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Abstract: In Mongolia, rare earth element (REE) mineralization of economic significance is related
either to the Mesozoic carbonatites or to the Paleozoic peralkaline granitoid rocks. Carbonatites
occur as part of alkaline silicate-carbonatite complexes, which are composed mainly of nepheline
syenites and equivalent volcanic rocks. The complexes were emplaced in the Gobi-Tien Shan rift
zone in southern Mongolia where carbonatites usually form dikes, plugs or intruded into brecciated
rocks. In mineralized carbonatites, REE occur mainly as fluorocarbonates (bastnäsite, synchysite,
parisite) and apatite. Apatite is also present in the carbonatite-hosted apatite-magnetite (mostly
altered to hematite) bodies. Alkaline silicate rocks and carbonatites show common geochemical
features such as enrichment of light REE but relative depletion of Ti, Zr, Nb, Ta and Hf and similar
Sr and Nd isotopic characteristics suggesting the involvement of the heterogeneous lithospheric
mantle in the formation of both carbonatites and associated silicate rocks. Hydrothermal fluids of
magmatic origin played an important role in the genesis of the carbonatite-hosted REE deposits.
The REE mineralization associated with peralkaline felsic rocks (peralkaline granites, syenites and
pegmatites) mainly occurs in Mongolian Altai in northwestern Mongolia. The mineralization is
largely hosted in accessory minerals (mainly elpidite, monazite, xenotime, fluorocarbonates), which
can reach percentage levels in mineralized zones. These rocks are the results of protracted fractional
crystallization of the magma that led to an enrichment of REE, especially in the late stages of magma
evolution. The primary magmatic mineralization was overprinted (remobilized and enriched) by
late magmatic to hydrothermal fluids. The mineralization associated with peralkaline granitic rocks
also contains significant concentrations of Zr, Nb, Th and U. There are promising occurrences of
both types of rare earth mineralization in Mongolia and at present, three of them have already
established significant economic potential. They are mineralization related to Mesozoic Mushgai
Khudag and Khotgor carbonatites in southern Mongolia and to the Devonian Khalzan Buregtei
peralkaline granites in northwestern Mongolia.

Keywords: rare earth elements; deposit; Mongolia; carbonatite; peralkaline granitic rocks; Central
Asian Orogenic Belt

1. Introduction

Rare earth elements (REE) are increasingly important in high-technology applications.
They are in high and crucial demand for applications in modern technology including use
in magnets, lasers, batteries, computers, screens and many others. They are important in
the quest for “green energy” where some of them are used e.g., in wind turbines and hybrid
gas-electric vehicles. This is in addition to their traditional application as pigments in glass,
as abrasives and bearings in ceramics and as catalysts in petroleum refining. The demand
for these elements has increased dramatically since 2000. In addition, the political and
economic issues recently associated with the global REE supply has given these elements
more visibility and strategic importance than ever before. The growing strategic importance
of REE has been reflected in their inclusion in the 2022 US Government’s List of Critical
Minerals and European Union’s List of Critical Raw Materials.
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Although the demands for REE have significantly increased in recent years leading to
extensive mineral exploration, economic REE deposits are rare and geological information
on some of them are not available or difficult to obtain. The purpose of this paper is to
present information on significant or promising mineral deposits of rare earth elements
in Mongolia (Figure 1), and to provide an overview of their geological, geochemical and
mineralogical characteristics as well as of their resources. As Mongolia hosts a number of
promising sites of REE mineralization and many of them were not sufficiently explored
and investigated, this review will be useful for future prospecting and research of these
rare metals.
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Figure 1. Map of Mongolia showing the location of the sites of significant REE mineralization. Host
rocks—Carbonatites: 1—Mushgai Khudag; 2—Khotgor; 3—Bayan Khoshuu; 4—Lugiin Gol; 5—Ulgii
Khiid; 6—Bayan Obo. Peralkaline granites: 7—Khanbogd; 8—Khalzan Buregtei; 9—Ulaan Tolgoi;
10—Tsakhir; 11—Ulaan Del; 12—Shar Tolgoi; 13—Maihan Uul. Number 6 is a large Bayan Obo REE
deposit in Inner Mongolia, China. Inset map shows a geologic sketch of northeastern Asia and the
location of Mongolia.

2. Geologic Background

Mongolian territory, a collage of Neoproterozoic-Paleozoic rocks and terranes, is a
part of the Central Asian Orogenic Belt (CAOB), which has been subdivided in Mongolia to
Northern Caledonian and Southern Hercynian domains [1]. The Northern domain contains
Proterozoic and lower Paleozoic rocks, including cratonic fragments of Proterozoic rocks.
The Southern domain is mainly composed of mid- to late Paleozoic igneous arc rocks, and
Ordovician to Carboniferous sedimentary rocks, which were all intruded by voluminous
Permian-Carboniferous granitoids.

