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aBstract

Accessory	REE	minerals	occur	in	a	small	metamorphic	magnetite	ore	deposit	at	Bacúch,	Veporic	Superunit,	central	Slovakia.	
We	distinguish	 two	populations	 of	monazite.	Monazite	 I	 forms	 subhedral	 to	 euhedral	 crystals	 associated	with	magnetite.	 It	
contains	≤12	wt.%	ThO2,	≤2.7%	UO2,	≤0.85%	SO3,	with	low	Ca	and	Sr	contents.	Compared	to	the	common	monazite-(Ce)	I,	
monazite-(Nd)	I	(≤26.1%	Nd2O3)	occasionally	occurs	with	an	atomic	ratio	Nd:Ce	up	to	1.17.	Monazite	II	is	present	as	irregular	
aggregates	with	hingganite	in	younger	hydrothermal	quartz	–	albite	–	chlorite	veinlets,	or	as	rim	zones	on	monazite	I.	Monazite	
II	is	depleted	in	Th	and	U	and	has	an	unusually	high	content	of	S	(≤11.3%	SO3,	0.31	apfu	S)	and	Sr	(≤8.7%	SrO,	0.18	apfu	Sr).	
This	composition	indicates	a	(Ca,Sr)S(REE,Y)–1P–1	substitution	as	a	dominant	mechanism	of	Sr	and	S	entry	into	the	monazite	
structure.	Some	monazite	II	crystals	display	an	elevated	Eu	content	(≤1.2%	Eu2O3).	Xenotime-(Y)	forms	subhedral	crystals,	in	
association	with	monazite-(Ce)	I,	magnetite,	pyrite	transformed	to	goethite	(?)	and	quartz.	Gadolinite-group	minerals	at	Bacúch	
are	represented	by	hingganite	with	an	atomic	value	of	X□/X(□	+	Fe)	in	the	range	0.51–0.72.	Neodymium	is	locally	the	most	
abundant	REE	(17.8–18.7%	Nd,	~0.56	apfu),	and	an	Nd-dominant	member	of	the	gadolinite	group	was	identified.	The	composi-
tion	of	hingganite-(Y)	was	also	determined.	The	principal	mechanism	of	substitution	in	hingganite	is	Fe2+O2□–1(OH)–2.	Primary	
monazite	I	and	xenotime	are	most	likely	products	of	regional	metamorphism,	together	with	magnetite	mineralization.	On	the	
contrary,	Sr-	and	S-rich	monazite	II	and	hingganite	originated	during	a	younger	(Alpine)	metamorphic-hydrothermal	overprint	
in	a	fluid-rich	regime.

Keywords:	REE	minerals,	Sr-	and	S-rich	monazite-(Ce),	monazite-(Nd),	xenotime-(Y),	hingganite-(Y),	Nd-dominant	hingganite,	
metamorphic	mineralization,	Western	Carpathians,	Slovakia.

soMMairE

Nous	signalons	 la	présence	de	minéraux	accessoires	de	 terres	 rares	dans	un	petit	gisement	métamorphique	de	magnétite	
à	Bacúch,	 superunité	 de	Veporic,	 en	Slovaquie	 centrale.	Nous	distinguons	deux	populations	 de	monazite.	La	monazite	 I	 se	
présente	en	cristaux	subidiomorphes	à	idiomorphes	associés	à	la	magnétite.	Elle	contient	≤12%	ThO2,	≤2.7%	UO2,	≤0.85%	SO3	
(poids),	avec	de	faibles	teneurs	en	Ca	et	en	Sr.	Comparée	à	la	monazite-(Ce)	I	commune,	la	monazite-(Nd)	I	(≤26.1%	Nd2O3)	
est	 localement	développée,	avec	un	rapport	atomique	Nd:Ce	jusqu’à	1.17.	La	monazite	II	se	présente	en	agrégats	 irréguliers	
avec	la	hingganite	dans	des	veinules	hydrothermales	tardives	de	quartz	–	albite	–	chlorite,	ou	bien	en	surcroissances	externes	
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de	monazite	I.	La	monazite	II	est	pauvre	en	Th	et	U,	et	possède	une	teneur	anormalement	élevée	en	S	(≤11.3%	SO3,	0.31	apfu	
S)	et	Sr	(≤8.7%	SrO,	0.18	apfu	Sr).	Selon	cette	composition,	le	schéma	de	substitution	(Ca,Sr)S(REE,Y)–1P–1	serait	dominant	
pour	expliquer	l’incorporation	de	Sr	et	de	S	dans	la	structure	de	la	monazite.	Certains	des	cristaux	de	monazite	II	font	preuve	de	
teneurs	élevées	d’europium	(≤1.2%	Eu2O3).	Le	xénotime-(Y)	forme	des	cristaux	subidiomorphes,	en	association	avec	la	mona-
zite-(Ce)	I,	magnétite,	pyrite	transformée	en	goethite	(?)	et	quartz.	Les	minéraux	du	groupe	de	la	gadolinite	sont	représentés	à	
Bacúch	par	la	hingganite	ayant	une	valeur	atomique	de	X□/X(□	+	Fe)	entre	0.51	et	0.72.	Le	néodyme	est	localement	la	terre	
rare	la	plus	abondante	(17.8–18.7%	Nd,	~0.56	apfu),	et	nous	identifions	un	membre	du	groupe	de	la	gadolinite	à	dominance	
de	Nd.	Nous	avons	aussi	établi	la	composition	de	la	hingganite-(Y).	Le	mécanisme	principal	de	substitution	dans	la	hingganite	
serait	Fe2+O2□–1(OH)–2.	La	monazite	I	primaire	et	le	xénotime,	ainsi	que	la	minéralisation	en	magnétite,	seraient	les	produits	
probables	d’un	métamorphisme	régional.	En	revanche,	la	monazite	II	riche	en	Sr	et	en	S	et	la	hingganite	auraient	une	origine	
pendant	un	événement	de	circulation	d’un	fluide	métamorphique	et	hydrothermal	plus	jeune	(alpin).

