.14 1.12 1.19 1.20 1.22 1.21 1.23 1.24 

La 0.14 0.13 0.14 0.13 0.11 0.09 0.13 0.15 0.14 0.15 0.15 0.12 0.12 0.12 0.11 0.13 0.14 0.15 0.16 0.16 0.16 0.17 0.18 

Nd 0.11 0.11 0.12 0.12 0.12 0.09 0.11 0.11 0.12 0.11 0.10 0.12 0.09 0.10 0.09 0.10 0.11 0.11 0.11 0.12 0.11 0.11 0.11 

Th 0.00 0.00 0.00 0.00 0.02 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.07 0.00 0.12 0.10 0.10 0.08 0.09 0.06 0.04 

Pr 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Ca 0.08 0.08 0.07 0.08 0.08 0.11 0.08 0.08 0.08 0.09 0.09 0.08 0.08 0.07 0.09 0.07 0.03 0.03 0.03 0.03 0.03 0.03 0.02 

Pb 0.01 0.04 0.00 0.02 0.00 0.00 0.03 0.02 0.01 0.02 0.01 0.03 0.05 0.06 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sm 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Y 0.04 0.03 0.04 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Gd 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Fe3+ 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.04 0.02 0.04 0.01 0.01 0.03 0.01 0.00 0.00 0.01 0.01 0.01 

Dy 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Eu 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Si 0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.01 0.01 0.01 0.00 0.02 0.01 0.02 0.01 0.04 0.07 0.04 0.04 0.03 0.04 0.02 0.02 

Al 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.03 0.03 0.04 0.04 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

REE+Y 0.67 0.62 0.67 0.65 0.61 0.47 0.62 0.64 0.65 0.63 0.63 0.61 0.54 0.57 0.51 0.61 0.58 0.62 0.61 0.63 0.62 0.65 0.66 



E – Full xenotime-(Y) WDS results. [wt.%; b.d.l. – below detection limit]

WDS 
point 

Sample 
point Y2O3 P2O5 Dy2O3 Er2O3 Gd2O3 Yb2O3 Ho2O3 FeO Fe2O3 UO2 Tb2O3 Lu2O3 Sm2O3 Tm2O3 Eu2O3 Nd2O3 PbO SiO2 CaO ThO2 Total 

1 K-II/3 45.51 35.15 5.89 4.18 1.14 3.28 1.36 0.70 0.78 0.91 0.41 0.48 b.d.l. 0.25 0.18 b.d.l. 0.04 0.30 b.d.l. b.d.l. 99.97 

2 K-II/3 44.84 34.59 5.29 4.20 1.03 3.49 1.30 0.78 0.87 1.95 0.34 0.60 0.09 0.39 0.20 b.d.l. 0.09 0.68 0.02 b.d.l. 100.07 

3 K-II/3 38.37 34.12 9.60 2.93 5.83 1.78 1.43 1.15 1.28 0.76 1.29 0.67 1.06 0.30 0.83 0.37 0.03 0.25 0.03 0.02 100.99 

4 K-II/3 38.32 34.44 9.90 2.98 5.60 1.73 1.32 1.00 1.11 0.79 1.34 0.52 1.03 0.26 0.82 0.63 0.05 0.24 b.d.l. 0.01 101.14 

5 K-II/3 36.43 33.31 7.57 3.44 5.30 2.89 1.26 1.23 1.37 0.96 1.02 0.70 1.11 0.27 0.54 0.24 0.05 0.39 0.04 0.01 96.97 

6 K-II/3 36.82 34.02 7.79 3.43 6.28 2.96 1.24 1.30 1.45 0.78 1.10 0.58 1.48 0.26 0.63 0.26 0.04 0.28 0.04 0.01 99.50 

7 K-II/3 41.71 35.05 7.52 4.03 2.88 3.51 1.38 1.07 1.19 0.50 0.81 0.71 0.27 0.30 0.26 b.d.l. 0.02 0.27 b.d.l. b.d.l. 100.51 

8 K-II/3 39.25 34.69 7.05 3.87 5.07 3.09 1.31 1.43 1.58 0.43 0.94 0.71 0.70 0.32 0.34 b.d.l. 0.02 0.33 b.d.l. 0.02 99.90 

9 K-II/3 41.41 34.30 6.74 3.96 2.27 3.29 1.16 1.19 1.32 2.12 0.67 0.76 0.18 0.27 0.15 b.d.l. 0.10 0.64 0.02 0.01 99.38 

10 K-II/3 41.66 34.99 7.04 3.89 2.60 3.20 1.35 1.41 1.57 0.65 0.72 0.79 0.20 0.32 0.18 b.d.l. 0.02 0.27 0.02 b.d.l. 99.59 

11 K-II/3 41.94 34.86 7.07 3.88 2.40 3.46 1.33 1.22 1.36 0.79 0.72 0.71 0.15 0.29 0.16 b.d.l. 0.04 0.39 0.03 b.d.l. 99.59 

12 K-II/3 42.68 35.02 6.70 4.13 1.89 3.49 1.33 0.99 1.10 1.05 0.64 0.66 0.14 0.39 0.13 b.d.l. 0.05 0.31 0.02 b.d.l. 99.83 