The amalgamation of continental blocks and magmatic arcs within the CAOB was
largely completed by the end of the Paleozoic-early Mesozoic [2]. Subsequently, this
part of the CAOB underwent several episodes of intracontinental extension producing
prominent rift zones and syn-rift basins. Eastern and southern Mongolia, in particular,
underwent a period of basin-and-range style extension, accompanied by continental rift-
related magmatism [3].
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3. Rare Earth Element Deposits

There are several types of primary and secondary REE mineralization. However, the
most important REE resources are associated with four geological environments [4,5]: car-
bonatites, alkaline felsic igneous systems and two secondary deposit types: placer deposits
and residual deposits of REE-bearing clays, called ion-adsorption clays. In Mongolia, REE
deposits of economic significance occur only at the first two types of geological environ-
ments (i.e., primary deposits)—carbonatites and alkaline felsic igneous rocks (Figure 1).

REE occur together in a wide range of minerals including oxides, silicates, carbon-
ates, phosphates and halides. However, only a relatively small number are commercially
important and tend to be dominated by either light REE (LREE) or heavy REE (HREE).
Most important are bastnäsite, monazite and xenotime. Bastnäsite (fluorocarbonate-[(Ca,
La)(CO3)F]) and monazite [(La, Ce, Nd, Th) PO4] are rich in LREE, while xenotime (YPO4)
contains mainly HREE including Y. Other important REE minerals in Mongolia are ap-
atite [(Ca, REE)5(PO4)3(F, Cl, OH)], britholite [(REE, Th, Ca)5(SiO4,PO4)3(OH, F)] and
elpidite [Na2ZrSi6O15 · 3H2O]. The Khanbogd peralkaline granitic pluton in southern
Mongolia is the site of the discovery of a new Ca-zirconosilicate named armstrongite
(CaZrSi6O15 · 3 H2O) after the American astronaut Neil Armstrong [6].

3.1. Carbonatite-Associated Deposits

Carbonatites are defined as igneous rocks composed of >50 vol.% primary (i.e., mag-
matic) carbonate and containing <20 wt.% SiO2 [7]. The parent magmas of carbonatites were
formed by either (a) by partial melting of carbonatite-bearing metasomatized lithospheric
mantle or (b) by silicate-carbonate liquid immiscibility following fractional crystallization
of carbonate-bearing, silica-undersaturated magmas such as nephelinites [8]. Carbonatite-
associated deposits typically include mineralization that occurs both within and in close
spatial or genetic connection with carbonatites and related alkaline silicate rocks [9]. Car-
bonatites mainly form various minor intrusions such as plugs, pipes, dikes, and lopoliths
and are commonly surrounded by an alteration zone (fenitization—a zone enriched in
Na and/or K) of host rocks. Some of these intrusions may be up to 3–4 km in diameter
although typically they are significantly smaller. Carbonatites also occur as volcanic rocks.
All these carbonatites are associated with alkaline silicate rocks such as nepheline syenites,
ijolites, and nephelinites [10]. They typically occur in an extensional setting mostly in stable,
intraplate areas where the intrusions are associated with major faulting or rifting [8,11–13].
Carbonatites have high concentrations of REE (usually 250–8000 ppm, [14,15]), typically
with a strong enrichment of LREE relative to HREE. The chondrite-normalized La/Yb
ratio commonly ranges from 100 to 10,000 (Figure 2). The carbonatites may also contain
economic concentrations of Nb, P (apatite), fluorite and vermiculite [16]. The REE are
mostly hosted in fluorocarbonates and phosphates (mainly apatite).Minerals 2023, 12, x FOR PEER REVIEW  4  of  23 
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Figure 2. Chondrite-normalized REE patterns of mineralized carbonatites from Mountain Pass (Cali-
fornia, USA) and Bayan Obo (Inner Mongolia, China), major carbonatite-hosted REE deposits [17,18]
and the range of typical ores of the REE deposits associated with peralkaline igneous rocks. Normal-
izing values are after.
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3.2. Peralkaline Rock-Associated Deposits

Peralkaline igneous rocks are alkaline rocks, which have a higher molecular content of
alkalis than alumina [(Na2O + K2O) > Al2O3) mol.%]. Mineralogically, they typically con-
tain alkali amphiboles and/or alkali pyroxenes and their CIPW norms include acmite and
Na-metasilicate. Peralkaline rocks have a wide range of silica contents, ranging from gran-
ites through syenites to feldspathoid-bearing silica undersaturated rocks (e.g., nepheline
syenite and nephelinite). These peralkaline rocks are rich in REE, uranium, thorium and
high-field-strength-elements (HFSE) such as zirconium, and niobium (e.g., [17]). In con-
trast to the carbonatites and their deposits, peralkaline rocks and associated deposits are
relatively enriched in yttrium and HREE [4,18]. For example, their chondrite-normalized
La/Yb ratio is low, typically in the range of 2–10 (Figure 2; [14]). They occur in anorogenic
settings, in continental rifts or crustal extension zones. Their mineralization is usually
complex, composed of a variety of REE-bearing minerals, which show replacement textures
due to multistage late magmatic or hydrothermal overprinting of primary mineral assem-
blages (e.g., [19–22]). Consequently, the intrusions and wall rocks are commonly highly
altered and show distinct variabilities of mineralogy, grain size and textures. In addition to
accessory minerals, alkali amphibole and pyroxene may also contain significant amounts
of REE and play a role in their fractionation and concentration (e.g., [23–25]).