	 (Traduit	par	la	Rédaction)

Mots-clés:	minéraux	de	terres	rares,	monazite-(Ce)	riche	en	Sr	et	en	S,	monazite-(Nd),	xénotime-(Y),	hingganite-(Y),	hingganite	
à	dominance	de	Nd,	minéralisation	métamorphique,	Carpates	occidentales,	Slovaquie.

of	 substitution	 and	 possible	 scenario	 for	 their	 origin	
and	evolution.

gEological	sEtting

Mineralization	 in	 the	 Bacúch	 area,	Nízke	Tatry	
Mountains,	 in	 central	 Slovakia,	 is	 hosted	 by	meta-
morphosed	Paleozoic	 rocks	 of	 the	Veporic	Superunit	
(Veporicum)	 close	 to	 the	 Čertovica	 fault	 line.	The	
Veporicum	 consists	mainly	 of	 Paleozoic	 crystalline	
rocks	(Fig.	1)	dominated	by	mica	schists,	various	types	
of	 granitic	 rocks	 and	 gneisses,	with	minor	 amounts	
of	metavolcanosedimentary	 and	metacarbonate	 rocks	
(Biely	et al.	1992).

The	mineralization	occurs	at	Bacúch	–	Biela	Skala,	
close	to	Bacúch	village,	on	the	eastern	slopes	of	Biela	
Skala	 Peak	 (1250	m	 a.s.l.).	The	 belt	 of	magnetite-
bearing	mica	schists	runs	from	Beňuš	village	and	Biela	
Skala	to	the	Javorinka	Peak;	the	most	important	mine	
dumps	occur	between	750	m	and	900	m	a.s.l.	(Fig.	1).	
The	ore	samples	were	collected	from	the	dumps	of	this	
ore-lens	system	at	750	m	a.s.l.	Lisý	 (1957)	described	
quartz,	 chlorite	 and	magnetite.	 Petro	 (1973)	 reported	
the	 presence	 of	 pyrrhotite,	 chalcopyrite,	 sphalerite,	
hematite	and	K-feldspar.	Both	authors	noted	a	massive,	
banded	(quartz	and	magnetite	bands)	and	disseminated	
magnetite	mineralization	in	the	mica	schists.	Chovan	et 
al.	(2000)	described	monazite,	xenotime,	zircon,	biotite	
and	 tourmaline	 of	 the	 dravite–schorl	 series.	 J.	 Pršek	
(unpublished	data)	also	identified	rare	cassiterite,	native	
bismuth	and	bismuth	sulfosalts.

Chovan	et al.	(2000)	proposed	a	sedimentary	origin	
for	 the	 Fe	minerals,	 affected,	 however,	 by	 younger	
metamorphism.	The	 Permian	 age	 of	 the	magnetite	
mineralization	as	a	part	of	the	Jánov	Grúň	volcanosedi-
mentary	 formation	was	 documented	 by	U–Pb	 zircon	
dating	of	 the	 adjacent	metarhyodacites	 (255	±	2	Ma:	
Kotov	 et al.	 1996).	The	 Jánov	Grúň	Formation	was	
later	 overprinted	 by	Alpine	 (Cretaceous)	 low-grade	
metamorphism,	 indicated	 by	 the	Ar–Ar	muscovite	
dating	of	the	adjacent	metavolcanic	rocks	(Dallmeyer	et 

introDUction

Monazite,	 a	 phosphate	mineral	 of	 the	 light	 rare-
earth	elements	 (LREE),	 is	present	 in	a	wide	 range	of	
igneous,	metamorphic	and	sedimentary	rocks.	Although	
monazite	is	usually	an	accessory	mineral,	it	may	control	
the	REE	bulk-rock	composition	because	it	incorporates	
large	 amounts	 of	 REE	within	 its	 structure.	 Cerium	
represents	the	most	common	cation,	and	monazite-(Ce)	
is	the	most	widespread	member	of	the	monazite	group.	
Rarely,	occurrences	of	monazite-(Nd),	monazite-(La),	
and	monazite-(Sm)	have	been	described	(e.g.,	Graeser	
&	Schwander	1987,	Anthony	et al.	2000,	Masau	et al.	
2002).	In	addition	to	common	Ca,	Th	and	Si	admixtures,	
rare	Sr-	and	S-rich	compositions	of	monazite	have	also	
been	 reported	 in	 some	magmatic	 and	metamorphic	
rocks	(Kukharenko	et al.	1961,	1965,	Chakhmouradian	
&	Mitchell	1998,	1999,	Krenn	&	Finger	2004,	Ondrejka	
et al.	2007,	Krenn	et al.	2008).