13 K-II/3 41.83 34.59 6.97 3.85 2.37 3.37 1.18 1.27 1.41 1.14 0.74 0.73 0.16 0.31 0.17 b.d.l. 0.05 0.43 0.02 b.d.l. 99.50 

14 K-II/3 39.51 34.21 6.59 4.41 3.55 3.22 1.38 1.72 1.91 0.70 0.64 0.59 0.84 0.45 0.57 0.31 0.03 0.26 0.04 0.01 99.26 

15 K-II/3 43.14 34.34 6.81 3.88 2.33 3.29 1.39 1.56 1.73 0.86 0.71 0.64 0.16 0.41 0.16 b.d.l. 0.04 0.29 b.d.l. b.d.l. 100.27 

16 K-II/3 43.11 34.01 6.73 4.01 2.01 3.47 1.30 1.35 1.50 1.09 0.61 0.63 0.14 0.35 0.12 b.d.l. 0.06 0.37 b.d.l. b.d.l. 99.58 

17 K-II/3 42.33 33.63 6.61 3.95 1.99 3.43 1.14 1.46 1.63 1.59 0.61 0.70 0.16 0.32 0.13 b.d.l. 0.06 0.55 0.02 0.01 98.92 

18 K-II/3 41.76 33.91 7.25 3.76 3.14 3.11 1.28 1.31 1.46 1.01 0.84 0.82 0.26 0.37 0.20 b.d.l. 0.04 0.32 0.02 0.01 99.73 

avr. det. lim. 0.06 0.02 0.12 0.11 0.09 0.12 0.23 0.06 0.06 0.02 0.09 0.28 0.08 0.13 0.07 0.15 0.01 0.03 0.02 0.01 -

Y2O3 P2O5 Dy2O3 Er2O3 Gd2O3 Yb2O3 Ho2O3 FeO Fe2O3 UO2 Tb2O3 Lu2O3 Sm2O3 Tm2O3 Eu2O3 Nd2O3 PbO SiO2 CaO ThO2 Total 

minimum 36.43 33.31 5.29 2.93 1.03 1.73 1.14 0.70 0.78 0.43 0.34 0.48 b.d.l. 0.25 0.12 b.d.l. 0.02 0.24 b.d.l. b.d.l. 96.97 

maximum 45.51 35.15 9.90 4.41 6.28 3.51 1.43 1.72 1.91 2.12 1.34 0.82 1.48 0.45 0.83 0.63 0.10 0.68 0.04 0.02 101.14 

arithmetic mean 41.15 34.40 7.17 3.82 3.20 3.11 1.30 1.23 1.37 1.00 0.79 0.67 0.46 0.32 0.32 0.14 0.05 0.37 0.02 0.01 99.70 

median 41.74 34.39 7.01 3.89 2.50 3.28 1.32 1.25 1.39 0.88 0.72 0.68 0.19 0.31 0.19 0.08 0.04 0.32 0.02 0.01 99.66 

standard deviation 2.46 0.50 1.07 0.38 1.62 0.51 0.08 0.25 0.28 0.44 0.26 0.09 0.43 0.06 0.24 0.16 0.02 0.13 0.01 0.01 0.87 



F – Atoms per formula unit (apfu) calculations in xenotime-(Y). 
 [the formulae were calculated to 4 oxygen and 2 cations] 

WDS point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Sample Point K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 K-II/3 

Y 0.81 0.79 0.66 0.67 0.61 0.63 0.73 0.68 0.72 0.73 0.74 0.75 0.73 0.68 0.76 0.75 0.73 0.72 

P 0.99 0.98 0.98 0.99 0.99 0.99 0.99 0.99 0.98 1.00 0.99 0.99 0.99 0.99 0.98 0.98 0.97 0.98 

Dy 0.06 0.06 0.11 0.11 0.09 0.09 0.08 0.08 0.07 0.08 0.08 0.07 0.08 0.07 0.07 0.07 0.07 0.08 

Er 0.04 0.04 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.04 

Gd 0.01 0.01 0.07 0.06 0.06 0.07 0.03 0.06 0.03 0.03 0.03 0.02 0.03 0.04 0.03 0.02 0.02 0.04 

Yb 0.03 0.04 0.02 0.02 0.03 0.03 0.04 0.03 0.03 0.03 0.04 0.04 0.03 0.03 0.03 0.04 0.04 0.03 

Ho 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Fe3+ 0.02 0.02 0.03 0.03 0.04 0.04 0.03 0.04 0.03 0.04 0.03 0.03 0.04 0.05 0.04 0.04 0.04 0.04 

U 0.01 0.03 0.01 0.01 0.02 0.01 0.01 0.01 0.03 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.02 

Tb 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Lu 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Sm 0.00 0.00 0.01 0.01 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 

Tm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Eu 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 

Nd 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Si 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 2.02 2.02 1.99 1.99 1.95 1.97 2.01 1.99 2.00 2.00 2.00 2.01 2.00 1.99 2.01 2.00 2.00 2.00 

