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Abstract: Alkaline rocks are worldwide observed as hosts for rare metal (Zr-REE-Nb) minerals.
The classification of the ore bearing rock type is challenging due to the fact that textures and mineral
assemblage are obscured by post-magmatic alteration. In addition, the alteration causes fine and
intricate intergrowth of the ore minerals with associated gangue. Hence, intensive comminution is
necessary to liberate the ore minerals, which is one parameter hampering the economical use of this
deposit type. This study provides a quantitative mineralogical investigation of the ore bearing rock
suite at Khalzan Buregtei as an example of rare metal deposits. R1-R2 multication parameters are
shown to be highly appropriate as quantitative mineralogical indicators based on readily available
major element datasets to visualize and quantify alteration types of the ore bearing rock suite. The ore
minerals were found to be associated with a cluster-forming assemblage of post-magmatic phases.
Automated mineralogy was applied to quantify the textural properties of the ore mineral clusters.
This finding permits efficient pre-concentration of rare metal ore at coarser particle size fraction,
requiring less energy consuming comminution.
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1. Introduction

Alkaline granite and syenite magmatic rocks are characterized by a remarkable enrichment of
high field-strength elements (HFSEs), including Zr, Nb, Y, U as well as the rare earth elements (REEs).
The unusual trace element composition of alkaline rocks is in line with elevated abundances of complex
and rare HFSE minerals, which have attracted both petrologists and economic geologists for a long
time [1–3]. Evolving technical capabilities (e.g., high performance magnets, super-alloys, phosphors,
superconductors, ceramics) and a growing high-tech based economy have enhanced the global demand
for HFSEs, such as Zr, Nb, Y, or, particularly, Nd, Eu, Tb and Dy among the REE. Notwithstanding,
a substantial part of these commodities (i.e., REE, Y, Nb) has a critical character indicative of supply
risk for political or environmental reasons [4]. As a response to this situation, alkaline granite and
syenite complexes have also come into the focus of exploration campaigns and mining feasibility
studies in the last decade (e.g., Khalzan Buregtei, Strange Lake, Motzfeld, Norra Kärr [1,5–7]).
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Enrichment of HFSE to enhanced grades in alkaline intrusions is generally thought to be caused
by magmatic fractionation, but mineralogical and petrologic evidence often points to post-magmatic
pneumatolytic or hydrothermal processes. Post-magmatic mineralization events are commonly
associated with intensive and highly variable alteration types of both intrusive and wall rocks, thereby
superimposing primary petrographic features [1,2,6,8–10].

As a consequence, alkaline granites and syenites show a broad range of mineralogical and textural
characteristics. Most apparent, these rocks display outstanding associations of rare minerals—among
these are also ore phases incorporating the HFSEs as major elements (e.g., elpidite, eudialyte,
gittinsite, zircon; Nb pyrochlore; REE + Y monazite, bastnaesite, synchysite, and several REE-silicates).
Furthermore, formation in multistage and partially superimposing magmatic to hydrothermal processes
frequently leads to narrow and complex intergrowths of fine grained and irregularly sized and shaped
crystals. Thus, such rocks display a remarkable spatial variability and heterogeneity in terms of mineral
composition, grain size, mineral association, and texture [1,9,10].

In general, these mineralogical and textural characteristics of alkaline rocks represent obstacles
for efficient exploration and ore beneficiation, as will be outlined in this study. Owing to the
marked mineralogical complexity, alkaline rock classification comprises a confusing multiplicity of
partly unfamiliar names, many of these derived with reference to single locations only [11] (p. 558).
The multitude of classifying terms is a source of incongruence in field data or core logs in exploration
campaigns if work is carried out by different geologists or companies. Furthermore, classification of
alkaline rocks implies magmatic genesis and does not reflect intensity of post-magmatic hydrothermal
mineral formation. This leads to terminological indistinctness with potential negative effects for data
handling, e.g., in 3D numeric deposit modelling.

As a consequence of small grain sizes and intricate intergrowth, liberation sizes of ore minerals
can be low. Mining operators have to cope with intensive and energy consuming grinding as well as
processing of fine fractions to produce marketable concentrates with acceptable recoveries. In addition
to causing high energy costs, the processing of fine fractions of polymineralic ores, comprising phases
with different physical properties (e.g., density, magnetic susceptibility), is likely to be inefficient.
Such handicaps for efficient, economic, and sustained mining represent bars to the development of
prospects associated with alkaline granites and syenites.

In this study the alkaline granite hosted Zr-REE-Nb deposit of Khalzan Buregtei (Mongolia),
which was a target of exploration work by different companies in recent years, is used for a case
study to demonstrate characteristic problems associated with these types of deposits. Based on
results of published studies of the magmatic and post-magmatic (i.e., hydrothermal) evolution of the
complex [5,12–15], detailed sampling work was carried out in the central part of the complex, which is
most affected by Zr-REE-Nb mineralization. In contrast to a number of detailed petrological studies
addressing genesis and potential processes of either magmatic or metasomatic enrichment of rare
metals in the alkaline granite of Khalzan Buregtei [5,13–15], this study particularly focusses on the
identification of ore properties, which are crucial for the economic exploitation of the mineralized rocks
of this deposit.