4. Mongolian REE Deposits

Carbonatites or alkaline silicate-carbonatite volcano-plutonic complexes, which host
significant mineralization of rare earth elements, occur in Southern Mongolia (or Southern
Gobi Desert). These Mesozoic complexes are located in the Permian-early Triassic Gobi-Tien
Shan rift zone within grabens, which are subparallel to major tectonic lineaments and are
related to continental rifting. Prominent Mesozoic carbonatite-hosting intrusions include
the Mushgai Khudag, Bayan Khoshuu, Khotgor, Lugiin Gol and Ulgii Khiid complexes
(Figure 1). The complexes were emplaced during two periods. The first period is the
Late Paleozoic [26]–Early Mesozoic [27]. (Lugiin Gol complex: ~225–258 Ma [28]; and the
second is of the Late Mesozoic age), (Mushgai Khudag: ~138 Ma; Bayan Khoshuu: ~134 Ma;
Khotgor: ~135 Ma; Ulgii Khiid: 147–158 Ma) [29–32].

The alkaline silicate-carbonatite volcano-plutonic complexes associated with REE
mineralization are comprised of nepheline syenites and related rocks or their volcanic
equivalents. Carbonatites mostly occur as plugs and dikes (up to 1.5 m thick and 2000 m
long) crosscutting igneous silicate rocks. They are made up predominantly of calcite
and may contain REE mineralization, mainly composed of fluorocarbonates (bastnäsite,
synchysite, parisite). In these complexes, REE are also concentrated in apatite-magnetite
rocks, which occur as dikes or pipes or in calcite-fluorite-celestine and barite-celestine veins
or breccia with carbonatite cement.

The second type of primary REE deposits is mineralization associated with fractionated
peralkaline granites and pegmatites. Most of these sites are in northwestern Mongolia
(Figure 1). The most prominent is the Devonian Khalzan Buregtei deposit. Several other
promising occurrences of REE mineralization, which are related to Paleozoic peralkaline
granitic rocks (Figure 1) are Ulaan Tolgoi, Shar Tolgoi, Tsakhir, Ulaan Del and Maihan Uul
in Mongolian Altai. Similar deposits also occur in an adjacent part of Russia (southeastern
region of the Tuva Republic e.g., Ulug-Tanzek, Zashikhinskoe and Sol Beldyr economically
significant rare metal deposits [33–35]). In addition, peralkaline granitic rocks containing
REE mineralization are also known from southern Mongolia. One of such bodies is the
Khanbogd complex, which is located close to the giant Oyu Tolgoi Cu-Mo-Au porphyry
deposit. Gerel et al. [36] lists numerous publications describing various aspects of the REE
deposits in Mongolia.
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4.1. Carbonatite Deposits
4.1.1. Mushgai Khudag

The deposit is hosted in a Cretaceous alkaline silicate-carbonatite complex in southern
Mongolia in the Gobi Desert, about 100 km north of the city Dalanzadgad. The mineraliza-
tion was discovered in the early 1970’s. Country rocks are Paleozoic volcano-sedimentary
sequences and Carboniferous granitoids. The complex has roughly a circular shape with
about 27 km in diameter, spreads over an area of >100 km2 and is composed mainly of
volcanic rocks (Figure 3). Their emplacement started with nephelinites and associated
pyroclastic rocks. This volcanic episode was followed by the extrusion of subalkaline
trachytes and phonolites and subsequently by trachydacite and latites. Stocks, dikes and
pipes of related syenitic rocks, which are up to 0.5 to 1 km in diameter, crosscut the volcanic
sequence (Figure 3). The complex was also intruded by abundant non-silicate rocks, which
contain most of the REE mineralization. They include carbonatites, quartz-fluorite-celestine
and apatite-magnetite rocks. These rocks are contemporaneous with the emplacement of
trachytes. The carbonatite dikes range in thickness from a few cm to 10 meters and are up
to several hundred meters long. Apatite-magnetite rocks typically form pipe-like bodies,
which are up to 3 m in diameter and 30 m long. These rocks also outcrop as plugs up to
about 10 × 30 m in size [37].
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Figure 3. Generalized geological map of a part of the Mushgai Khudag complex (modified af-
ter [31,37]). Inset map shows the location of the Mushgai Khudag complex (red dot).