REE 0.18 0.18 0.29 0.29 0.28 0.29 0.23 0.26 0.21 0.22 0.22 0.21 0.21 0.25 0.21 0.21 0.21 0.23 

G – Full REE fluorocarbonates WDS results. [wt.%; b.d.l. – below detection limit] 

WDS 
point

Sample 
point Ce2O3 La2O3 CaO F Nd2O3 Pr2O3 Y2O3 ThO2 Gd2O3 Sm2O3 FeO Fe2O3 SiO2 Al2O3 Dy2O3 SO3 P2O5 K2O SrO Na2O MgO Total 

1 C-X/46 27.70 14.47 7.00 7.68 10.89 2.94 3.10 - 2.23 1.97 0.87 0.97 0.29 0.38 0.76 1.30 0.20 0.06 0.31 0.10 b.d.l. 82.35 

2 C-X/46 27.84 14.50 7.23 8.00 10.61 3.00 3.09 - 1.91 1.97 1.10 1.22 0.49 0.31 0.75 1.31 0.18 0.08 0.35 0.11 b.d.l. 82.91 

3 C-X/46 26.27 12.97 5.95 7.65 9.36 2.66 2.39 - 1.48 1.63 3.62 4.02 1.86 1.66 0.47 2.06 0.16 0.21 0.38 0.19 0.13 81.29 

4 C-X/46 27.88 14.17 6.49 6.24 11.51 3.19 2.53 - 4.67 2.01 1.05 1.17 1.09 0.11 0.48 1.32 0.13 b.d.l. 0.20 b.d.l. b.d.l. 83.14 



5 C-X/46 25.67 12.24 7.58 6.26 9.61 2.69 2.28 - 1.62 1.87 4.04 4.49 2.08 1.96 0.50 1.10 0.12 0.08 0.23 b.d.l. 0.49 80.44 

6 C-X/46 21.29 10.48 8.76 5.03 8.14 2.28 1.99 - 0.93 1.41 5.68 6.31 6.66 4.69 0.45 0.89 0.15 0.07 0.22 b.d.l. 0.92 80.24 

7 C-X/46 28.30 13.50 6.53 6.01 11.24 2.98 3.03 - 4.45 1.98 0.50 0.56 0.41 b.d.l. 0.54 1.35 0.10 b.d.l. 0.28 b.d.l. b.d.l. 81.35 

8 C-X/46 27.17 14.05 7.02 8.13 10.03 3.00 3.65 - 1.93 1.83 1.28 1.42 0.56 0.35 0.82 0.96 0.14 0.04 0.26 b.d.l. 0.08 81.36 

9 C-X/46 27.31 13.84 6.64 5.82 10.10 2.93 4.13 - 1.73 1.94 1.81 2.01 0.79 0.59 0.78 1.23 0.14 0.04 0.26 b.d.l. 0.06 80.23 

10 C-X/46 22.37 11.55 7.35 7.39 8.45 2.50 2.99 - 1.64 1.67 5.96 6.63 5.94 3.81 0.64 1.18 0.14 0.04 0.29 0.11 0.47 84.53 

11 G-I/13 25.82 13.06 7.31 5.36 10.14 2.79 4.66 3.92 1.59 1.65 b.d.l. b.d.l. 2.76 0.93 0.61 0.39 0.11 0.06 0.24 0.34 b.d.l. 81.96 

12 G-I/13 27.63 13.59 7.15 6.55 10.56 2.85 3.93 5.03 1.38 1.66 0.14 0.15 10.85 3.95 0.64 0.74 0.14 0.10 0.23 1.09 b.d.l. 98.30 

13 G-I/13 29.32 15.14 6.22 6.06 13.50 3.36 2.13 2.29 2.01 2.19 0.53 0.59 0.11 0.08 0.21 0.58 b.d.l. 0.08 0.17 b.d.l. b.d.l. 84.26 

14 G-I/13 28.80 16.04 5.46 5.57 12.56 3.28 2.26 3.21 2.13 2.04 0.21 0.23 0.16 0.08 0.26 0.51 0.12 0.15 0.20 b.d.l. b.d.l. 83.22 

15 K-II/3 26.64 19.57 4.08 6.87 13.04 2.80 1.05 1.31 1.82 1.93 0.36 0.40 0.33 0.15 b.d.l. 0.37 b.d.l. 0.14 0.19 b.d.l. b.d.l. 80.83 

16 K-II/3 30.83 15.85 4.76 6.78 14.06 3.27 2.06 1.71 2.33 2.50 0.47 0.52 0.35 b.d.l. b.d.l. 0.45 b.d.l. 0.09 0.23 b.d.l. b.d.l. 86.04 

17 K-II/3 30.36 15.37 4.74 6.99 13.75 3.37 2.53 2.37 2.28 2.39 0.31 0.35 0.22 b.d.l. 0.29 0.60 0.12 0.09 0.16 b.d.l. b.d.l. 86.17 

18 K-II/3 29.94 17.32 4.21 7.45 14.00 3.30 1.59 1.87 1.88 2.20 0.50 0.55 0.31 0.12 b.d.l. 0.57 b.d.l. 0.10 0.16 b.d.l. b.d.l. 85.64 

