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TEMPERATURE�FLUID CHEMICAL CONDITIONS
OF MASSIVE MONAZITE FORMATION OF REE�
RICH VEINS IN JOLOTCA �ROMANIA!
Krisz:án FINTOR1*, Heléna GUBA�WALTER1, Luca KIRI1, Ferenc KRISTÁLY2 & Elemér PÁL�MOLNÁR1
1 Department of Mineralogy, Geochemistry and Petrology, University of Szeged, Szeged, Hungary
2 Ins�tute of Mineralogy and Geology, University of Miskolc, Miskolc, Hungary
* E�mail: fintor.krisz�an@szte.hu

1 Introduc:on
The Ditrău Alkaline Massif (DAM) is located in the East�

ern Carpathians (Romania) and has been iden�fied as a
poten�al rare earth element (REE) deposit in the European
Rare Earth Poten�al Assessment Programme (Goodenough
et al., 2016). The DAM is a petrographically and structurally
diverse alkaline igneous complex that is intruded into meta�
morphic rocks of the Eastern Carpathians during the Middle–
Late Triassic (Ladinian–Norian) (Pál�Molnár et al., 2021).

The northern area of the DAM is the most important for
REE deposits, where a series of ultramafic and mafic rocks
gradually shiIs towards more felsic composi�ons from West
to East. Rare�earth ores are present in the form of miner�
alised veins, the most significant of which are located at the
Jolotca ore field, where E–W trending, north dipping veins
vary between a few hundred meters to one kilometre, their
width is 5–150 cm but occasionally it may reach up to 20 m
(Jakab & Garbaşevschi, 1976). Mineralised veins of Jolotca
intersect the ultramafic and mafic rocks and there is no
gene�c rela�onship between the host rocks and the veins.

The Jolotca ore field hosts minerals enriched in LREE
where the typical REE�minerals are REE(Y)�phosphates;
LREE(Y)�carbonates; Nb, Ta, REE(Y), Ti, Fe oxides; REE�(Y)�Th�
Zr silicates among others (Hîrtopanu, 2018). Besides these,
sulphide ores (e. g. pyrite, sphalerite, galena, molybdenite)
are common, as well as carbonates (e. g. siderite, ferroan
dolomite, ankerite, calcite) and occasionally quartz occur as
barren minerals (Hîrtopanu, 2018).

In the ore veins of the Jolotca area, monazite�(Ce) is a
dominant cons�tuent REE mineral accompanied by apa�te,
allanite�(Ce) and bastnäsite�(Ce), while xeno�me�(Y) is pres�
ent only as an accessory phase.

In this work we try to clarify the posi�on of monazite in
the paragene�c sequence. Furthermore, by chemical analysis
of monazite and xeno�me and by examining the fluid inclu�
sions trapped in the monazite, we try to reveal what temper�
ature and fluid chemical condi�ons were characteris�c
during the forma�on of monazite.

2 Materials and methods
Samples were characterized at the University of Szeged,

using an Olympus BX41 polariza�on microscope. Chatodolu�

minescence (CL) analyses were performed with a Reliotron
cold cathode instrument. Condi�ons during CL imagery, were
7 kV beam voltage and 0.670 mA valve current. BSE images
were taken by an AMRAY 1830 scanning electron microscope
(acc. voltage: 20 kV, beam current: 10 µA) at the Eötvös
Loránd University. EDS X�ray element maps were made at
University of Miskolc by a JEOL JXA�8600 Superprobe (20 kV
accelera�on voltage, 20 nA probe current).

Mineral composi�ons were measured using a JEOL JXA
8200 Suberprobe at the Montanuniversität Leoben Austria.
Measurement seYngs were 20 kV accelera�ng voltage and
10 nA beam current. Detec�on limit was < 0.01–0.03% in
case of Al, Si, Ca, P, Zr, and 0.02–0.07% for REEs (HREE+LREE)
while 0.01–0.07% for U, Th and Pb. 

Raman spectroscopy was performed with a Thermo Sci�
en�fic DXR confocal Raman microscope at the University of
Szeged. Analyses were made by a diode pumped solid state
(DPSS) frequency�doubled Nd�YAG laser with an excita�on
wavelength of λ = 532.2 nm. 