The	gadolinite	group	of	minerals	are	relatively	rare	
(Y,REE),Be-bearing	silicate	phases	occurring	in	some	
magmatic	and	metamorphic	assemblages.	In	addition	to	
the	most	common	gadolinite-(Y)	and	gadolinite-(Ce),	
octahedral-site-vacant	hingganite-(Y),	hingganite-(Yb)	
and	 hingganite-(Ce)	 have	 been	 described	 from	 some	
granitic–pegmatitic	occurrences	(e.g.,	Ding	et al.	1981,	
Pezzotta	et al.	1999,	Miyawaki	et al.	1987,	2007).	Some	
gadolinite–hingganite	 compositions	 also	 show	higher	
Nd	contents	(up	to	8.4	wt.%	Nd2O3,	0.26	apfu:	Pezzotta	
et al.	1999);	however,	the	Nd-dominant	member	has	not	
yet	been	described.

In	this	paper,	we	report	the	occurrence	of	monazite-
(Ce)	 unusually	 enriched	 in	 S	 and	 Sr,	 together	with	
S,Sr-poor	monazite-(Ce)	 and	monazite-(Nd),	 and	 the	
first	 natural	 occurrence	 of	Nd-dominant	 hingganite	
in	metamorphic,	 banded	 and	 disseminated	magnetite	
mineralization	 in	 quartz	 lenses	 occurring	 in	 the	mica	
schists	 near	 Bacúch	 in	 the	Western	Carpathians	 of	
central	 Slovakia.	Our	 detailed	 electron-microprobe	
investigation	of	 the	monazite	and	hingganite	revealed	
their	 compositional	 variations,	 principal	mechanisms	
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Fig.1.	 Simplified	geological	 sketch-map	of	Slovakia	 (A)	 and	Bacúch	 surroundings	 (B)	 (modified	 after	Biely	et al.	 1992).	
Symbols:	1–3	Paleozoic	metamorphic	rocks	(Hron	complex,	Jánov	Grúň	formation):	phyllites	micaschists,	metarhyolites,	
4	Kráľova	hoľa	complex:	granitic	rocks,	5	Ľubietová	complex:	paragneisses,	6	Tatric	Unit:	granitoids,	gneisses,	quartzites,	
limestones,	7	Veľký	Bok	unit:	quartzites,	limestones,	dolomites,	8	Quaternary,	9	alluvium,	10	nappes	lines,	a	Alpine,	b	Her-
cynian,	11	a	upthrusts,	b	faults,	12	mines	and	dumps.
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al.	1993).	The	P–T	conditions	of	this	Alpine	overprint	
was	 estimated	 to	 be	 600–700	MPa	 and	 330–350°C,	
according	to	phengite	geobarometry	and	mineral	asso-
ciation	 in	 the	adjacent	metavolcanosedimentary	 rocks	
(Korikovsky	et al.	1997).

The	 newest	 geochronological	 data	 on	monazite	
support	this	Permian	and	also	Alpine	events	(J.	Pršek,	
unpubl.	data).

ExPEriMEntal	MEtHoDs

The	 REE-bearing	 minerals	 were	 analyzed	 in	
polished	 thin	 sections	 using	Cameca	 SX–100	 elec-
tron	microprobes	at	 the	Dionýz	Štúr	State	Geological	
Institute	 (Geological	Survey	of	 the	Slovak	Republic)	
in	Bratislava	and	at	Masaryk	University,	Brno,	Czech	
Republic.	The	 instruments,	 operated	 in	wavelength-
dispersion	 (WD)	mode,	 are	 equipped	with	 four	WD	
spectrometers.	The	samples	were	analyzed	with	LLIF,	
LPET	and	 standard	PET	crystals	under	 the	 following	

conditions:	accelerating	voltage	15	kV,	sample	current	
40	nA	and	a	beam	diameter	of	1–3	mm.	The	standards	
utilized,	 spectral	 lines,	 detection	 limits	 and	 standard	
deviations	for	the	REE	elements	are	presented	in	Table	
1.	The	matrix	 effects	were	 corrected	 using	 the	 PAP	
procedure.	Moreover,	special	care	was	taken	to	ensure	
that	 line	overlaps	were	properly	corrected	and	also	to	
avoid	background	interference.	Empirically	determined	
correction	factors	applied	to	the	following	line	overlaps	
were	used:	Th ! U,	Dy ! Eu,	Gd ! Ho,	La ! Gd,	Ce 
! Gd,	Eu ! Er,	Gd ! Er,	Sm ! Tm,	Dy ! Lu,	Ho 
! Lu,	Yb ! Lu	and	Dy ! As	(Konečný	et al.	2004).	
Analytical	times	were	15	to	40	seconds	during	measure-
ment	depending	on	 the	expected	concentration	of	 the	
element	 in	 the	mineral	 phase.	Major	 elements	were	
measured	 using	 shorter	 times,	whereas	 longer	 times	
were	applied	for	elements	with	low	concentrations.