Whole rock chemical major and trace element composition, chemical composition of HFSE minerals
dominating the ore assemblage, and comprehensive textural datasets were determined in characteristic
rock specimens. In particular, this study aims to investigate the influence of post-magmatic alteration
on classification and to develop solutions to handle terminological indistinctness in such highly altered
alkaline rocks. A second target of the study is to characterize mineralogical and textural effects of
ore mineralization, to indicate handicaps for mineral processing, but also to discuss the potential
of mineralogical and textural characteristics of Zr-REE-Nb mineralization in alkaline rocks to yield
enhanced recoveries.
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2. Geological Setting

The Khalzan Buregtei massif is situated in west Mongolia Altai mountains approximately 50 km
north of the city of Hovd. It was discovered in 1984 by geologists of the former Soviet Union [13].
The complex covers an area of 30 × 8 km and is mainly built up by alkaline syenite to granitic rocks
considered to be associated with early Devonian extensional tectonic activity [5]. The Khalzan Buregtei
Zr-REE-Nb deposit itself is located in the centre of a roughly oval shaped intrusive body in the south of
the massif (Figure 1). The part of the intrusion hosting the deposit is dominated by alkali granites, which
are distinct to the surrounding syenitic rocks, classified as nordmarkites by the first investigators [13,14]
and in the recent work of [15]. The latter authors assign the mineralized alkali granites to a fifth and
seventh intrusive stage, whereas [5] classify the mineralized rocks as ore metasomatites, attesting to
the strong imprint of post-magmatic hydrothermal processes. Syenites contacting the central granites
were affected by hydrothermal activity as well. Major faulting of the working area postdates the ore
formation indicated by the displacement of the rock suite as illustrated in Figure 1. According to [5]
the major rare metal deposit of Khalzan Buregtei has an ore content of 2.4 × 106 t ZrO2, 3.5 × 105 t
Nb2O5, and 4.9 × 105 t REE2O3 + 1.3 × 105 t Y2O3. The mechanism of rare metal enrichment to final
grades has been discussed controversially in recent years by several authors [5,14,15]. The work
of [5] explains the ore formation by multistage post-magmatic alteration on the basis of a previous
enrichment of alkaline magma with HFS and other rare metals. The post-magmatic alteration is
triggered by fluids from further unspecified carbonatite plutons, which explains the abundance of
Ca bearing Zr-silicates and carbonates. However, the recent work of [15] discussed the formation
of the rare metal granite (V-Phase [14,15]) and the aforementioned ore minerals by differentiated
crystallization of alkaline magma strongly enriched in HFSE and other rare metals. The formation of
Ca bearing phases is assumed to be caused by enrichment of Ca following assimilation of adjacent
limestones in the melt [15].

3. Materials and Methods

3.1. Sampling Method and Bulk Rock Chemical Analysis

The ore bearing rocks of the Khalzan Buregtei deposit were investigated in two particularly
well exposed areas characteristic of the central domain (Figure 1A). The deposit covers an area of
approximately 1 km2 of mountainous arid landscape. The central part of the deposit is built of one
central ridge with an elevation up to 1940 m bordering, to the west and east, two valleys filled with
sediments and debris.

A sample suite taken from the central ridge was indicated by the addition of KB G to the
sample numbers. Another sample suite was taken from one more shallow ridge beyond the western,
valley having good accessibility and outcrop condition. Latter samples were named KB S. Samples
were taken along outcrop sections, where a macroscopic change in mineralogy and/or texture was
recognizable. Hand specimens were later investigated for homogeneity prior to further treatment.
In total, 18 samples, each approximately 1 kg in weight, were taken in both outcrop areas. After splitting
into two sub-samples one set of sub-samples was crushed by manual crushing and further comminuted
using a rotating disc mill (Siebtechnik GmbH, Mühlheim an der Ruhr, Germany). The sample powder
was analysed for bulk rock chemical composition at ALS Analytical Service, affiliation Loughrea,
Ireland, applying a combined ICP-AES and ICP-MS method after Li-borate fusion (ALS Method
Codes: ME-MS81d). Representative blocks were dissected from the other set of the sub-samples for the
preparation of polished thin-sections for optical petrological microscopy, electron optical investigation
by QEMSCAN© (FEI/Thermo Fisher, Hillsboro, OR, USA), and electron probe micro analyser (EPMA).
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Figure 1. (A) Satellite image with the outline (magenta) of the entire alkaline massif of Khalzan 
Buregtei as proposed by [13,15]. The red box marks the area of the Khalzan Buregtei deposit shown 
as sketch map in B [16]. (B) Geological sketch map of the Khalzan Buregtei Zr-REE-Nb deposit with 
sampling areas KB S and KB G, see text for further details. Map basis according to [12,15] with 
nomenclature following [5]. 

Zirconium concentration data were obtained by X-ray fluorescence (XRF) measurement at the 
Unit of Mineral Processing, RWTH-Aachen University, Niton XL3t (Thermo Fisher, Waltham, MA, 
USA) with the handheld XRF system. The measurements were performed with three replicates on 
pressed powder pellets created with 8 g of air-dried sample powder. Data was validated by an 
external quality check using NIM-L lujavrite standard reference material [17] prepared and handled 
like the unknowns.  
  