Microthermometric measurements were carried out
with a Linkam MDSG600 motorized hea�ng�freezing stage
opera�ng over a temperature range from –190 to 600 °C. Cal�
ibra�on was done by using synthe�c fluid inclusions with
mel�ng of CO2 at –56.6 °C (triple point), mel�ng of water at
0.0 °C (triple point) and the cri�cal homogeniza�on temper�
ature of water at 374.0 °C. The accuracy of obtained data is
approximately ±0.2 °C under freezing and ±0.5 °C under heat�
ing condi�ons. 

Fluid composi�ons and molar volumes have been calcu�
lated with the computer program “AqSo2e” and “BULK” from
soIware package “FLUIDS” and “ICE” from the soIware
package “CLATHRATES” (Bakker, 1997), using the equa�on of
state from Chueh & Prausnitz (1967).

3 Results
3.1 Petrography

The structure of mineralised veins is oIen chao�c, made
up by anastomosing veins and vein swarms. Brecciated frag�
mented mineral assemblages occur frequently, especially in
the sulphide dominant part of the veins. Samples with a
banded appearance and definite shear marks are also
observed.
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The most prominent mineral in the vein network is mon�
azite (group), which appears in the form of veins from a few
mm to dm in thickness. Aggregates of radially arranged long
prisma�c crystals (fan�shaped crystal aggregates) that can
reach a cm in their largest dimension, is one of the most com�
mon forms of appearance of monazite (Fig. 1).

Monazite crystals have a complex internal texture. Oscil�
latory zoning, discon�nuous rims or thin veinlets can be
found as frequently as patchy� and convolute zona�on (Fig.
2). Anhedral hema�te together with minor thorite can be
found frequently as solid inclusion clusters of dis�nct
domains of the monazite grains. 

Dissolu�on and altera�on features mainly appear as
pseudomorphic subs�tu�on of a monazite crystal by bright
lemon�yellow CL coloured apa�te. Other remarkable alter�
a�on product is a needle�like allanite crown on the surface
of monazite grains with significant dissolu�on pa-erns of the
original monazite.

Xeno�me occurs as sca-ered clusters of �ny euhedral
crystals arranged inters��ally among monazite, or as bulk
anhedral crystals with frequent contact with monazite grains.
The contact between monazite and xeno�me is always sharp
without any dissolu�on features or reac�on fronts. Concen�
tric oscillatory zona�on is observable in the �ny ones while
irregular patchy zona�on is characteris�c in the bulky
anhedral xeno�me crystals.

The other phosphate phase present in large amounts is
apa�te, which consists of bulk aggregates of euhedral crystals
and shows advanced signs of resorp�on. Internal texture of
apa�te aggregates is very turbid, irregularly shaped inclusion�
free domains can be found only in the core of a few large
crystals. CL imagery highlights the dual internal structure of
apa�te, by brownish CL colour of inclusion free cores and
bright lemon yellow colour of the heavily turbid parts.

Allanite occurs in a variety of forms, oIen as radially ori�
ented single crystal clusters, but also as flaky grains in car�
bonate and on the surface of columnar hydroxyl bastnäsite
crystals and as a par�al subs�tute of the mineral. It can also

be observed in the intersec�ng veins of monazite, where it
is associated with lemon yellow CL�coloured apa�te and as a
product of altera�on on monazite, but only where the mon�
azite is in contact with chlorite, serving as Si source.

The sulphides are predominantly pyrite, one type being
massive and oIen fractured into brecciated�like fragments,
the other type consists of clusters of hexahedral crystals and
occurs in veins filled with chlorite and carbonate. Sphalerite
is associated with breccia�like bulky pyrite and appears as an
anhedral highly resorbed phase.

Chlorite can be observed as greenish coloured, vermic�
ular nodules and is most commonly found in leaching cavi�es
of carbonates, associated with quartz in thin veins, or in
masses in shear zones.