K-Ar dating of apatite-magnetite and silicate rocks yielded ages around 145–135 Ma [29].
The Rb-Sr isochron age of alkaline syenite was estimated to be 140 ± 6 Ma [30]. The age
is in a good agreement with the Sm/Nd age of 138 ± 3 Ma also obtained by Baatar
et al. [30]. Nikolenko et al. [31] reported Ar-Ar ages for phlogopites and groundmass from
nephelinites, syenites and magnetite-apatite rocks ranging from 133 to 145 Ma.

Carbonatites contain calcite, which usually constitutes >90 vol.% of the rocks. Other
minerals in this rock-type are fluorite, celestine, and barite and locally phlogopite, mag-
netite, apatite, britholite and fluorocarbonates (bastnäsite, synchysite and parisite). Brec-
ciated intrusive rocks and eruptive breccias also host carbonatites, which occur as a cement.
Magnetite-apatite rocks have massive or trachytic textures and are composed of magmatic
apatite, magnetite, phlogopite and ilmenite. They also contain hydrothermal goethite, phos-
phosiderite, monazite, celestine, fluorite, barite, gypsum and rutile. The modal proportions
of apatite (fluorapatite) and magnetite are variable but together they typically constitute
~90 vol.% of the rocks. Fine veins of fluorite (75–95 vol.%), which are widespread in the
complex, contain minor to accessory amounts of calcite, barite, celestine, apatite, parisite,
synchysite and monazite. In addition, the mineralized zone also contains fluorite-celestine-
magnetite-apatite dikes and breccia [28].
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The carbonatites and magnetite-apatite rocks have significantly higher total REE abun-
dances than the non-mineralized silicate rocks [31,37]. The chondrite-normalized REE pat-
terns of carbonatites and apatite-magnetite rocks are distinctly enriched in LREE (Figure 4).
The primitive mantle normalized patterns of both rock types show negative anomalies for
HFSE (Nb, Ta, Zr, Ti) implying subduction imprint in their source (Figure 5). Furthermore,
geochemical similarities of carbonatites and associated silicate suggest derivation from a
common source. The Sr and Nd isotopic data of the rocks of the Mushgai Khudag complex
show variations with 87Sr/86Sr(i) ranging from 0.70532 to 0.70614 and ENd(t) from −1.23 to
+1.25 [30,31,36–39]. The ranges are comparable to many other Triassic-Cretaceous magmatic
rocks in southern Mongolia [28].

The volcanic rocks contain ~40–68 wt.% of silica and have K2O > 3.55 wt.% and can
be classified as shoshonitic. Nikolenko et al. [31] suggested that the silicate rocks were
generated by fractional crystallization of nephelinitic parental magma, which was derived
from a heterogeneous subduction modified lithospheric mantle source. The magnetite-
apatite rocks are the results of a silicate-salt liquid immiscibility at an advanced stage of
magma evolution, during the syenite crystallization [31].
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from Nikolenko et al. [31]); (B)—apatite-magnetite rocks: Mushgai complex (o—Vladykin, [28] and
∆—Nikolenko et al. [31]) and Khotgor (+—Nikolenko et al. [31]). Normalizing values after [27].

The REE mineralization is associated with carbonatites, magnetite-apatite and fluorite-
celestine-magnetite-apatite rocks, and quartz-fluorite-rich veins (Figure 4). The most
important economically are apatite-bastnäsite carbonatite and apatite-magnetite ores [41,42].
The main REE minerals are apatite (with up to 13.5 wt.% REE) and fluorocarbonates
(bastnäsite, synchysite and parisite). Monazite is also locally important. The complex hosts
at least six ore zones. The main ore zone is about 4 km long and 0.5 km wide and contains a
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number of ore bodies of various shapes and sizes. Individual ore bodies are 1–30 cm wide
and can be followed for over 10-150 m along strike. The resources of the deposit are about
34 Mt of TREO (REE + Y calculated as oxides). The average grade in the whole deposit is
1.36 wt.% TREO [42] although it reaches up to 6.15 wt.% in the high-grade zones. In this
complex, there are more than 200 additional carbonatite dikes ranging from 20 m to 2 km
in length and from 0.2 to 1 m in width. Some of them are mineralized but occur outside of
the main ore zone.
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complex (o—Vladykin [28]) and ∆—Nikolenko et al. [31]) and Khotgor (+—Nikolenko et al. [31]).
Normalizing values after [40].