Figure 1. (A) Satellite image with the outline (magenta) of the entire alkaline massif of Khalzan Buregtei
as proposed by [13,15]. The red box marks the area of the Khalzan Buregtei deposit shown as sketch
map in B [16]. (B) Geological sketch map of the Khalzan Buregtei Zr-REE-Nb deposit with sampling
areas KB S and KB G, see text for further details. Map basis according to [12,15] with nomenclature
following [5].

Zirconium concentration data were obtained by X-ray fluorescence (XRF) measurement at the Unit
of Mineral Processing, RWTH-Aachen University, Niton XL3t (Thermo Fisher, Waltham, MA, USA)
with the handheld XRF system. The measurements were performed with three replicates on pressed
powder pellets created with 8 g of air-dried sample powder. Data was validated by an external quality
check using NIM-L lujavrite standard reference material [17] prepared and handled like the unknowns.
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3.2. SEM Based Semi-Automated Mineralogy (QEMSCAN©)

Semi-automated mineralogical analyses were performed by applying a Quanta 650-F QEMSCAN©
(FEI/Thermo Fischer) scanning electron microscope (SEM) at the Institute of Applied Mineralogy and
Economic Geology, RWTH-Aachen University [18]. Polished thin sections and polished sections were
analysed after carbon coating. The measurements were conducted with an acceleration voltage of 25 kV
and a fixed sample current of 10 nA. The surface of each sample section was scanned with a spatial
resolution of 5 µm. Back scatter (BSE) intensities and individual X-ray spectra were recorded for each
pixel with a 4-quadrant BSE detector and two DualXFlash 5030 SDD (Bruker AXS, Karlsruhe, Germany)
energy dispersive x-ray spectrometers (EDX). Phase assignment was carried out by comparison of
spectral data obtained for each pixel with library information using the iDiscover (Version 5.3.2.501,
FEI/Thermo Fisher, Hillsboro, OR, USA) software suite. Automated image analysis was applied to
phase maps to compute quantitative mineralogical and textural parameters. The modal composition of
each sample in volume (vol.) % was calculated from the volumetric abundance of each mineral phase.
Particle size calculations were conducted by measurement of the diameter of the virtual sphere with
equivalent perimeter length assigned to each individual target phase [19]. Particle populations were
obtained by segmentation of the target minerals or mineral assemblage from QEMSCAN© phase maps.

3.3. Electron Probe Micro Analyzer (EPMA)

The JXA-8900R electron probe micro analyser (Jeol, Jeol Germany GmbH, Freising, Germany),
of the Institute of Applied Mineralogy and Economic Geology, RWTH-Aachen University, was used
for high-resolution element mapping and for quantitative chemical analyses of ore-forming minerals.
For element mapping, the instrument was operated with a focused electron beam and an acceleration
voltage of 20 kV. Each pixel of 1 µm size was measured with a dwell time of 50 ms. The setup for the
five wavelength dispersive spectrometers of the EPMA is given in the Appendix A (Table A1).

Quantitative analyses of the mineral chemistry were conducted on different ore minerals.
REE-carbonate minerals were analysed with an acceleration voltage of 15 kV and an electron beam of
10 µm diameter to avoid intensive damaging of the target minerals. Zircon, in contrast, was analysed
with an increased acceleration voltage of 20 kV and a focused electron beam. The beam current was set
in all analytical sessions to 24 nA. Detailed spectrometer setup parameters, like peak and background
recording times, as well as standards, are given in the Appendix A (Tables A2 and A3).

4. Results

4.1. Petrography

Quartz, K-feldspar, and albite are the dominant rock-forming minerals and in total account for
more than 70 vol. % in all samples. The mafic minerals arfvedsonite and aegirine are less abundant
(<5 vol. %) and can only locally be observed (Figure 2). Despite the variable proportions of the rock
forming minerals, mainly showing higher quartz abundances in the KB-S sampling area, all samples,
excluding one, can be classified as alkali granites in terms of the terminology of [20] for magmatic
rocks. Only the sample KB S10 was classified as quartz rich granitoid rock due to a significantly higher
abundance of quartz. All samples show variable proportions of HFSE ore minerals, such as Zr silicates,
REE-carbonates, pyrochlore, as well as of hematite, rutile, titanite, or fluorite (Figure 2).

Quartz is present in all samples and shows a variation in grain size. The coarse fraction is
represented by quartz grains up to 2 mm in KB G and up to 5 mm in KB S. Some grains show snowball
structures enclosing other mineral phases like K-feldspar and albite. Further, big crystals of quartz show
evidence of ductile deformation, like bulging and the formation of sub grains (Figure 3A, yellowish).
In addition to the coarse fraction, a fraction of fine quartz grains can be observed. The latter is strongly
intergrown with HFSE minerals, as well as with hematite and fluorite (Figure 3A).
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Fine albite crystals can be observed in interstitial volumes of quartz and K-feldspar. Evidence of the 
replacement of quartz and K-feldspar by albite is dominant in all samples from the centre of the 
Khalzan Buregtei deposit. The close intergrowth of lath-shaped albite crystals with each other leads 
to the formation of a matrix-like texture observable in all samples containing high amounts of albite. 

Figure 2. Modal composition (vol. %) of samples from ore bearing metasomatites in sampling areas KB
G (top) and KB S (bottom), calculated from mineralogical phase maps.