The	chemical	formula	of	monazite	was	calculated	on	
the	basis	of	four	oxygen	atoms	per	formula	unit	(apfu).	
The	 chemical	 formula	 of	 hingganite	was	 calculated	
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on	 the	basis	 of	 two	 (S6+	+	P5+	+	As5+	+	Si4+	+	Al3+)	
cations	per	formula	unit.	The	Be2+	content	was	fixed	at	
2	apfu.	The	content	of	(OH)–	was	calculated	from	the	
deviation	between	the	ideal	anion	charges	and	the	sum	
of	the	cation	charges.

rEsUlts

The	 REE-bearing	 minerals	 [monazite-(Ce)	 I,	
monazite-(Nd)	 I,	 xenotime-(Y),	 and	 hingganite-(Y)]	
are	 present	 as	 individual	 small	 crystals	 or	 aggregates	
disseminated	in	the	quartz–magnetite	ores	in	the	massive	
magnetite,	or	they	form	a	part	of	younger	hydrothermal	
veinlets	[monazite-(Ce)	II,	hingganite-(Nd)]	with	albite,	
chlorite	 and	 quartz	 crossing	 the	magnetite-bearing	
rocks.	The	 parent	 rocks	 consist	mainly	 of	magnetite	
and	quartz	(Fig.	2A),	with	minor	amounts	of	chlorite,	
albite,	hematite,	cassiterite,	ilmenite,	tourmaline,	pyrite	
(usually	altered	to	goethite	or	“limonite”),	K-feldspar,	
muscovite	and	REE	minerals.	These	minerals	usually	
form	disseminated,	banded	textures,	whereas	magnetite	
forming	massive	 ore	 is	 less	 common.	Hydrothermal	
veinlets	occasionally	consist	of	quartz,	pyrite,	hematite,	
sphalerite,	chalcopyrite	and	Bi	 sulfosalts	cross-cut	by	
magnetite	ores.

Monazite and xenotime

Monazite-(Ce)	is	the	most	abundant	accessory	phase	
and	the	major	LREE	carrier	in	the	samples	studied.	Two	
populations	of	monazite	were	distinguished	on	the	basis	
of	BSE	images	and	chemical	composition.	Monazite	I	
forms	 subhedral	 to	 euhedral,	 <200	mm	matrix	 grains	
that	are	associated	with	Fe–Ti	oxides,	mainly	magnetite	
(Figs.	 2B,	C,	D),	 and	 rarely	 also	with	 xenotime-(Y).	
Monazite	I	shows	a	highly	variable	Th	content	(0.0–12.4	
wt.%	ThO2,	0.00–0.12	apfu	Th)	and	slightly	elevated	
S	content	(<0.85%	SO3,	<0.03	apfu	S)	(Table	2).	The	
Si	 and	Ca	 contents	 (<4.1%	SiO2,	 <0.18	apfu	 Si	 and	
1.3%	CaO,	0.06	apfu	Ca)	indicate	that	Th	is	primarily	
incorporated	 into	 the	monazite	 I	 structure	 according	
to	 both	 huttonite	 [ThSi(REE)–1P–1]	 and	 cheralite	
[CaTh(REE)–2]	mechanisms	 of	 substitution	 (Fig.	 3).	
Some	grains	 show	slightly	elevated	concentrations	of	
U	 (<2.7%	UO2,	<0.02	apfu	U)	without	 analogous	Si	
content.

Monazite	II	is	present	as	irregular	aggregates	<100	
mm	 in	 size	 associated	with	 hingganite	 in	 younger	
hydrothermal	quartz–albite–chlorite	veinlets	(Fig.	2F),	
or	a	<10	mm	thick	rim	on	monazite	I	(Figs.	2B,	C).	The	
second	population	is	significantly	enriched	in	S	(<11.3%	
SO3,	0.31	apfu	S),	Sr	 (<8.7%	SrO,	0.18	apfu	Sr)	and	
depleted	in	Th	(<0.04%	ThO2)	(Table	2,	Fig.	4).	Mona-
zite	 II	 compositions	 show	 that	 the	elevated	S	content	
correlates	with	Ca	 and	Sr	 enrichment	 (up	 to	 0.37	Ca	
+	Sr	apfu),	suggesting	a	dominant	(Sr,Ca)S(REE,Y)–1
P–1	mechanism	of	 substitution	 at	 the	 expense	 of	 the	

cheralite	 CaTh(REE)–2	 substitution	 (Figs.	 3	 to	 5).	
The	concentration	of	U	is	mainly	below	the	detection	
limit.	Very	 low	contents	 of	Th	+	U	 are	 accompanied	
by	 systematically	 elevated	 amounts	 of	 Pb	 (up	 to	 0.2	
wt.%	PbO).