4.1.2. Khotgor

Another significant deposit also located within the Gobi-Tien Shan rift zone is Khotgor
(Figure 1). The deposit, discovered in early 1980’, is hosted in a pipe-shape stock of
nepheline syenite, which intruded Silurian metasediments. The nepheline syenite, dated
at 135 Ma [29,32] is composed of K-feldspar, nepheline and subordinate phlogopite, Fe-
Ti oxides, fluorite, apatite and celestine. The intrusion contains carbonatite breccia and
carbonatite dikes both of which carry REE mineralization. Mineralized parts of the intrusion
are altered and strongly brecciated. The mineralized carbonatite dikes and pipes are
steeply dipping, typically about 30 cm thick and can be followed for about 30–40 m.
Some of these dikes and breccia contain “apatite ore” [42]: magnetite-apatite or fluorite-
celestine-magnetite-apatite associations. Mineralized apatite-rich bodies are tubular, steeply
dipping, 1 to 30 m wide and 10 to 150 m long and contain nets of lilac-colored fluorite.
The main ore minerals in the deposit are apatite, bastnäsite and also britholite, parisite
and synchysite. The rare earth mineralization is similar to that of the Mushgai Khudag
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(Figures 4 and 5). Estimated resources in this deposit are 40 Mt of TREO with an average
content of 1.22 wt.% [41,42].

4.1.3. Lugiin Gol

The Lugiin Gol REE deposit is hosted in a nepheline syenite pluton in southern
Mongolia in the South Gobi Desert, ~60 km north of the Mongolian-Chinese border and
<200 km north-west of the giant REE carbonatite deposit Bayan Obo in Inner Mongolia,
China (Figure 1). The Lugiin Gol pluton occurs in a graben associated with a prominent
tectonic lineament in the Gobi-Tien Shan belt. The Lugiin Gol pluton has a sub-circular
outline with a diameter of 3.5 km (Figure 6). The pluton intruded the Permian sedimentary
rocks and is surrounded by the contact metamorphic zone. Vladykin [28] reported the
U-Pb zircon and baddeleyite ages of nepheline syenite of 253–258 Ma.
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The rocks of the pluton include, in addition to dominant nepheline syenite, alkali
gabbro and shonkinite. Nepheline syenite is coarse to medium-grained equigranular
to porphyritic composed of predominant K-feldspar and also of plagioclase, amphibole,
clinopyroxene, nepheline, biotite and accessory apatite (up to 1.5 vol.%), titanite, zircon,
cancrinite, and Fe-Ti oxides. Alkali gabbro and shonkinite have mineral assemblages
similar to nepheline syenite but have higher proportions of mafic phases. The radial dikes
are composed of nepheline syenites, tinguaites (phonolites) and carbonatites. These dikes
range from several cm to 3 m in width and are up to 1000 m long.

The nepheline syenitic rocks have silica ranging from ~50 to 60 wt.%, have high
contents of alkalis (10–17 wt.%.) and alumina (~20 wt.%) as well as Ba and Sr and are
nepheline-normative. They have high initial 87Sr/86Sr ratios (0.707 to 0.708) and negative
ENd(t) (~−1.2 to −2.7) [39,43].

The pluton hosts numerous, nearly vertical carbonatite dikes ranging in thickness from
a few cm to 2 meters and are 5–200 m long [28]. Carbonatite dikes are coarse- to medium-
grained massive rocks composed mainly of calcite. In addition, the carbonatites also occur
as cements in eruptive breccia. The carbonatite dikes may contain significant amounts of
fluorocarbonates. Some carbonatites contain up to 30% fluorite and 30% bastnäsite and
resemble carbonatites from the giant Bayan Obo REE deposit [28].
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The primary mineral assemblages of carbonatites were overprinted by hydrothermal-
metasomatic processes, which led to an REE enrichment with a formation of a secondary
association of fluorite-fluorocarbonates [31]. In addition to bastnäsite, the main REE min-
erals are synchysite and parisite. Some of the alteration zones of carbonatites are ~0.3 m
thick and 50 to 100 m long and contain on average ~3.23 wt.% TREO. Metasomatized
(mineralized) carbonatites are enriched in LREE compared to the original magmatic car-
bonatites (Figure 7). The chondrite-normalized REE patterns of mineralized carbonatites
and of carbonatites show a distinct enrichment of LREE and moderately sloping HREE
with (La/Yb)n ~500 and 15, respectively (Figure 7). The primitive mantle normalized trace
element plots of the carbonatites display not only an enrichment in LREE but also in Th
and U. The plots also show distinct negative anomalies for Nb, Ta, Zr and Ti, implying a
subduction imprint, and are comparable to those of host silicate rocks (Figure 8). The REE
resources were reported as 0.5 Mt with 2.67 wt.% TREO [41,42].
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4.1.4. Bayan Khoshuu and Ulgii Khiid

The Bayan Khoshuu complex (Figure 1) is composed of Cretaceous syenites, which
intruded Late Paleozoic granitic rocks and Silurian volcanic rocks. The intrusion, partly
covered by Quaternary sediments, is a poorly exposed elongated body, which is about
1 km long and 0.5 km wide. It contains circular stockworks of carbonatite veins (Figure 9).
Stockworks are up to about 150 m in diameter. The intrusions also host carbonatite
breccia, isolated carbonatite dikes as well as apatite-magnetite and carbonate-fluorite-barite-
celestine veins. Rb-Sr whole rock-mineral isochron ages range from 130 to 139 Ma [38].
Rare earth element mineralization is similar to that of the Mushgai Khudag [36,38]. The
mineralized carbonatites are enriched in LREE compared to the carbonatites (Figure 7)
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and the primitive mantle normalized trace element patterns of both types of carbonatites
display negative anomalies for Nb, Ta, Zr and Ti (Figure 8).
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Figure 9. Generalized geological map of Bayan Khoshuu complex (modified after [38]). Inset map
shows the location of the Bayan Khoshuu complex (red dot).