K-feldspar shows a size distribution similar to the coarse grained quartz in both sample suites.
Irregularly shaped crystal domains inside of K-feldspar grains may represent relict hatch-twin domains
formed in earlier microclinization (Figure 3B). Euhedral K-feldspar is in close association to albite,
which can be observed parallel to grain boundaries. K-feldspar often shares straight boundaries with
coarse grained quartz (Figure 3B).

Albite forms lath shaped crystals varying in grain size from 50 µm to 400 µm (Figure 3C). Coarse
laths of albite, however, are found at the edges of coarse grained snowball quartz and K-feldspar
grains. Fine albite crystals can be observed in interstitial volumes of quartz and K-feldspar. Evidence
of the replacement of quartz and K-feldspar by albite is dominant in all samples from the centre of the
Khalzan Buregtei deposit. The close intergrowth of lath-shaped albite crystals with each other leads to
the formation of a matrix-like texture observable in all samples containing high amounts of albite.

The mafic minerals arfvedsonite and aegirine occur in the rocks with a grain size up to 1 mm
but with low modal abundance. As Figure 2 shows, significant amounts are only observed in the
samples KB G1, G2, and G9. Arfvedsonite is euhedral and shows good cleavage. Aegirine forms halos
surrounding arfvedsonite as illustrated in Figure 3D. Ongoing replacement reaction from arfvedsonite
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to aegirine is observed propagating along amphibole cleavage plains. Aegirine is further replaced by
albite laths. Albite grains in contact with arfvedsonite and aegirine often show red staining (Figure 3D).
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transmitted light). 

The mafic minerals arfvedsonite and aegirine occur in the rocks with a grain size up to 1 mm 
but with low modal abundance. As Figure 2 shows, significant amounts are only observed in the 
samples KB G1, G2, and G9. Arfvedsonite is euhedral and shows good cleavage. Aegirine forms halos 
surrounding arfvedsonite as illustrated in Figure 3D. Ongoing replacement reaction from arfvedsonite 
to aegirine is observed propagating along amphibole cleavage plains. Aegirine is further replaced by 
albite laths. Albite grains in contact with arfvedsonite and aegirine often show red staining (Figure 3D). 

The group of HFSE-bearing minerals comprises Zr-silicates, REE-carbonates, and the Nb mineral 
pyrochlore. Zircon is the most abundant mineral with concentrations as high as 11 vol. %. The Zr-
silicate gittinsite [CaZrSi2O7], in contrast, is only present in samples KB G1 and G2, in which it occurs 
in aggregates with zircon clustering around relicts of aegirine (green in Figure 4A). According to 
[14,16] and [6] more Zr-silicate minerals like elpidite [Na2ZrSi6O15∙H2O] and armstrongite 
[CaZrSi6O15∙H2O] occur at the Khalzan Buregtei deposit; however, at the studied location, these 
minerals were found only on a very rare level. Due to the low abundance of these minerals at the 
sampled parts of the deposit, they are not considered as ore minerals in this study.  

Figure 3. (A) Image of primary coarse quartz (Qtz) in sample KB G2 (yellowish interference color of
quartz is due to section thickness > 30 µm) showing sub grain formation in adjacency to fine grained
interstitial quartz intergrown with dark zircon-hematite aggregates. Optical microscopic image with
cross-polarized light (xpl, transmitted light). (B) K-feldspar grain with irregular internal domains
(xpl, transmitted light). (C) Lath shaped albite (Alb) crystals in interstitial volume of coarse grained
quartz (xpl, transmitted light). (D) Arfvedsonite grain showing dark blue pleochroic color and typical
cleavage, surrounded by aegirine (green pleochroic color). Lath-shaped albite (white to red) is colored
red by fine grained hematite on lath planes. Microscopic image of KB G1 plain polarized light (ppl,
transmitted light).

The group of HFSE-bearing minerals comprises Zr-silicates, REE-carbonates, and the Nb mineral
pyrochlore. Zircon is the most abundant mineral with concentrations as high as 11 vol. %. The Zr-silicate
gittinsite [CaZrSi2O7], in contrast, is only present in samples KB G1 and G2, in which it occurs in
aggregates with zircon clustering around relicts of aegirine (green in Figure 4A). According to [14,16]
and [6] more Zr-silicate minerals like elpidite [Na2ZrSi6O15·H2O] and armstrongite [CaZrSi6O15·H2O]
occur at the Khalzan Buregtei deposit; however, at the studied location, these minerals were found
only on a very rare level. Due to the low abundance of these minerals at the sampled parts of the
deposit, they are not considered as ore minerals in this study.

The REE-carbonates are represented by bastnaesite-(Ce) as the most abundant phase, as well as by
parasite-(Ce) and synchysite-(Y). In total, their modal volume is <5 vol. %. Pyrochlore can be observed
in nearly all samples, but with low abundance compared to zircon or REE-carbonates.
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Figure 4. Representative QEMSCAN© phase maps of Zr-REE-Nb ore. (A) Zircon-gittinsite cluster in
sample KB G1. The core of a residual aegirine (green) is recognizable within the cluster. (B) Zircon-quartz
cluster containing fluorite (purple) and hematite (pale red) in sample KB G6. Lines indicate the
preserved subhedral shape of precursor amphibole as straight grain boundaries to K-feldspar and
coarse grained quartz.