19 K-II/3 28.62 14.20 5.03 6.62 13.48 3.16 2.73 1.85 2.14 2.33 0.29 0.32 0.67 0.09 b.d.l. 0.57 0.10 0.08 0.19 b.d.l. b.d.l. 82.59 

20 K-II/3 28.00 14.75 3.79 7.53 12.24 3.16 1.67 2.07 1.56 1.91 0.50 0.56 5.17 2.95 b.d.l. 0.55 0.06 0.21 0.15 b.d.l. 0.11 86.69 

21 K-II/3 29.63 20.54 5.72 4.51 15.17 3.29 0.68 0.17 1.49 1.74 0.26 0.29 1.93 0.08 b.d.l. 0.06 b.d.l. 0.08 b.d.l. b.d.l. b.d.l. 85.66 

22 K-II/3 23.33 11.09 5.96 9.13 9.90 2.54 2.32 3.20 4.06 1.65 2.76 3.07 2.03 0.94 0.39 0.49 0.13 0.30 0.19 0.05 0.15 80.85 

23 K-II/3 30.21 15.26 4.56 5.87 13.64 3.33 2.35 1.08 2.15 2.31 0.22 0.24 0.39 0.16 0.24 0.93 b.d.l. 0.11 0.16 b.d.l. b.d.l. 83.08 

24 K-II/3 30.45 14.69 5.03 7.66 13.10 3.60 2.45 1.94 2.27 2.37 0.22 0.24 0.12 0.08 0.33 1.49 0.10 0.16 0.16 b.d.l. b.d.l. 86.39 

25 K-II/3 29.66 16.04 5.28 7.68 12.29 3.30 2.39 1.50 2.03 2.03 0.28 0.31 0.25 0.12 0.35 1.50 b.d.l. 0.15 0.18 b.d.l. b.d.l. 85.21 

26 K-II/3 26.73 12.00 7.62 6.38 11.54 3.10 3.35 - 2.89 2.80 0.85 0.95 0.36 0.11 1.00 0.91 0.21 b.d.l. b.d.l. b.d.l. b.d.l. 80.00 

27 G-III/17 26.76 13.78 5.57 6.44 10.79 2.80 3.25 2.38 1.88 1.70 1.16 1.29 2.59 1.57 0.73 1.18 0.08 0.19 0.15 0.16 0.03 83.60 

28 G-III/17 26.51 14.20 8.28 7.97 11.30 2.82 3.58 3.28 2.04 1.89 1.42 1.57 2.33 1.77 0.79 0.26 0.08 0.08 0.13 b.d.l. 0.06 89.02 

29 G-III/17 22.01 11.25 8.99 5.10 9.50 2.61 3.34 2.04 1.70 1.46 1.87 2.07 7.19 4.94 0.64 0.38 b.d.l. 0.15 0.20 0.14 0.05 84.33 

30 G-I/13 24.23 12.27 9.39 7.13 10.46 2.65 3.66 2.79 4.32 1.96 0.96 1.06 1.16 0.70 0.74 0.40 0.06 0.13 0.16 b.d.l. b.d.l. 83.43 

31 G-I/13 26.78 13.80 9.56 9.32 12.50 3.00 4.18 2.89 2.41 2.16 1.45 1.61 0.93 0.44 0.94 0.26 0.06 0.12 0.17 b.d.l. 0.03 91.22 

32 G-I/13 27.18 13.37 10.97 8.79 11.88 2.85 3.30 3.17 2.17 2.00 0.98 1.09 1.78 0.82 0.88 0.45 b.d.l. 0.12 0.15 0.07 0.11 91.26 

avr. det. lim. 0.23 0.24 0.03 0.09 0.38 0.28 0.11 0.07 0.11 0.29 0.12 0.14 0.07 0.06 0.19 0.06 0.06 0.03 0.11 0.04 0.03 - 



Ce2O3 La2O3 CaO F Nd2O3 Pr2O3 Y2O3 ThO2 Gd2O3 Sm2O3 FeO Fe2O3 SiO2 Al2O3 Dy2O3 SO3 P2O5 K2O SrO Na2O MgO TiO2 Total

minimum 21.29 10.48 3.79 4.51 8.14 2.28 0.68 0.17 0.93 1.41 0.03 0.03 0.11 0.03 0.00 0.06 0.02 0.02 0.06 0.00 0.00 0.00 71.79 

maximum 30.83 20.54 10.97 9.32 15.17 3.60 4.66 5.03 4.67 2.80 5.96 6.63 10.85 4.94 1.00 2.06 0.21 0.30 0.38 1.09 0.92 0.27 86.65 
arithmetic 

mean 27.23 14.22 6.57 6.87 11.54 2.98 2.77 2.38 2.22 1.97 1.30 1.45 1.94 1.06 0.49 0.82 0.10 0.10 0.20 0.08 0.08 0.06 77.16 

median 27.47 14.11 6.51 6.82 11.41 2.99 2.63 2.29 2.02 1.96 0.86 0.96 0.86 0.37 0.49 0.67 0.10 0.09 0.19 0.01 0.00 0.04 77.09 
standard 
deviation 2.44 2.16 1.72 1.16 1.74 0.30 0.89 1.04 0.89 0.30 1.50 1.67 2.50 1.43 0.28 0.46 0.05 0.06 0.07 0.20 0.19 0.07 3.17 