The Ulgii Khiid alkaline silicate-carbonatite complex (Figure 1) intruded Lower Car-
boniferous volcano-sedimentary sequences. The complex has a circular outline about
3 km in diameter (Figure 10). It is a zoned intrusion with a core composed of alkaline
syenite, surrounded by an outer zone composed of peralkaline granites. The complex
was intersected by an E-W trending fault accompanied by brecciated rocks. Carbonatites
occur as dikes up to 1.5 m wide and 200 m long cross-cutting the syenite zone. There
is also carbonatite breccia, which is controlled by the fault. Carbonatites contain minor
amounts of apatite and fluorocarbonates (mainly synchysite) as well as apatite-magnetite
dikes/veins. The mineralized carbonatites have higher abundances of REE compared to
the other carbonatites (Figure 7). The primitive mantle normalized patterns of these rocks,
like those of other Mongolian carbonatites show depletions in HFSE and P (Figure 8). The
reserves of the REE mineralization in both these complexes have not yet been estimated.Minerals 2023, 12, x FOR PEER REVIEW  14  of  23 
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4.2. Peralkaline Granitic Deposits
4.2.1. Khalzan-Buregtei

The Khalzan-Buregtei massif (Figure 1) is a composite intrusion of peralkaline gran-
itoids occurring along the eastern margin of the Mongolian Altai, northwestern Mon-
golia [46–52]. The massif, located ~45 km northeast of the city of Khovd, is a part of a
Paleozoic belt of alkaline intrusions associated with the prominent Tsagaan Shiveet fault.
These intrusions were emplaced in graben-like structures associated with an extension and
controlled by deep faults. This oval-shaped complex, which is about 30 km long and up
to 8 km wide, was emplaced during the Devonian (390–395 Ma; [47,48]. It is formed by
medium to coarse-grained rocks ranging in composition from syenite to granite. According
to Kovalenko et al. [46–48], nordmarkite (peralkaline quartz syenite) forms the outer rim
of the complex, while the inner part of the pluton is composed of younger peralkaline
granite. These rocks were intruded by dikes of peralkaline granites as well as by two small-
mineralized stocks (Figure 11), which are composed of medium-grained arfvedsonite- and
aegirine-bearing peralkaline granite. A small body of fine- to medium-grained miarolitic
peralkaline granite in turn intruded one of the mineralized stocks.
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bearing peralkaline granitic stocks; modified after [49]. Inset map shows the location of the Khalzan
Buregtei complex (red dot).

The geochemical characteristics, including the high positive εNd(t) values (~+4.4—+6.5),
suggest that the rocks of this multiphase intrusion were derived from the same subduction-
modified mantle source [47,48]. The chondrite-normalized REE patterns of the mineralized
rocks show a slight enrichment of LREE with (La/Yb)n ~1.2–3.4 (Figure 12). The rare
metal minerals are disseminated through the mineralized zones within both mineralized
stocks and include bastnäsite, synchysite, monazite, xenotime, elpidite, gittinsite, zircon,
columbite and pyrochlore and are accompanied by fluorite. Many of these minerals are sec-
ondary although melt inclusion studies [52] indicate that the original magma was enriched
in rare metals. The ore zones underwent multistage hydrothermal late/post-magmatic
modification that led an enrichment of HFSE and REE [49–51]. The primitive mantle nor-
malized plots (Figure 13) exhibit an enrichment of Th, U, Nb, Ta, Zr and REE. Sarangua
et al. [53] recognized the three types of zircons—magmatic, metasomatic and late hydrother-
mal and observed that zircons experienced remobilization and recrystallization during the
transition from a magmatic to a hydrothermal stage.
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The massif hosts one large Zr-Nb-REE deposit (Khalzan-Buregtei; [46–51]) and several
smaller ones. The reserves of the deposit have not yet been calculated but the Mongolian
Geological Information Centre reported the reserves as 49 Mt of ore containing 0.6 wt.%
TREO [42]. In addition, in the ore zones, there are significant resources of Ta (average grade
0.011 wt.% Ta2O5), Nb (0.2 wt.% Nb2O5) and Zr (1.46 wt.% ZrO2) [42,46,47,51]. Pyrochlore
and columbite are the main carriers of Ta and Nb while zircon hosts most of Zr.
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Figure 12. Chondrite-normalized REE plots of rocks from peralkaline granitic complexes of Mongolia.
Normalizing values after [27]. (A) Ore-bearing peralkaline granites from Khalzan Buregtei complex:
+—average of mineralized granites [46]; o—average of mineralized granites [51]; (B) Peralkaline
granites from Ulaan Tolgoi complex: o—average of barren peralkaline granites; +—average of
mineralized peralkaline granites [54]. (C) Peralkaline granitic rocks from Khanbogd (+—average of
mineralized pegmatite; o—average of main phase granite [55]).
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Figure 13. Primitive mantle-normalized trace element plots of peralkaline granites from Mongolia.
(A) Khalzan Buregtei: +—average of mineralized peralkaline granites [46]; o—average of mineralized
peralkaline granites [51]; (B) Ulaan Tolgoi: o—average of barren peralkaline granites; +—average
of mineralized peralkaline granites [54]. (C) Khanbogd: +—average of mineralized pegmatites;
o—average of peralkaline granites of the main phase [55]. Normalizing values after [40].