Monazite	 I	 and	monazite	 II	 populations	 differ	 in	
their	REE	and	Y	distribution.	Both	populations	exhibit	
a	 predominance	 of	 the	 LREE,	with	Ce	 usually	 the	
dominant	REE	in	monazite	I	(0.32–0.51	apfu	Ce)	and	
monazite	 II	 (0.33–0.48	apfu	Ce).	The	Nd	 content	 of	
monazite	I,	0.14–0.37	apfu,	is	higher	than	in	monazite	
II	(0.10–0.25	apfu	Nd).	Moreover,	the	composition	of	
monazite-(Nd)	 I,	with	 an	 atomic	 ratio	Nd/Ce	of	 1.17	
(26.1%	Nd2O3)	was	 occasionally	 detected	 (Table	 2).	
Monazite	 I	 usually	 shows	 higher	 concentrations	 of	
Sm,	Eu,	Gd	and	Y,	and	commonly	 lower	La	contents	
compared	to	monazite	II	(Table	2).	Chondrite-normal-
ized	 values	 of	 elements	 such	 as	Sm,	Eu,	Gd	 and	Tb	
in	monazite	 I	 are	higher	 than	 in	monazite	 II	 (Fig.	6).	
The	greatest	differences	were	observed	in	Eu	content.	
Monazite	I	contains	<1.9%	Eu2O3,	whereas	monazite	II	
has	a	lower	content,	<0.4%	Eu2O3	(Table	2).

The	 arsenic	 concentration	 in	 both	monazite	 popu-
lations	 is	 similar.	The	 atomic	As:P	 ratio	 is	 very	 low,	
with	a	maximum	value	of	0.02,	corresponding	to	0.5%	
As2O5,	which	 indicates	 insignificant	 solid-solution	
towards	gasparite.

Xenotime-(Y)	forms	subhedral	crystals,	30	to	90	mm	
in	size,	in	association	with	monazite-(Ce)	I,	magnetite,	
pyrite	transformed	to	goethite	(?),	and	quartz	(Fig.	2E).	
Xenotime	shows	a	common	composition	with	strongly	
dominant	Y,	HREE	>>	LREE,	and	very	low	S,	As,	Si,	
Th,	U,	Zr	and	Ca	contents.