Except for pyrochlore, the HFSE minerals occur concentrated within cluster-like aggregates
together with fine grained quartz. It can be recognized in Figure 4B that such clusters form pseudmorphs
after amphibole indicated by the subhedral shape of the aggregates, which have straight grain
boundaries against coarse grained quartz and K-feldspar. These polymineralic ore clusters, which can
be observed through the entire suite of samples from KB G and KB S, have variable sizes from 250 µm
up to 2 mm, whereas the minerals within the clusters are mainly anhedral and show smaller diameters.
While the REE-carbonates vary in grain-size from 90 to 200 µm, Zr-silicates and quartz grains are
even smaller and rarely exceed 50 µm. In addition to Zr-silicate and the REE- and Y-carbonates, the
ore clusters also contain abundant hematite and fluorite, as well as, in rare cases, the Ti-phases rutile
and titanite. The latter two minerals are strongly intergrown with fine grained quartz. Rutile forms
euhedral prismatic crystals characterized by oscillatory zoning, which occasionally reach a maximum
diameter exceeding 100 µm (Figure 5A). Locally, hematite also forms individual clusters with fine
grained quartz. Fibrous hematite aggregates can be observed exceeding diameters >50 µm of irregular
fan or spherulite texture. However, it can be detected as very fine grained (<5 µm) pigments in
interstitial volume of mineral phases like zircon, as illustrated by blue colors at the high-resolution Fe
mapping in Figure 5C.

Purple colored fluorite can be observed in the cluster assemblage as well as associated with coarse
grained quartz, K-feldspar, and albite (Figure 4B, Figure 6A). It is mostly of xenomorphic shape and
can locally exceed a grain size of 500 µm. Besides the abundance in interstitial volume, purple fluorite
is found in veins cross-cutting the central part of the Khalzan Buregtei deposit. Further, fluorite can be
observed as a replacement of K-feldspar and coarse grained quartz.



Minerals 2019, 9, 217 9 of 23

Minerals 2019, 9, 217 9 of 23 

 

 
Figure 5. (A) Back scatter (BSE) image of a zircon cluster. Hematite (hem) as fibrous shape crystals in 
interstitial volume between zircons (zrn) and one fluorite (flu) crystal. (B) 5 QEMSCAN© phase map 
with 5 µm point spacing showing the hematite intergrowth in a close up of the cluster displayed in 
A. (C) Electron probe micro analyser (EPMA) high-resolution Fe map revealing Fe fine cementation 
as blue color surrounding individual zircon crystals. Other minerals: quartz (qtz), kaolinite (kao), 
albite (alb). 

Purple colored fluorite can be observed in the cluster assemblage as well as associated with 
coarse grained quartz, K-feldspar, and albite (Figure 4B, Figure 6A). It is mostly of xenomorphic 
shape and can locally exceed a grain size of 500 µm. Besides the abundance in interstitial volume, 
purple fluorite is found in veins cross-cutting the central part of the Khalzan Buregtei deposit. 
Further, fluorite can be observed as a replacement of K-feldspar and coarse grained quartz. 

The Ti-phases rutile and titanite are strongly intergrown with fine grained quartz. Rutile forms 
euhedral prismatic crystals characterized by oscillatory zoning, which occasionally reach a maximum 
diameter exceeding 100 µm (Figure 6B). In contrast to the other ore minerals, pyrochlore is not 
accumulated in clusters, but is mostly associated with K-feldspar and coarse grained quartz. All 
grains of pyrochlore are euhedral (Figure 6C) and most of the crystals show evidence of brittle 
deformation. Furthermore, pyrochlore grains are observed being cross-cut by lath shaped albite. Like 
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Figure 5. (A) Back scatter (BSE) image of a zircon cluster. Hematite (hem) as fibrous shape crystals in
interstitial volume between zircons (zrn) and one fluorite (flu) crystal. (B) 5 QEMSCAN© phase map
with 5 µm point spacing showing the hematite intergrowth in a close up of the cluster displayed in A.
(C) Electron probe micro analyser (EPMA) high-resolution Fe map revealing Fe fine cementation as blue
color surrounding individual zircon crystals. Other minerals: quartz (qtz), kaolinite (kao), albite (alb).

The Ti-phases rutile and titanite are strongly intergrown with fine grained quartz. Rutile forms
euhedral prismatic crystals characterized by oscillatory zoning, which occasionally reach a maximum
diameter exceeding 100 µm (Figure 6B). In contrast to the other ore minerals, pyrochlore is not
accumulated in clusters, but is mostly associated with K-feldspar and coarse grained quartz. All grains
of pyrochlore are euhedral (Figure 6C) and most of the crystals show evidence of brittle deformation.
Furthermore, pyrochlore grains are observed being cross-cut by lath shaped albite. Like the other ore
minerals, pyrochlore crystals are dominantly <50 µm but can exceed 140 µm in rare cases. As illustrated
in Figure 6C, joints within pyrochlore are also healed by hematite precipitation.

