
Gadolinium-dominant monazite and xenotime: Selective hydrothermal enrichment of 
middle REE during low-temperature alteration of uraninite, brannerite, and fluorapatite 

(the Zimná Voda REE-U-Au quartz vein, Western Carpathians, Slovakia)

Martin Ondrejka1,*, Pavel Uher1, Štefan Ferenc2,†, Stanislava Milovská3, Tomáš Mikuš3,  
Alexandra Molnárová1, Radek Škoda4, Richard Kopáčik2,‡, and Peter Bačík1

1Department of Mineralogy, Petrology and Economic Geology, Faculty of Natural Sciences, Comenius University, Ilkovičova 6, Mlynská dolina, 
84215, Bratislava, Slovakia

2Department of Geography and Geology, Faculty of Natural Sciences, Matej Bel University, Tajovského 40, 97401 Banská Bystrica, Slovakia
3Earth Science Institute, Slovak Academy of Sciences, Ďumbierska 1, 97401, Banská Bystrica, Slovakia

4Department of Geological Sciences, Faculty of Science, Masaryk University, Kotlářská 2, 61137 Brno, Czech Republic

Abstract
A hydrothermal quartz vein with REE-U-Au mineralization in the Zimná Voda (Gemeric Unit, 

Western Carpathians, Slovakia) is associated with contact metamorphism between Permian granites 
and host phyllites and metaquartzites. It contains unique REE minerals of the monazite and xenotime 
groups. Monazite-(Ce), monazite-(Nd), monazite-(Sm), and Gd-dominant monazite [“monazite-(Gd)”], 
along with xenotime-(Y) to Gd-dominant xenotime [“xenotime-(Gd)”] and Gd-rich hingganite-(Y) 
show heterogeneous compositions and reflect a strong fractionation trend toward the enrichment of 
MREE (Sm to Dy), particularly Gd. Here, the gadolinium abundance reported in “monazite-(Gd)” 
(≤23.4 wt% Gd2O3) and Gd-rich xenotime-(Y) to “xenotime-(Gd)” (≤28.7 wt% Gd2O3) and accom-
panied by Gd-rich hingganite-(Y) (≤15.8 wt% Gd2O3), is among the highest Gd concentrations ever 
reported in natural minerals. The Gd-richest compositions show the following formulas: (Gd0.31Sm0.24 

Nd0.15Ce0.10La0.05Dy0.03Y0.03...)0.98PO4 [“monazite-(Gd)”], (Gd0.36Y0.32Dy0.13Sm0.08Tb0.05...)0.98 

(P0.96As0.04)1.00O4 [“xenotime-(Gd)”] and (Y0.71Gd0.43Dy0.23Sm0.22Tb0.06Er0.04Nd0.06...Ca0.06)1.96 

(o0.87Fe2+
0.13)1.00(Be1.82B0.18)2.00(Si1.90As0.10)2.00O8(OH1.70O0.30)2.00 [hingganite-(Y)]. The MREE-rich mona-

zites, xenotimes, and hingganite-(Y) precipitated in response to the alteration of primary uraninite, 
brannerite, and fluorapatite by low-temperature hydrothermal fluids of heterogeneous compositions 
on a microscale. These are responsible for the strong enrichment of individual MREE, especially Gd 
in the secondary minerals. This is accompanied by the advancing development of the W-type tetrad 
effect on REE through monazite species. The substantial incorporation of Gd into both REE-selective 
monazite and xenotime structures that are accompanied by LREE vs. HREE segregation indicates the 
possibility of differently sized REE3+ miscibility in REEPO4 solid solutions, as well as the stabilization 
of the Gd-rich orthophosphate structure by substitution of the remaining A-site cations with smaller 
HREE+Y in the xenotime-type, and/ or larger LREE in the monazite-type structure.
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Introduction
Accessory monazite-group minerals (MGM) and xenotime-

group minerals (XGM) are widespread in numerous lithologies, 
including various magmatic, metamorphic, and sedimentary 
rocks, as well as hydrothermal, authigene, and supergene sys-
tems. Monazite contains dominant trivalent LREE (light Ln: 
La-Sm) based on their preference of monazite-type crystal 
structure (Ni et al. 1995). Among them, monazite-(Ce) is the 
most common end-member, whereas monazite-(La), monazite-
(Nd), and monazite-(Sm) occur as rare minerals only in specific 
pegmatite, post-magmatic or sedimentary environments (e.g., 

Graeser and Schwander 1987; Demartin et al. 1991b; Pekov 
2000; Masau et al. 2002; Dowman et al. 2017). There are only 
two known end-members in the XGM. Xenotime-(Y) is by far 
the most widespread and contains the dominant Y3+, as well as 
usually low contents of other HREE (heavy Ln, Tb-Lu) and 
negligible amounts of LREE. On the other hand, xenotime-(Yb) 
and Yb-, Dy-, and Gd-rich xenotime-(Y) are very rare minerals 
occurring in some granitic pegmatites and metamorphic-hydro-
thermal lithologies (Demartin et al. 1991a; Förster and Rhede 
1995; Förster 1998b; Buck et al. 1999; Masau et al. 2000; Repina 
2011; Repina et al. 2014; Franz et al. 2015). Despite having a 
generally coherent behavior, selective REE mobilization and 
fractionation in aqueous systems is quite common and has been 
reported previously from different geochemical environments 
(e.g., Seredin 1996; Morgan et al. 2012; Lee et al. 2013; Franz 
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