Hingganite

Minerals	of	the	gadolinite–datolite	group	in	Bacúch	
are	exclusively	represented	by	hingganite,	(Y,REE)2(□)
Be2Si2O8(OH)2.	They	 form	anhedral	 grains	 5–30	mm	
in	size	and	grain	aggregates	associated	with	monazite,	
albite,	chlorite	and	muscovite	(Fig.	2F).	The	X□/X(□	
+	Fe)	value	ranges	between	0.51	and	0.72,	and	the	Fe	
content	reaches	0.49	apfu (Table	3,	Fig.	7).	The	hing-
ganite	 is	 generally	Ca-poor,	 (≤0.01	apfu),	 although	 a	
slightly	 higher	 content,	 0.09–0.13	apfu	Ca,	was	 also	
encountered	 (Table	3,	Fig.	6).	A	majority	of	 analyses	
reveal	 a	 hingganite-(Y)	 composition	with	 a	 predomi-
nance	 of	Y	 over	 other	REE.	However,	 some	 grains	
display	Nd	predominance	over	Y	(1.27	<	Nd/Y	<	1.41),	
suggesting	 the	 presence	 of	 an	Nd-dominant	member	
of	 the	 gadolinite	 group,	 “hingganite-(Nd)”.	The	Nd	
concentration	 attains	 17.8–18.7%	Nd2O3,	 0.56–0.57	
apfu	Nd	 (Table	 3,	 Fig.	 8).	Concentrations	 of	Y	vary	
between	 0.40	 and	 0.49	 apfu	 in	 “hingganite-(Nd)“	
and	 between	 0.53	 and	 1.10	apfu	 in	 hingganite-(Y),	
respectively.	Contents	 of	 the	 other	REE	 are	 signifi-
cantly	lower	in	both	hingganite	members	(Table	3).	A	
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Fig.	2.	 Microphoto	and	back-scattered	electron	(BSE)	images	of	REE	accessory	minerals	from	the	Bacúch	magnetite	mineral-
ization.	A.	Microphoto	of	quartz	(Qtz)	–	magnetite	(Mgt)	ore.	B.	Primary	monazite-(Ce),	type	I	(Mnz	I)	with	well-developed	
(S,	Sr)-rich	rims	of	monazite-(Ce),	type	II	(Mnz	II)	scattered	in	quartz	matrix	(Qtz).	C.	Primary	monazite-(Ce),	type	I	(Mnz	
I)	with	(S,	Sr)-rich	rims	of	monazite-(Ce),	type	II	(Mnz	II)	in	association	with	magnetite	(Mgt)	scattered	in	the	quartz	matrix	
(Qtz).	D.	Aggregate	of	primary	monazite-(Ce),	type	I	(Mnz	I)	in	association	with	magnetite	(Mgt)	scattered	in	the	quartz	
matrix	 (Qtz).	E.	Xenotime-(Y)	 (Xnt)	 in	 association	with	magnetite	 (Mgt)	 and	pyrite	 altered	 to	 goethite	 (gt)	 or	 limonite	
scattered	in	the	quartz	matrix	(Qtz).	F.	Irregular	aggregate	of	newly	formed	(S,	Sr)-rich	monazite-(Ce),	type	II	(Mnz	II)	in	
association	with	hingganite-(Y)	and	“hingganite-(Nd)”	(Hin),	chlorite	(Chl),	muscovite	(Ms)	and	albite	(Ab)	enclosed	 in	
hydrothermal	quartz	–	albite	–	chlorite	veinlets.
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Fig.	 3.	 Composition	of	monazite-
(Ce)	from	the	Bacúch	magnetite	
mineralization	 in	 plot	 of	Ca	 +	
Sr	 +	 S	 versus	 REE	 +	Y	 +	 (P	
+	As)	 normalized	 to	 2	 apfu,	
with	 ideal	 cheralite	 Ca(Th,U)
REE–2	(dashed	line)	and	(Ca,	Sr)
S(REE,Y)–1(P,As)–1	substitution	
vectors	(solid	line).
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normalized	plot	of	the	REE	generally	shows	an	almost	
flat	pattern,	with	increase	from	La	to	the	middle	REE	
and	 a	 subsequent	 slight	 decrease	 to	Lu	 (Fig.	 6).	The	
content	of	other	elements,	 such	as	U,	Ti,	Al,	Mn	and	
Mg,	 is	 very	 low	or	 below	 the	 detection	 limit	 of	 the	
electron	microprobe.	The	 composition	 of	 the	Bacúch	
hingganite	is	mainly	controlled	by	the	gadolinite-type	
substitution	 [Fe2+O2□–1(OH)–2],	whereas	 a	 datolite-

type	substitution,	along	the	CaB(Y,REE)–1Be–1	vector,	
is	very	 restricted	owing	 to	 a	 low	Ca	content	 in	hing-
ganite	(<0.13	apfu,	Table	3,	Fig.	7).

DiscUssion

Monazite-(Ce)	 represents	 the	 dominant	 LREE	
phosphate	phase	of	 the	Bacúch	magnetite	 ore	 assem-

Fig.	4.	 BSE	image	and	corresponding	X-ray	compositional	maps	of	Ca,	S,	P,	Sr	and	Ce	for	monazite	I	(mnz	I)	and	monazite	
II	(mnz	II).	Maps	show	relative	enrichment	of	S,	Sr,	Ca	and	depletion	of	P,	Ce	in	monazite	II.	The	inverse	trend	is	observed	
for	monazite	I.
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blage	 (Fig.	 2).	 Primary	 accessory	monazite-(Ce)	 I	 to	
monazite-(Nd)	 I	 forms	 large	 subhedral	 to	 euhedral	
crystals	with	a	chemical	composition	close	to	the	ideal	
LREEPO4	end	member,	 with	 a	 high	Th	 content	 in	
some	areas	defining	a	monazite	–	cheralite	–	huttonite	
solid	solution	(e.g.,	Bea	1996,	Förster	1998).	A	second	

generation	 usually	 forms	 anhedral	 and	 fine-grained	
irregular	monazite-(Ce)	II	aggregates	or	recrystallized	
rims	on	the	primary	monazite	I.	An	analogous	form	of	
secondary	monazite	 of	 hydrothermal	 origin	was	 also	
documented	 by	Schandl	&	Gorton	 (2004),	Krenn	&	
Finger	(2007),	and	Zych-Habel	et al.	(2007).