H – Full plumbogummite WDS results. [wt.%; b.d.l. – below detection limit]

WDS point Sample 
point PbO Al2O3 P2O5 FeO Fe2O3 SiO2 Ce2O3 CaO La2O3 Nd2O3 ThO2 SO3 Y2O3 SrO Dy2O3 K2O Pr2O3 Total 

1 St. Johannes 
mine 32.36 26.00 22.02 3.66 4.06 5.18 1.85 2.15 1.02 0.72 0.41 0.44 0.13 0.17 0.12 0.05 b.d.l. 96.75 

2 St. Johannes 
mine 29.39 25.83 19.99 3.27 3.63 7.85 3.01 2.70 1.67 1.16 0.24 0.58 0.14 0.16 b.d.l. 0.07 0.26 96.76 

avr. det. lim. - 0.05 0.02 0.02 0.05 0.02 0.13 0.02 0.14 0.20 0.07 0.03 0.04 0.04 0.10 0.02 0.19 - 

 minimum 29.39 25.83 19.99 3.27 3.63 5.18 1.85 2.15 1.02 0.72 0.24 0.44 0.13 0.16 0.08 0.05 0.07 96.75 

 maximum 32.36 26.00 22.02 3.66 4.06 7.85 3.01 2.70 1.67 1.16 0.41 0.58 0.14 0.17 0.12 0.07 0.26 96.76 
arithmetic 

mean 30.87 25.92 21.00 3.46 3.85 6.51 2.43 2.43 1.34 0.94 0.32 0.51 0.14 0.16 0.10 0.06 0.17 96.75

I – ICP-MS results of the whole-rock samples 

Area Sample Depth 
ICP-MS (ppm) 