Four carbonate genera�ons have been dis�nguished,
with siderite and Sr�ankerite being the most abundant.
Siderite has a massive habit and in many places only occur
as strongly resorbed relicts. Places among resorbed siderite
are filled by bulk Sr�ankerite. In places the Sr�ankerite is
replaced by dull red CL coloured Mn�calcite. In thin veins
intersec�ng all other carbonates and, less frequently, in small
pools between other carbonates, dark orange CL�coloured
calcite is observed.
3.2 Chemical composi�on of monazite and 
xeno�me

WDS element mapping of different type of monazite
crystals showed that the dis�nc�ve zona�on observed in BSE
images are caused by differences in Th concentra�on. In Th�
rich parts, there is a slight enrichment in concentra�on dis�
tribu�on of Ca, Si an Fe are also observable. The thorium
content ranges from ~1–4 wt.% expressed as ThO2, while the
uranium content is mostly below the detec�on limit, where
it is detectable the UO2 content is < 0.1 wt.%. Microprobe
point analyses revealed that every analysed monazite grain
is Ce�dominant, and their chondrite�normalised REE distribu�
�on exhibit La > Ce > Eu > Nd > Pr > Sm rela�ve trend without

Fig. 1: Fan‐shaped monazite crystals (Mnz) in carbonate (Cb) matrix. Fig. 2: Complex internal zona'on of a columnar crystal occurring in
a well‐developed fan‐shaped monazite crystal aggregate.
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nega�ve Eu anomaly. Their Y2O3 content is very low and
varies between 0.1 and 0.6 wt.%.

In xeno�me grains, the zona�on seen in BSE images are
caused by differences in the distribu�on of HREE elements,
especially Gd (0.05–0.1 apfu), Eu (0.00.2–0.01 apfu) and Yb
(0.02–0.03 apfu).
3.3 Fluid inclusion study in monazite host

Basically two main fluid inclusion popula�ons could be
dis�nguished on the basis of their intra�crystal arrangement.
Popula�on 1 is represented by solitary inclusions with ran�
dom distribu�on in the host crystal. Fluid inclusions of pop�
ula�on 1 are supposed to be primary in origin based on their
petrographic characteris�cs. Inclusions of the fluid inclusion
popula�on 2 form fluid inclusion trails that are arranged
along healed micro cracks and are completely extended un�l
the crystal boundaries. The petrographic features of fluid
inclusion popula�on 2 indicate their secondary origin. 

The inclusions of the two popula�ons show very similar
characteris�cs, ranging in size from 2 to 10 µm, with the vast
majority being irregularly shaped and two�phased (LV) with
fluid dominancy (ϕvap: 0.1–0.3) at room temperature. There
are three fluid types present both in the primary and second�
ary originated inclusions. 

The majority of the inclusions contain aqueous carbonic
fluid with gaseous CO2 in the vapour phase and NaCl as major
dissolved salt. The ini�al mel�ng temperature (Ti: ~–23 °C) is
indica�ve of a H2O�NaCl�CO2 type fluid. Tm (Ice) values are
between –18.5 and –4.5 °C (Fig. 3) and Tm (Cla) values are
between –5.5 and 6.5 °C, sugges�ng a fluid composi�on of
12–21 mass% NaCleq. salinity and 2–4 mol% CO2. All of the
inclusions homogenize into the liquid phase (LV to L) without

excep�on. Vast majority (> 90%) of Th values are in a 223 to
330 °C range with median value of 267 °C (Fig. 3).

The second most common type of fluid is an aqueous
electrolyte type fluid; which composi�on differs from the
aqueous�carbonic one mainly in the absence of CO2. This fluid
type can be modelled in the H2O�NaCl system (Ti: –23 to
–21 °C) and exhibi�ng 7–22 mass% NaCleq. salinity. The fluid
also homogenizes into the liquid phase during hea�ng, in a
bit broader 160 to 304 °C range, with a median value of
251 °C (Fig. 3).

The third type of fluid represents the smallest propor�
�on. It is also an aqueous electrolyte system, but in addi�on
to NaCl it also contains CaCl2, as indicated by the first melt
phase already appearing below –40 °C.

Tm (Ice) values are in a –20.3 to –25.3 °C range (Fig. 3).
The fluid can be described by the H2O�NaCl�CaCl2 model sys�
tem, but in the absence of Tm (Hh) values, a composite salin�
ity cannot be given, so its salinity ranges from 20.7–23 mass%
CaCleq. in the H2O�CaCl2 system. Homogeniza�on of this fluid
also occurred into the liquid phase in a 148 to 237 °C Th range
where the median value is 174 °C (Fig. 3).