The	 variation	 in	monazite	 composition	 is	 driven	
by	 isomorphous	 chemical	 substitutions.	The	 simplest	
one	 involves	 the	 replacement	 of	 one	REE3+	 (or	Y3+)	
cation	 by	 another	REE3+	 (or	Y3+)	 cation.	The	 larger,	
nine-fold-coordinated	LREE	cations	are	more	favorably	
incorporated	into	the	monoclinic	structure	of	monazite	
than	 in	 the	 smaller,	 eight-fold-coordinated	 site	well	
suited	for	the	heavy	rare-earth	elements	and	Y	(HREE	
+	Y),	which	are	dominant	in	the	tetragonal	structure	of	
xenotime	(Ni	et al.	1995).	The	enrichment	in	Nd	or	La	
was	explained	in	relationship	to	the	formation	of	mona-
zite	in	a	strongly	oxidizing	environment	and	high	pH,	
causing	the	hydrolysis	of	Ce4+	and	subsequent	removal	
of	most	 of	 the	Ce	 from	 the	 solution	 (Demartin	et al.	
1991).	Consequently,	the	presence	of	Nd-rich	monazite-
(Ce)	I	to	monazite-(Nd)	I	in	association	with	magnetite	
at	Bacúch	 indicates	a	high	 fugacity	of	oxygen	during	
its	precipitation.	In	addition,	the	elevated	Eu	content	in	
monazite	 I	 (<1.9%	Eu2O3)	and	 the	 lack	of	a	negative	
Eu	anomaly	 in	chondrite-normalized	patterns	 (Fig.	5)	
may	reflect	 the	presence	of	Eu3+,	which	can	enter	 the	
structure	more	easily	than	the	larger	Eu2+.	This	possibly	
points	 to	monazite	crystallization	under	high	fugacity	
of	oxygen	(Krenn	et al.	2008).

The	monazite	II	from	Bacúch	reveals	the	highest	S	
and	Sr	contents	reported	in	nature	(<11.3%	SO3,	<0.31	

Fig.	 5.	 Composition	 of	monazite-(Ce)	 from	 the	Bacúch	
magnetite	mineralization	 in	Ca+Sr	 versus	 S	 correlation	
diagram	normalized	to	2	apfu.	The	straight	line	represents	
the	ideal	1:1	ratio	in	(Ca,Sr)SO4.

Fig.	6.	 Average	chondrite-normalized	REE	patterns	of	monazite-(Ce)	from	the	Bacúch	
magnetite	mineralization.	Chondrite	values	from	Taylor	&	McLennan	(1985).
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Fig.	7.	 Classification	plot	of	the	gadolinite-group	minerals	X□/ X(□	+	Fe)	versus	W(Y	+	
REE)/ W(Y	+	REE	+	Ca).

Fig.	8.	 Triangular	Y	–	Ce	–	Nd	plot	showing	the	occupants	at	the	W	site	in	hingganite.
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apfu	S;	Sr	<8.7%	SrO,	0.18	apfu	Sr).	Sulfur	shows	a	
positive	 correlation	with	Ca	+	 Sr	 (Fig.	 5),	 but	 does	
not	correlate	with	Si	content.	There	 is	also	negligible	
Th	 content	 (Table	 1,	 Fig.	 4).	Therefore,	 the	 substitu-
tion	 (Ca,Sr)S(REE,Y)–1P–1	 or	 (Ca,Sr)2+	+	 (SO4)2– $ 
(REE,Y)3+	 +	 (PO4)3–	 is	 interpreted	 as	 the	 dominant	
mechanism	 (Fig.	 3).	The	 synthesis	 of	 a	monoclinic,	
monazite-type	CaSO4	 polymorph	 (“clinoanhydrite”)	
at	2	 to	28	GPa	and	room	temperature	(Borg	&	Smith	
1975,	Crichton	et al.	2005,	Bradbury	&	Williams	2009)	
indicates	the	possibility	of	incorporating	CaSO4	within	
the	monazite	structure	in	significant	amounts.	The	role	
of	SrTh(REE,Y)–2	(Chakhmouradian	&	Mitchell	1998)	
or	SiSP–2	(Cressey	et al.	1999,	Jercinovic	&	Williams	
2005)	substitutions	is	negligible	owing	to	very	low	Si	
and	Th	contents	in	the	monazite	II	at	Bacúch.	Elevated	
contents	of	S	and	Sr	 in	natural	monazite	(<8.5%	SO3	
and	up	 to	<8.3%	SrO)	and	 the	 (Ca,Sr)S(REE,Y)–1P–1	
mechanism	of	substitution	have	only	been	reported	from	
a	few	localities,	including	carbonatite	occurrences	in	the	
Kola	Peninsula,	Russia	(Kukharenko	et al.	1961,	1965,	
Chakhmouradian	&	Mitchell	1998),	calcite	kimberlite	
from	Internatsional’naya,	Yakutia	(Chakhmouradian	&	
Mitchell	 1999),	 garnet-rich	 high-pressure	 rocks	 from	
the	Bohemian	Massif	 (Krenn	&	Finger	2004),	A-type	
rhyolite	from	Tisovec–Rejkovo,	Slovakia	(Ondrejka	et 
al.	2007),	and	ore-bearing	mylonitic	mica	schists	and	
aplitic	material	from	the	Schellgaden	mining	district	in	
Austria	(Krenn	et al.	2008).	The	precipitation	of	such	
anomalously	S-	and	Ca(Sr)-rich	monazite	at	the	above-
mentioned	sites	is	interpreted	as	a	product	of	secondary	
and	mainly	 hydrothermal	 alteration	 of	 the	 primary	
magmatic	rocks,	or	its	formation	as	a	result	of	plagio-
clase	breakdown	during	high-pressure	metamorphism.	
The	textural	appearance	of	the	Bacúch	sulfatian–stron-
tian	monazite	II	also	supports	its	secondary	origin	after	
the	formation	of	primary,	S,Sr-poor	metamorphic	mona-
zite	I.	This	presumably	occurred	during	a	younger,	most	
likely	Alpine	tectonic	and	hydrothermal	overprint	of	the	
parental	rock.	The	younger	hydrothermal	veinlets	with	
sulfide	mineralization	were	most	 likely	 formed	 from	
H2O–NaCl–KCl-type	fluids	over	a	temperature	interval	
of	100–250°C	and	a	salinity	of	9–24	wt.%	equiv.	NaCl,	
as	was	previously	determined	in	similar	hydrothermal	
mineralization	 in	 the	 surrounding	 areas	 (Pršek	&	
Chovan	2001).	This	mineralization	is	proposed	to	be	a	
source	of	S	for	monazite	II	 formation.	The	extremely	
low	Th	content	in	the	monazite	II	also	suggests	growth	
under	 hydrothermal	 conditions	 (Schandl	&	Gorton	
2004).	Moreover,	 the	 enrichment	 in	 S	 coupled	with	
the	relative	depletion	in	REE,	may	indicate	a	low	pH,	
at	least	during	the	growth	of	monazite	II	(Fulignati	et 
al.	1999).