Total REE Fig.14 lines
Sc Y La Ce Pr Nd Eu Sm Gd Tb Dy Ho Er Tm Yb Lu 

G-I/13/01 146.80-146.89 17.90 42.40 18.50 43.90 6.00 26.90 2.37 7.23 8.73 1.39 8.18 1.61 4.24 0.50 2.84 0.39 193.08 

G-I/13/02 154.07-154.15 9.00 12.60 17.30 38.80 4.90 19.20 1.10 4.15 3.74 0.58 3.40 0.63 1.81 0.25 1.58 0.22 119.26 

G-I/13/03 154.15-154.25 10.10 16.70 25.80 52.20 6.20 23.60 1.09 4.65 3.99 0.60 3.52 0.67 1.88 0.26 1.64 0.24 153.14 

G-I/13/04 154.25-154.50 10.10 11.80 14.40 33.40 4.40 17.20 0.95 3.75 3.26 0.50 3.01 0.61 1.86 0.26 1.74 0.25 107.49 

G-I/13/05 154.50-154.71 9.90 21.00 25.50 54.70 6.60 24.80 1.36 5.05 4.79 0.73 4.41 0.86 2.44 0.35 2.26 0.33 165.08 

G-I/13/06 154.85-154.90 10.40 23.70 33.00 66.70 7.90 29.40 1.44 5.85 5.29 0.80 4.70 0.88 2.37 0.31 1.90 0.26 194.90 

G-I/13/07 155.64-155.74 10.00 11.80 14.10 32.70 4.30 16.70 0.94 3.54 3.13 0.48 2.93 0.60 1.77 0.26 1.73 0.24 105.22 

G-I/13/08 158.75-158.88 9.70 16.10 14.10 32.70 4.30 16.80 1.02 3.69 3.51 0.59 3.80 0.79 2.30 0.34 2.22 0.32 112.28 



G-I/13/09 158.88-159.00 15.90 25.50 43.30 86.90 10.10 37.50 1.81 7.25 6.31 0.94 5.52 1.02 2.72 0.35 2.11 0.29 247.52 

G-I/13/10 166.00-166.09 11.30 20.20 25.60 54.60 6.60 25.30 1.45 5.17 4.80 0.72 4.40 0.85 2.36 0.32 1.86 0.25 165.78 

G-I/13/11 166.35-166.50 9.20 18.10 25.00 54.00 6.80 26.20 1.51 5.28 4.74 0.72 4.40 0.86 2.36 0.31 1.78 0.23 161.49 

G-I/13/12 168.25-168.42 12.40 36.60 31.10 68.30 8.70 34.30 2.40 8.33 10.52 1.83 11.04 1.99 5.01 0.61 3.50 0.43 237.06 

G-I/13/13 175.35-175.41 19.90 30.50 52.50 105.80 12.30 45.10 2.09 8.27 7.03 1.03 6.31 1.22 3.42 0.46 2.87 0.38 299.18 

G-I/13/14 175.48-175.61 17.20 33.20 30.60 67.00 8.50 33.10 1.76 7.07 6.71 1.03 6.45 1.31 3.69 0.48 2.82 0.35 221.27 

G-I/13/15 183.16-183.33 16.60 31.60 42.40 85.00 10.10 37.10 1.75 7.08 6.30 1.02 6.52 1.29 3.49 0.44 2.62 0.35 253.66 

G-I/13/16 183.43-183.52 6.00 7.10 7.40 17.90 2.50 10.70 0.76 2.68 2.57 0.41 2.43 0.46 1.28 0.18 1.22 0.18 63.77 

G-I/13/17 191.70-191.83 10.50 14.80 18.30 42.20 5.70 22.40 1.11 4.85 4.34 0.65 4.00 0.80 2.24 0.30 1.97 0.28 134.44 

G-I/13/18 204.65-204.76 18.40 28.80 49.30 100.50 12.10 44.50 1.88 8.17 7.02 1.03 5.92 1.15 3.20 0.43 2.68 0.37 285.45 

G-I/13/19 207.55-207.69 17.40 23.50 41.40 85.50 10.20 37.90 1.99 7.19 6.39 0.93 5.27 0.99 2.64 0.34 1.89 0.25 243.78 

G-III/17 397.70-397.77 5.10 8.90 20.10 39.70 4.60 17.70 0.99 3.68 2.77 0.39 2.21 0.37 0.94 0.14 0.84 0.11 108.54 

G-VI/22 255.40-255.48 6.00 15.80 18.70 37.50 4.20 15.50 0.68 3.07 2.99 0.47 2.99 0.58 1.71 0.24 1.50 0.21 112.14 

G-VI/29/1 52.00-52.07 8.30 55.40 13.10 27.10 3.10 11.50 1.30 2.62 3.89 0.88 7.17 1.66 5.16 0.81 5.72 0.84 148.55 

G-VI/29/2 52.10-52.14 7.20 20.60 20.70 44.00 5.10 19.30 1.70 4.38 5.34 0.77 4.24 0.76 2.05 0.27 1.68 0.24 138.33 

G-VI/29/3 52.50-52.55 50.00 21.30 2.20 5.30 0.70 3.90 1.28 2.70 3.95 0.79 5.21 0.96 2.83 0.52 4.00 0.57 106.21 

G-VI/29/4 52.80-52.87 9.90 49.20 26.00 52.70 6.30 24.30 2.96 6.60 9.40 1.72 10.75 2.07 5.70 0.82 5.26 0.68 214.36 

K-II/3/01 203.95-204.05 15.20 25.10 38.80 83.00 9.80 36.60 1.54 6.91 5.91 0.86 5.01 0.99 2.90 0.43 3.11 0.50 236.66 

K-II/3/02 245.70-245.74 18.30 29.60 51.50 104.10 12.40 45.90 1.91 8.56 7.25 1.05 6.11 1.20 3.24 0.41 2.41 0.34 294.28 

K-II/3/03 270.90-270.97 16.10 31.80 43.10 88.60 10.40 38.80 2.06 7.37 6.66 1.03 6.33 1.27 3.66 0.49 3.11 0.43 261.21 

K-II/3/04 275.60-275.69 10.90 19.70 32.00 61.50 7.10 26.00 1.83 5.33 4.75 0.73 4.30 0.81 2.17 0.29 1.73 0.24 179.38 

K-II/3/05 314.60-314.66 14.10 28.00 42.00 84.30 9.90 37.10 2.08 7.55 6.59 0.98 5.67 1.11 3.13 0.45 2.78 0.39 246.13 

K-II/3/06 315.70-315.80 10.10 24.00 21.90 50.60 6.40 25.30 1.55 5.54 5.30 0.83 5.28 1.13 3.33 0.47 2.93 0.41 165.07 

K-II/3/07 251.2 3.80 21.50 11.50 27.20 3.80 17.70 1.83 6.75 7.14 1.13 5.96 1.00 2.54 0.33 2.10 0.29 114.57 

K-II/3/08 250.6 5.90 15.60 2.80 6.10 0.80 3.50 0.89 1.62 2.95 0.56 3.41 0.63 1.69 0.23 1.49 0.21 48.38 

K-III/6/01 326.20-326.25 15.80 30.70 42.70 85.80 9.90 37.20 2.89 7.06 6.61 1.02 6.20 1.17 3.14 0.45 2.75 0.39 253.78 

K-III/6/02 327.30-327.33 12.70 95.60 31.60 65.20 7.90 31.60 5.05 9.68 15.36 3.00 19.76 3.73 10.11 1.48 9.37 1.21 323.35 

K-III/6/03 327.60-327.64 15.60 38.40 56.80 114.20 13.20 49.70 4.62 9.84 8.64 1.29 7.76 1.48 4.03 0.54 3.22 0.43 329.75 

Orłowice quarry - 17.70 42.00 20.50 43.70 5.10 19.00 1.15 3.91 4.86 1.04 7.16 1.42 3.97 0.56 3.69 0.53 176.29 

St. Leopold/7 - 14.60 28.30 27.40 55.70 6.80 25.50 1.69 5.21 4.92 0.86 5.55 1.14 3.17 0.44 2.73 0.39 184.40 



St. Leopold/7B - 11.50 17.60 30.00 61.60 7.60 28.40 1.71 5.59 4.81 0.73 3.97 0.75 1.97 0.26 1.53 0.21 178.23 