Based in the observation of textural properties such as grain size, mineral assemblage, crystal
shape, and grain boundaries indicative of equilibrium or replacement reactions, mineral phases can
be differentiated into groups of primary or post-magmatic formation. Coarse grained minerals of
subhedral shape sharing straight grain boundaries are considered as minerals formed under magmatic
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conditions. K-feldspar and arfvedsonite are two phases with coarse grain size as well as, in part,
semihedral shape. Furthermore, the coarse grains of quartz are observed to share straight grain
boundaries with K-feldspar. Thus, the precursor rocks of the metasomatites of the Khalzan Buregtei
deposit can be identified as alkali syenite to alkali granites (QAPF, [20]). Owing to their coarse grain
size, these rocks had a porphyritic appearance, which is in accordance with the observation of [5,13–15]
regarding the unaltered rock suite of the main intrusive phase.Minerals 2019, 9, 217 10 of 23 
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feldspar (K-Fsp), being partly replaced by albite. (C) Euhedral pyrochlore on boundaries between K-
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shape. Furthermore, the formation of polymineralic aggregates pseudomorphically replacing magmatic 
phases (e.g., amphibole) can also best be explained in a reaction of a solid mineral with a fluid, i.e., in 
a post-magmatic reaction. Thus, aegirine and albite, which grew at the expense of magmatic 
arfvedsonite and K-feldspar, respectively, are classified as post-magmatic minerals. Fine grained 
quartz, which shares straight grain boundaries with albite, is considered as cogenetic and thus also 
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Figure 6. (A) Bastnaesite-quartz ore cluster in sample KB S9. K-feldspar is only found as relict.
(B) Rutile-quartz cluster in granitic sample KB G6 containing fine grained quartz, zircon, fluorite and
low amounts of hematite. The box indicates pyrochlore (Pcl) grain within the major association to
K-feldspar (K-Fsp), being partly replaced by albite. (C) Euhedral pyrochlore on boundaries between
K-feldsparand quartz-zircon (Qtz-Zrn) ore cluster. Joints inside the pyrochlore are healed by hematite
(hem) precipitation, which also is found around the grains and within the ore cluster (ppl, reflected
light, oil).

Post-magmatic phases are identified by significant change to finer grain size and irregular grain
shape. Furthermore, the formation of polymineralic aggregates pseudomorphically replacing magmatic
phases (e.g., amphibole) can also best be explained in a reaction of a solid mineral with a fluid, i.e., in a
post-magmatic reaction. Thus, aegirine and albite, which grew at the expense of magmatic arfvedsonite
and K-feldspar, respectively, are classified as post-magmatic minerals. Fine grained quartz, which
shares straight grain boundaries with albite, is considered as cogenetic and thus also as post-magmatic.
Post-magmatic formation is also indicated for ore and accessory minerals (e.g., hematite and fluorite)
found in clusters intergrown with post-magmatic quartz. The semihedral shape of ore mineral clusters
and their straight grain boundaries shared with magmatic phases are evidence that ore clusters mainly
represent aggregates pseudomorphically replacing arfvedsonite and aegirine, which itself replaces
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arfvedsonite before (Figures 3D and 4A). The occurrence of clusters of post-magmatic minerals thus
mirrors the texture of precursor porphyritic alkaline granite rock. Veins filled with carbonates were
found cross-cutting all other mineralogical and textural features of the rocks and were interpreted to
be late stage post-magmatic. It is important to note that these textural observations show that even
with the enrichment of Zr, the REE or Nb were probably caused by magmatic fractionation [15]; the
textural properties of the rare metal ores of Khalzan Buregtei are predominantly of post-magmatic
metasomatic character, which is also in line with the characterization by [5].

4.2. Geochemistry

Whole rock major element composition as well as multication parameters (R1, R2 [21]) and rock
classification based on major element signatures (TAS for plutonic rocks [22], R1-R2) are listed in
Tables 1 and 2 for both sample series KB G and KB S.

Table 1. Major element composition of KB G samples from western part metasomatites. TAS classification
for plutonic rocks according to [22]. QAPF classification according to [20] on the basis of volumetric
mineral composition as shown in Figure 2. Multication parameters R1 and R2 were calculated according
to [21] with: R1 = 4Si − 11(Na + K) − 2(Fe + Ti), and R2 = 6Ca + 2Mg + Al. Abbreviations for
TAS and QAPF classification: Gran = granite, Mon = quartz-monzonite, GranDio = granodiorite;
abbreviations for de la Roche: Qtz rich = outside the classification fields, Alk Gran = alkali granite,
Syeno Gran = syenogranite, Monzo Gran = monzogranite; LOI = loss on ignition.

(wt. %) KB G1 KB G2 KB G3 KB G4 KB G5 KB G6 KB G7 KB G8

SiO2 66.00 66.90 70.90 70.80 75.00 68.60 66.60 68.40
Al2O3 10.65 10.15 11.55 10.05 11.35 5.79 5.99 10.10
Fe2O3 2.80 3.18 4.90 2.89 3.58 3.51 4.10 1.72
MgO 0.03 0.02 0.04 0.03 0.04 0.00 0.03 0.01
CaO 3.69 2.99 0.34 1.90 0.42 8.65 6.41 4.48

Na2O 4.53 4.63 4.19 3.37 3.96 0.08 1.24 3.32
K2O 3.61 3.29 3.51 3.63 3.74 4.79 5.13 3.49