The	high	Sr	content	correlated	with	the	enrichment	
of	Eu2O3,	up	to	2.7%,	was	interpreted	as	the	breakdown	
of	 plagioclase	 under	 greenschist-facies	 conditions	
(Krenn	et al.	2008).	However,	monazite	II	is	Sr-enriched	
and	depleted	 in	Eu.	The	 elevated	Sr	 content	 together	

with	Ca	enrichment	may	be	considered	to	be	the	result	
of	hydrothermal	leaching	of	Sr	and	Ca	from	Ca-bearing	
plagioclase,	with	simultaneous	crystallization	of	albite	
during	the	Alpine	overprint.

The	 chemical	 composition	of	 the	 gadolinite–dato-
lite-group	minerals	can	be	represented	in	the	quadrilat-
eral	system	by	gadolinite	(R3+Fe),	hingganite	(R3+□),	
homilite	 (Ca2+Fe)	 and	 datolite	 (Ca2+□)	 components	
(Fig.	 7;	 Pezzotta	 et al.	 1999).	Hingganite	 can	 form	
by	 substituting	 in	 gadolinite	 the	Fe	 vacancy	 through	
□(OH)2Fe–1O–2	 (Burt	 1989).	This	 substitution	 trend	
is	the	most	influential	on	the	chemical	composition	of	
the	Bacúch	hingganite.	Here,	the	hingganite	has	a	very	
low	Ca	content	(mostly	<0.01	apfu),	indicating	a	very	
small	amount	of	the	datolite	component	in	the	mineral.	
Hingganite-(Y)	and	gadolinite-(Y)	mostly	prefer	REE	
with	ionic	radii	closer	to	Y	(Sm–Tb),	which	are	mainly	
Dy	and	Gd	(Demartin	et al.	1993).	However,	our	hing-
ganite	 compositions	 show	a	distinctive	 enrichment	 in	
Nd	(0.42	to	0.57	apfu)	and,	in	some	cases,	Nd-dominant	
hingganite	was	detected	(Table	3,	Fig.	7).	Unfortunately,	
the	small	size	and	the	intimate	intergrowths	with	associ-
ated	minerals	preclude	structural	analysis	and	definition	
as	a	new	mineral.	Consequently,	the	Nd	contents	of	the	
Bacúch	 hingganite	 are	 the	 highest	 so	 far	 reported	 as	
naturally	 occurring,	 and	 they	 are	 significantly	 higher	
when	compared	to	other	occurrences	of	hingganite	or	
gadolinite	 (e.g.,	Demartin	et al.	 1993,	Pezzotta	et al.	
1999,	Miyawaki	et al.	2007).

Gadolinite-group	minerals	 and	monazite	 from	 the	
veins	 and	 veinlets	 have	 been	 described	 in	 various	
metamorphic	 rocks	 in	 the	Alps,	 and	 the	 surrounding	
rocks	were	 interpreted	 to	be	a	source	of	Be	and	REE	
(Demartin	et al.	1991,	1993).	Textural	as	well	as	compo-
sitional	 evidence	 indicates	 at	 least	 two	main	 evolu-
tionary	stages	of	REE	mineralization	at	Bacúch.	(1)	The	
origin	of	monazite	I	and	xenotime	is	related	to	an	older,	
probably	Hercynian	metamorphic	event,	together	with	
the	formation	of	magnetite.	(2)	The	partial	dissolution	
–	re-precipitation	of	monazite	I	and	xenotime	and	the	
formation	of	secondary	S-	and	Sr-rich	monazite	II	and	
Nd-rich	hingganite	occurred	during	the	younger,	Alpine	
(Cretaceous)	 tectonometamorphic	 and	 hydrothermal	
overprint	of	the	Bacúch	magnetite	mineralization.
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