St. Leopold/10 - 15.30 37.00 25.00 51.90 6.00 22.10 1.28 4.38 5.27 1.07 7.12 1.46 3.95 0.53 3.18 0.44 185.98 

St. Leopold/17 - 13.40 20.80 51.90 97.50 12.20 46.00 3.05 9.10 7.57 1.00 5.06 0.90 2.39 0.32 1.96 0.28 273.43 

St. Leopold/28 - 12.60 19.10 23.20 51.40 6.10 23.80 1.43 4.71 4.17 0.61 3.72 0.81 2.37 0.33 2.04 0.28 156.67 

St. Leopold/44A - 14.40 26.20 24.80 54.20 6.40 23.50 1.26 4.48 4.49 0.85 5.51 1.11 3.04 0.40 2.46 0.34 173.44 

St. Leopold/44B - 9.00 17.20 19.80 40.30 4.70 17.50 0.96 3.35 3.06 0.49 3.19 0.68 2.08 0.30 1.78 0.23 124.62 

St. Johaness/19 - <0.5 4.80 2.80 8.20 1.20 5.50 0.22 1.23 1.04 0.17 1.17 0.27 0.83 0.12 0.71 0.10 28.36 

St. Johaness/20 - <0.5 19.40 15.70 18.80 1.80 6.60 0.17 0.90 1.49 0.18 1.15 0.31 0.91 0.11 0.50 0.09 68.11 

St. Johaness/34 - 12.60 31.80 29.40 59.70 7.00 26.00 1.63 5.26 5.27 0.89 5.94 1.22 3.56 0.49 3.17 0.46 194.39 

St. Johaness/35 - <0.5 1.40 1.20 1.90 <0.5 0.80 <0.05 0.16 0.18 <0.05 0.15 <0.05 0.09 <0.05 0.06 <0.05 5.94 Not on the 
graphs

St. Johaness/49 - 10.90 21.00 23.30 49.50 5.80 21.50 1.21 4.30 3.82 0.59 3.85 0.83 2.52 0.36 2.35 0.33 152.16 

St. Johaness/54 - 9.60 30.50 23.90 49.50 6.00 22.60 1.38 5.07 4.97 0.86 5.73 1.17 3.37 0.46 2.87 0.38 168.36 

C-IV/16 211.10-211.14 13.50 26.50 40.70 80.70 9.50 36.30 2.61 7.48 6.07 0.90 5.29 1.04 2.92 0.42 2.56 0.37 236.86 

C-VI/26/1 249.40-249.45 13.10 31.80 42.10 83.30 9.90 37.10 3.42 7.56 6.61 1.04 6.44 1.26 3.43 0.46 2.71 0.38 250.61 

C-VI/26/2 249.50-249.58 11.00 27.00 34.10 66.90 8.00 30.20 4.66 7.06 7.08 1.12 6.38 1.13 2.95 0.38 2.31 0.33 210.60 

C-IX/41/1 201.80-201.82 9.10 6.40 12.80 25.40 2.90 11.30 0.61 2.41 2.07 0.29 1.57 0.29 0.81 0.12 0.82 0.12 77.01 

C-IX/41/2 202.20-202.25 6.40 3.60 8.50 16.80 1.90 7.70 0.48 1.57 1.29 0.18 0.90 0.16 0.42 0.06 0.43 0.06 50.45 

C-XI/51 51.70-51.77 11.20 7.40 33.60 67.00 7.90 30.10 1.81 5.70 4.09 0.45 1.98 0.32 0.91 0.13 0.85 0.13 173.57 

C-X/46/1 223.50-223.60 8.80 18.10 31.30 63.00 7.20 26.30 1.87 5.25 4.74 0.69 3.93 0.73 2.00 0.27 1.69 0.23 176.10 

C-X/46/2 223.50-223.60 18.00 27.10 43.10 86.80 10.10 38.60 1.80 7.52 6.70 0.98 6.20 1.17 3.32 0.47 2.98 0.43 255.27 

P-I/4/1 401.26-401.33 11.50 16.60 26.00 53.20 6.00 22.80 1.03 4.20 3.96 0.59 3.42 0.67 2.00 0.28 1.96 0.28 154.49 

P-I/4/2 401.13-401.21 6.60 9.00 17.60 35.80 4.00 15.00 0.67 2.90 2.63 0.37 1.92 0.36 1.07 0.16 1.04 0.14 99.26 

P-III/15/1 373.65-373.75 16.20 15.70 41.80 88.00 9.90 37.60 1.60 7.56 6.37 0.84 4.32 0.70 1.76 0.22 1.40 0.20 234.17 

P-III/15/2 272.07-272.18 18.30 34.60 42.80 87.80 10.20 39.30 1.96 7.81 7.11 1.09 6.70 1.34 3.88 0.54 3.29 0.48 267.20 

P-III/15/3 313.22-313.31 19.40 34.40 52.10 107.30 12.40 45.20 1.84 8.95 8.19 1.22 7.05 1.40 4.20 0.54 3.35 0.49 308.03 

P-III/15/4 310.14-310.23 44.20 26.20 24.10 55.40 7.20 32.10 1.71 7.79 7.96 1.16 6.43 1.11 2.76 0.31 1.66 0.20 220.29 



APPENDIX 2 

Analytical conditions of EPMA measurements

Element Signal WDS crystal Standard Peak and background time (s) 