Cr2O3 <0.01 <0.01 <0.01 <0.01 0.00 <0.01 <0.01 <0.01
TiO2 0.14 0.49 0.41 0.25 0.07 0.45 0.30 0.55
P2O5 0.04 0.02 0.05 0.02 0.03 <0.01 <0.01 0.03
MnO 0.16 0.19 0.06 0.23 0.01 0.05 0.47 0.04
BaO 0.03 0.03 <0.01 0.01 <0.01 0.02 0.04 0.01

LOI 1.75 1.82 1.7 1.57 1.48 2.26 2.39 2.35
Total 93.52 93.78 97.66 94.76 99.68 94.27 92.76 94.56

R1 1869 1950 2280 2590 2622 3320 2685 2503
R2 428 376 249 310 249 623 496 462

TAS Mon Mon Gran Gran Gran GranDio GranDio GranDio
De la Roche Syeno Gran Syeno Gran Alk Gran Alk Gran Alk Gran Qtz rich GranDio Monzo Gran

QAPF Alk Gran Alk Gran Alk Gran Alk Gran Alk Gran Alk Gran Alk Gran Qtz rich

As is indicated by the SiO2 values, all rocks are silica oversaturated. The samples of KB S, especially,
show an increased concentration of SiO2 compared to KB G, which is in accordance to the increased
quartz content indicated by the modal composition Figure 2. Other major elements are more variably
distributed in the KBG sample suite, in which KBG 6 and 7 show elevated amounts of fluorite, but are
in contrast to all other samples containing no albite in Figure 2. This leads to significantly decreased
Na2O and Al2O3 concentrations, but enhanced values of CaO and LOI (Figure 2, Tables 1 and 2).
In addition to fluorite, gittinsite, which is present among the Zr-silicates in some samples (e.g., KB
G1), is a carrier of CaO, too. Variations in major element composition are mirrored in element-based
rock classification. Lower SiO2 content in KB G samples but variable sums of Na2O + K2O result
in TAS classifications of monzonite, granodiorite, and granite (Table 1). In contrast, the de la Roche
classification, which, in addition to Si and the alkalis, includes Fe, Ti, Ca, Mg, and Al, reflects element
variability by assigning the classes syenogranite, alkali granite, granodiorite, and monzogranite to the
KB G samples. While all KB S samples are entirely classified as granites in the TAS scheme, the de la
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Roche scheme leads to classification as alkali granite and syeno granite in some cases or does not allow
classification at all. The latter can be observed in samples with highest SiO2 concentrations and R1
multication parameter > 3000. Therefore, these samples are classified as “Qtz rich” in this study.

Table 2. Major element composition of KB S. TAS classification for plutonic rocks according to [22].
QAPF classification according to [20]. Parameters R1 and R2 and resulting classification calculated
according to [21]. Abbreviations for TAS, de la Roche, and QAPF classifications as defined in Table 1.

(wt. %) KB S1 KB S2 KB S3 KB S4 KB S5 KB S6 KB S7 KB S8 KB S9 KB
S10

SiO2 79.90 77.20 72.70 74.20 71.70 76.50 77.40 72.50 75.00 73.30
Al2O3 9.04 10.55 12.90 10.75 9.77 8.91 10.50 9.97 11.35 10.80
Fe2O3 2.14 1.71 1.28 3.64 5.10 1.32 1.41 2.47 4.72 3.61
MgO 0.01 0.03 0.04 0.03 0.04 <0.01 0.03 0.03 0.02 0.03
CaO 0.04 0.06 0.20 0.18 0.47 0.52 0.10 2.58 1.87 2.30

Na2O 1.02 2.27 4.21 3.62 3.43 2.93 3.04 2.69 3.95 2.59
K2O 6.28 5.71 4.27 3.48 3.16 3.22 4.13 3.16 3.29 3.42

Cr2O3 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
TiO2 0.09 0.09 0.38 0.07 0.18 0.22 1.32 0.34 0.16 0.92
P2O5 <0.01 <0.01 0.02 0.02 0.02 0.03 <0.01 0.01 <0.01 <0.01
MnO 0.01 0.06 0.01 0.04 0.43 0.02 0.01 0.01 0.01 0.01
BaO <0.01 0.01 <0.01 0.01 0.05 0.01 0.01 0.01 <0.01 0.01

LOI 0.64 0.86 1.56 1.36 2.13 0.8 1.2 1.96 1.43 2.25
Total 99.17 98.55 97.58 97.41 96.49 94.48 99.15 95.74 101.8 99.25