4 Discussion and conclusions
For the purpose of determining the origin of monazite

crystals, their mineral chemistry was used as a basis. A mul�
�variate sta�s�cal classifica�on algorithm, linear discriminant
analysis was applied in order to separate monazites of differ�
ent origin. The procedure used a large amount of monazite
data from the literature with the most diverse gene�cs pos�
sible (Wu et al., 2019 and references therein). The best pos�
sible separa�on was achieved by using the La, Ce, Sm, Gd,
Ca, Si, U and Th contents of the monazites as predic�ve vari�
ables, which gave a 98% probability that our analysed mon�
azite is of hydrothermal origin.

The chemical composi�on of xeno�m is also indica�ve
of the condi�ons under which they were formed, their GdN(12–24 wt.%) and EuN (2–12 wt.%) values suggest that they
crystallised from an aqueous fluid.

Since contact between monazite and xeno�me phases
is generally sharp, without any reac�on fronts or dissolu�on
features, indicate that the two minerals were in equilibrium
during their forma�on. Y�content of monazite which is in
equilibrium with xeno�me is used to es�mate the p�T param�
eters of monazite�xeno�me mineral assemblages during their
forma�on (Gratz & Heinrich, 1997). The solvi used to es��
mate the forma�on temperature range were calculated for
two limi�ng pressures [0.1 MPa and 700 MPa (Pál�Molnár et
al., 2015)] using the equa�ons of Mogilevsky (2007). A range
of 245 ± 14 to 396 ± 17 °C can be es�mated for monazite crys�
talliza�on temperature (Fig. 4).

Petrographic results show that the beginning of the
hydrothermal stage of vein mineraliza�on is represented by
the forma�on of fan�shaped monazites. Following the mon�
azite forma�on (partly overlapping it), small amounts of
xeno�me was generated, followed by massive apa�te depo�
si�on. The precipita�on of early sulphides (e.g. pyrite, spha�
lerite) was followed by phosphate mineralisa�on. 

Fig. 3: Microthermometry results of primary fluid inclusions. 
a) Th data; b, c) Salinity data. Legends: red: H2O‐NaCl‐CO2 fluid;
green: H2O‐NaCl fluid; blue: H2O‐NaCl‐CaCl2 fluid
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The developed mineral assemblage
was affected by pervasive metasoma�sm.
Signs of this effect can be seen beyond the
dissolved surfaces of the monazite and
xeno�me crystals, in their patchy, some�
�mes chao�c internal zona�on. But the
most extensive altera�on is seen in apa�te,
where relicts of the original apa�te can s�ll
be seen as resorbed islands, but much of
the mineral has been replaced by dissolu�
�on�reprecipita�on by a new apa�te
phase.

The dissolu�on and reprecipita�on is
observed on monazite also, which is a well�
documented process common in low�tem�
perature (< 400 °C) metamorphic or
hydrothermal condi�ons (Townsend et al.,
2000; Rasmussen & Muhling, 2007). Th�
rich monazites tend to dissolve at low tem�
peratures, resul�ng in the forma�on of
new monazite rich in thorite and hema�te
inclusions (Rasmussen & Muhling, 2007),
similar to our observa�ons.

The broad salinity ranges (7–22 mass% NaCleq., Fig. 3/b)
in H2O�NaCl�CO2 and H2O�NaCl fluids could be a result of mix�
ing of fluids with different salinity (Dubessy et al., 2003). The
main difference between composi�on of these two types of
fluids is the CO2 content, however lack of vola�le content can
be explained by effervescence following a sudden pressure
drop. Pressure fluctua�ons associated with fracture opening
and sealing are very common phenomena in ac�ve
hydrothermal systems. Traces of displacement�related crack
opening and re�cementa�on are abundant in the vein sys�
tem, supported by the presence of many brecciated vein tex�
ture and markers of shearing processes.

The appearance of CaCl2 in the fluid indicates a change
in the Ca/Na balance of the fluid system. The increasing Ca
ra�o favours allanite forma�on, especially in progressive
processes (e.g., metasoma�sm), where it oIen appears
together with apa�te at the expense of monazite (Janots et
al., 2008). This type of allani�za�on is observed in our case
and can be brought into line with the changes in fluid chem�
istry.

Further studies are needed to decide to what extent
es�mated temperatures represent the original forma�on
condi�ons or a metasoma�c overprin�ng.
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