4.2.2. Ulaan Tolgoi

The intrusion is a part of the Late Paleozoic peralkaline granitoid province, which
spreads from Russia to northwestern Mongolia [35]. In Russia (southeastern Tuva), the
province hosts several economically important deposits of REE, Ta, Nb and Zr (e.g., Ulug
Tanzek, Zashikhinskoe, Sol Beldyr; [34]). The province extends to northwestern Mongolia
where it includes the Ulaan Tolgoi massif. The rare metal mineralization and the composi-
tion of the pluton resemble those of the mineralized Russian counterparts [35] as well as
that of the Khalzan-Buregtei [54]. The Ulaan Tolgoi massif, dated at ~298 Ma [35], is an
elongated rift-related intrusion about 700 m long and 400 m wide, hosted by Ordovician
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(~495 Ma) granites [54]. It is a multiphase intrusion composed of older peralkaline syenites,
which constitutes the southern portion of the intrusion and younger peralkaline granites,
which cover an area of about 300 × 400 m in the northern part of the massif. Yarmolyuk
et al. [35] and Lykhin et al. [54] subdivided granites into barren (<100 ppm Ta) and ore-
bearing (> 100 ppm Ta) types. Both magmatic and post-magmatic processes played a role
during the genesis of the mineralization. The mineralized granites were modified by late
magmatic/hydrothermal fluids and contain various rare-metal minerals including zircon,
columbite, thorite, bastnäsite, pyrochlore, monazite and xenotime. Chondrite-normalized
REE normalized patterns as well as the primitive mantle normalized plots of incompatible
elements in the barren and mineralized peralkaline granites of the Ulaan Tolgoi intrusion
(Figure 12) show that “barren” granites were fractionated felsic rocks with relatively high
contents of rare metals, which were subsequently enriched by post-magmatic processes.
Total REE in the mineralized granites range from 380 to 535 ppm. The rocks also contain
high concentrations of Nb, Ta and Zr (Figure 13).

4.2.3. Khanbogd

The mineralization is hosted in a peralkaline granitic complex in the South Gobi
Desert (Figure 1). The complex, located close to the Oyu Tolgoi Cu-Mo-Au porphyry
deposit, was emplaced in a Late Paleozoic basin in a rift zone of the Gobi-Tien Shan
belt [28,55,56]. The pluton is about 50 km long and 30 km wide and intruded into the
Paleozoic continental sedimentary and volcanic rocks. It is a shallow-seated complex with
numerous roof-pendants and consists of two parts—western and eastern (Figure 14). The
larger western part displays a distinct concentric structure highlighted by numerous ring
dikes and roof-pendants. The pluton includes several intrusive phases. The first phase is
the aegirine –arfvedsonite peralkaline granite that forms most of the western part of the
pluton. It was followed by the emplacement of similar peralkaline granite of the second
phase, which constitutes the bulk of the eastern loop of the pluton. Kovalenko et al. [56]
speculated that the eastern part of the pluton is a sub-horizontal intrusive sheet that is
about 100 m thick. Subsequently, after the emplacement of the granites, the complex
was intruded by several generations of pegmatitic and granitic dikes, which also have
characteristics of the peralkaline granites. The various age dating shows that the various
intrusive phases including pegmatite dikes were emplaced within a short time interval at
290–292 Ma [3,56,57].

The granite of the pluton is medium to coarse grained, composed of quartz and
perthitic K-feldspar with minor amounts of aegirine and alkali amphibole. The accessory
minerals are titanite, rutile, fluorite and apatite. Altered samples also contain calcite and
rare-earth fluorocarbonates, typically bastnäsite and synchysite. The pluton hosts numerous
pegmatite dikes in the apical part (“cupola”) of the western section of the intrusion [55].
The pegmatite dikes, which are 5 to 100 m long, are the most evolved rock-type at the
Khanbogd complex [55].