Si Kα TAP Wollastonite 20 / 10 

Hf Mα TAP 47-ZrO2 Zirconia 20 / 10 

Al Kα TAP Orthoclase 20 / 10 

Y Lα LPET Xenotime 20 / 10 

Sr Lα LPET SrTiO3 20 / 10 

Lu Lβ LLIF Lu-glass 20 / 10 

Tm Lβ LLIF Tm-glass 20 / 10 

Ho Lβ LLIF HoPO4 20 / 10 

Yb Lα LLIF YbPO4 20 / 10 

Er Lα LLIF ErPO4 20 / 10 

Dy Lα LLIF DyPO4 20 / 10 

Fe Kα LLIF 34-Olivine 20 / 10 

Tb Lα LLIF Tb_Glass 20 / 10 

Gd Lα LLIF GdPO4 20 / 10 

Eu Lα LLIF EuPO4 20 / 10 

Sm Lα LLIF SmPO4 20 / 10 

As Lβ TAP Arsenopyrite 20 / 10 

Nd Lβ LLIF NdPO4 20 / 10 

P Kα LPET Apatite 20 / 10 

Zr Lα LPET ZrSiO4 20 / 10 

S Kα LPET BaSO4 20 / 10 

K Kα LPET Orthoclase 20 / 10 

Ca Kα LPET Wollastonite 20 / 10 

Th Mα LPET Th_Glass 20 / 10 

U Mβ LPET U_Glass 20 / 10 

Pb Mβ LPET Crocoite 20 / 10 

Used standard composition:    

 Wollastonite = O: 41.17%, Na: 0.01%, Mg: 0.01%, Si: 23.99%, Ca: 34.17%, Ti: 0.01%, Mn: 0.49%, Fe: 0.15%  
 47-ZrO2 Zirconia = O: 24.91%, Y: 14.37%, Zr: 59.17%, Hf: 1.51%  
 Orthoclase = O: 46.28%, Na: 1.01%, Al: 9.82%, Si: 30.43%, K: 12.19%, Ca: 0.01%, Ti: 0.01%, Mn: 0.01%, Fe: 0.02%, 

Sr: 0.04%, Ba: 0.13%  
 Xenotime = O: 31.7%, Si: 0.04%, P: 15.28%, Y: 33.62%, Nd: 0.14%, Sm: 0.67%, Eu: 0.43%, Gd: 3.8%, Tb: 0.83%, 

Dy: 6.4%, Er: 3.42%, Yb: 3.42%, Th: 0.14%  
 SrTiO3 = Sr: 47.74%, Ti: 26.10%, O: 26.16%  
 23_Lu-glass = O: 42.42%, Al: 6.75%, Si: 25.5%, Ca: 14.78%, Lu: 10.55%  
 21_Tm-glass = O: 42.55%, Al: 6.75%, Si: 25.5%, Ca: 14.78%, Tm: 10.42%  
 HoPO4 = Ho: 63.46%, P: 11.91%, O: 24.62%  
 YbPO4 = Yb: 64.56%, P: 11.56%, O: 23.88%  
 ErPO4 = Er: 63.78%, P: 11.81%, O: 24.41%  
 DyPO4 = Dy : 63.11%, P  : 12.03%, O: 24.86%  
 34-Olivine = O: 43.89%, Mg: 30.42%, Si: 19.44%, Mn: 0.08%, Fe: 5.87%, Ni: 0.3%  
 17_Tb_Glass = O: 42.85%, Al: 6.75%, Si: 25.5%, Ca: 14.78%, Tb: 10.12%  
 GdPO4 = Gd: 62.35%, P: 12.28%, O: 25.37%  
 EuPO4 = Eu: 61.54%, P: 12.54%, O: 25.92%  
 SmPO4 = Sm: 61.29%, P: 12.62%, O: 26.08%  



 Arsenopyrite FeAsS = Fe: 34.44%, As: 44.83%, S: 20.73%  
 NdPO4 = Nd: 60.30%, P: 12.95%, O: 26.75%  
 04-Apatite = O: 38.07%, F: 3.77%, P: 18.42%, Ca: 39.74%  
 ZrSiO4 (2) = O: 34.75%, Si: 15.24%, Zr: 49.1%, Hf: 0.91%  
 BaSO4 = O: 27.42%, S: 13.74%, Ba: 58.84%  
 2_Orthoclase = O: 46.31%, Na: 1.01%, Al: 9.82%, Si: 30.45%, K: 12.2%, Ca: 0.01%, Mn: 0.01%, Fe: 0.02%, Sr: 

0.04%, Ba: 0.13%  
 25_Th_Glass_2 = Al: 7.38%, Si: 27.19%, Ca: 15.72%, Th: 5.17%, O: 44.53%  
 26_U_Glass_2 = O: 45.00%, Al: 7.44%, Si: 27.59%, Ca: 16.11%, U: 3.86%  
 28_Crocoite = O: 19.8%, Cr: 16.09%, Pb: 64.11%  