The granites are peralkaline, high in alkalis, Zr, Nb, heavy REE and Y but low in
MgO, CaO, Sr, Ba Ti and P, characteristic of the A-type granites [36]. The chondrite-
normalized REE patterns have a relatively low (La/Yb)n ratio of ~4 accompanied by a
negative Eu anomaly (Figure 12). The granites of the complex have low initial Sr isotopic
ratios (0.703–0.705) and moderately high initial Nd values (ENd(t) +5 to +7) [28,57]. Rel-
ative to the peralkaline granites of the pluton, the pegmatites have significantly higher
contents of several incompatible elements, particularly Y, REE, Zr, Nb, Th and U (Figure 13)
accompanied by higher (La/Yb)n ~10 (Figure 12).

The main rare metal-bearing ore mineral is elpidite, which occurs in all the granitic
types and typically contains 0.1 to 1 wt.% of REE+Y. Elpidite is enriched in HREE with
(La/Yb)n ranging mostly from 0.1 to 1. Although present in all the rock types, the highest
concentrations are in pegmatites. In pegmatites, its modal abundance can reach up to
30 wt.%. Other ore minerals abundant in the mineralized pegmatites are zircon, bastnäsite,
parisite, synchysite, armstrongite, and gittinsite (CaZrSi2O7).
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The significant REE mineralization is confined to pegmatite dikes in the apical parts
of the intrusion. These host rocks are the result of extreme fractional crystallization ac-
companied in the final stages of magma evolution by a release of orthomagmatic fluids,
which produce an initial deposition of rare metal minerals. However, these minerals were
replaced by secondary minerals, including pyroxene, during the hydrothermal late/post
magmatic stage, which led to an enrichment of the rare metals in these rocks and the
formation of the mineralized zones in the pegmatites [23,55]. Hydrothermal alteration was
most intense in apical parts of the intrusion, particularly pegmatite, which hosts the bulk
of the rare metal mineralization that includes both incompatible elements such as Th, U
and Zr and also REE, and Y (Figures 12 and 13). Average TREO content of the ore zone is
0.65 wt.% [36].
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5. Conclusions

There are two types of the REE mineral deposits in Mongolia. The first one is associated
with carbonatites and the second with peralkaline granitic rocks. Carbonatites are typically
hosted in alkaline silicate-carbonatite complexes composed of nepheline syenite and related
rocks and their volcanic equivalents. Mineralized carbonatites form dikes, pipes and
plugs; they also form matrix in eruptive breccia. REE occur mainly as fluorocarbonates
(bastnäsite, synchysite) and apatite. These rocks are also associated with the apatite-
magnetite (mostly altered to hematite) dikes and pipes where REE are hosted in apatite.
Similar trace element and isotopic characteristics of the carbonatites and associated alkaline
silicate rocks (including a relative depletion of several HFSE) suggest the involvement
of the subduction modified heterogeneous lithospheric mantle in the formation of both
carbonatites and associated silicate rocks. Although carbonatites and carbonatite magmas
have high contents of REE, the origin of carbonatite-hosted REE deposits is still being
debated (e.g., [8,11,14]). Carbonatite-hosted REE deposits were traditionally considered
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to be of magmatic origin (e.g., [18,58]). However, recent studies proposed a magmatic-
hydrothermal model (e.g., [14,59–61]) whereby carbonatite-derived hydrothermal fluids
played a key role during the formation of these REE deposits. Currently, the discussion
mainly focusses on the relative importance of magmatic and hydrothermal processes
(e.g., [59,60]). REE mineralization of some of the Mongolian carbonatites resembles that of
the Mountain Pass and Bayan Obo carbonatites.

The REE mineralization in peralkaline felsic rocks (peralkaline granites, syenites and
pegmatites) is present mainly in accessory minerals, which can reach percentage levels in
mineralized zones. The parental magma of these rocks was sourced from metasomatised
mantle probably enriched in REE [62,63]. The magma underwent protracted fractional
crystallization that led to an enrichment of REE, especially in the late stages of magma evo-
lution. Hydrothermal processes also played a key role in enhancing the concentrations of
these elements (e.g., [14,20,64]). The primary magmatic mineralization was mostly replaced
(remobilized and enriched) by late magmatic to hydrothermal fluids. The mineralization
associated with peralkaline granitic rocks also contains significant concentrations of Zr,
Nb, Ta, Th and U. Similar deposits, which are economically significant, occur not only in a
neighbouring part of Russia but in many other parts of the world [26,46,64–68].

Although there are numerous occurrences of both types of rare earth mineralization
in Mongolia, at present only three of them have significant economic importance [36,42].
They are mineralization related to the Mesozoic Mushgai Khudag and Khotgor carbonatites
and to the Devonian Khalzan-Buregtei peralkaline granites. These deposits have signif-
icant REE reserves and Khalzan-Buregtei also hosts important Nb-Ta-Zr mineralization.
Several other promising rare earth occurrences have not yet been explored and deserve
further investigations.
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