R1 3434 2954 2306 2749 2685 3262 3040 3063 2700 3048
R2 180 212 267 223 221 205 213 349 334 349

TAS Gran Gran Gran Gran Gran Gran Gran Gran Gran Gran
De la
Roche

Qtz
rich

Alk
Gran

Alk
Gran

Alk
Gran

Alk
Gran

Qtz
rich

Qtz
rich

Qtz
rich

Syeno
Gran

Qtz
rich

QAPF Alk
Gran

Alk
Gran

Alk
Gran

Alk
Gran

Alk
Gran

Alk
Gran

Alk
Gran

Alk
Gran

Alk
Gran

Alk
Gran

The results of the REE analyses of the bulk rock samples are given in Tables 3 and 4. Chondrite
normalized distribution patterns are given in Figure 7. All samples show REE concentrations strongly
enriched in comparison to chondritic composition [23] and they have negative Eu anomalies, which
are more pronounced in KB G samples (Eu/Eu* < 0.3) in contrast to KB S (Eu/Eu* < 0.2), see Tables 3
and 4. The HREE (heavy rare earth elements Gd-Lu) elements show a significantly higher enrichment
in the KB G samples in comparison to KB S. The latter samples, on the other hand, show a steeper
pattern, with elevated enrichment of LREE (light rare earth-elements La-Eu) ratios up to 7000 but a
generally lower enrichment of HREE ≤ 1000 (Figure 7). KB G samples, instead, are less enriched in
LREE < 3000, which leads to flat patterns.
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Table 3. Rare earth elements (REEs) + Zr and Nb composition of KB G. Zirconium data from handheld
X-ray fluorescence (XRF) measurement. Europium anomaly Eu/Eu* calculated based on the geometric
mean of normalized Sm and Gd values.

(mg/kg) KB G1 KB G2 KB G3 KB G4 KB G5 KB G6 KB G7 KB G8

La 224 231 1120 223 694 307 263 763
Ce 582 659 2480 547 1250 787 1100 1700
Pr 59 71 297 58 163 85 67 212
Nd 211 260 1080 207 642 299 239 768
Sm 61 83 295 60 172 61 52 160
Eu 6 8 20 5 11 4 5 12
Gd 65 92 298 79 186 52 56 137
Tb 19 25 61 24 26 11 13 29
Dy 175 203 357 207 129 88 115 188
Ho 49 54 60 50 10 24 33 41
Y 1285 1460 1575 1355 532 705 898 1090
Er 200 216 155 183 44 91 130 142
Tm 39 40 19 33 5 17 24 25
Yb 269 277 99 213 21 125 166 166
Lu 38 40 10 29 2 19 26 24

Eu/Eu* 0.28 0.21 0.21 0.21 0.19 0.19 0.29 0.25

Nb 1095 1140 >2500 1660 >2500 1905 1495 1445
Zr (wt. %) 3.27 2.66 0.08 1.91 1.61 2.68 3.28 2.46

Table 4. REE + Zr and Nb composition of KB S. Zirconium data from handheld XRF measurement.

(mg/kg) KB
S1

KB
S2

KB
S3

KB
S4

KB
S5

KB
S6

KB
S7

KB
S8

KB
S9

KB
S10

La 460 510 1130 899 682 458 1290 505 385 1700
Ce 934 968 2280 1685 1230 902 2900 964 857 4480
Pr 108 125 281 206 159 112 373 113 115 620
Nd 399 475 1010 769 581 421 1395 424 456 2430
Sm 69 93 203 176 155 98 324 115 154 569
Eu 3 5 11 10 9 5 17 7 10 29
Gd 54 84 160 169 178 87 251 108 161 406
Tb 10 15 24 35 39 18 39 21 28 63
Dy 73 104 142 244 292 143 187 157 149 329
Ho 17 24 30 56 73 38 33 41 25 56
Y 436 617 838 1500 1775 965 805 975 650 1100
Er 52 72 87 172 238 137 86 139 57 134
Tm 7 10 13 24 33 22 11 22 6 15
Yb 45 65 79 150 205 159 78 162 32 92
Lu 6 9 10 19 26 22 11 24 3 11

Eu/Eu* 0.16 0.16 0.19 0.18 0.17 0.17 0.18 0.19 0.19 0.19

Nb 490 665 1945 1270 >2500 794 >2500 982 1410 1050
Zr (wt. %) 0.39 0.57 0.60 1.30 2.00 3.14 0.18 2.56 0.02 0.12

Zirconium has variable concentrations across the data set. KB G samples contain Zr up to 3.3 wt. %
(Figure 7 orange range) whereas only two samples have concentrations < 1.9 wt. %. Within both
sample suites, those of low Zr concentrations show decreasing enrichment of the HREE. In contrast,
samples with high Zr concentration are characterized by increased HREE enrichment.

Niobium concentrations show a distribution similar to the Zr. maximum values given by the
method’s upper limit of quantification at 2500 mg/kg. Minimum concentrations of Nb in KB G
samples generally are two times higher than the concentrations of KB S samples ranging between 490
and 790 mg/kg. Concentrations of Nb are generally higher in KB G and show a variation between
1000 mg/kg and 1900 mg/kg. In comparison, the concentration of Nb in KB S samples, excluding the
samples exceeding the upper limit of quantification, cover the range from 490 mg/kg to 1945 mg/kg.



Minerals 2019, 9, 217 14 of 23

Minerals 2019, 9, 217 14 of 23 

 

 
Figure 7. REE pattern for KB G (upper) and KB S (lower). Coloured range represents maximum and 
minimum values of individual sample patterns (orange and red) of parallel evolution for high content 
of Zr in KB G and low Zr content in KB S. The samples KB G3 and G5 were identified as having the 
lowest enrichment of Zr in the KB G samples and showed a decreasing tendency within the HREE. 
The same behaviour is shown for the KB S dataset where, in contrast, the samples KB S6 and S8 contain 
significantly higher amounts of Zr than the other samples (red range) representing the increasing tendency 
of the HREE. REE concentrations were normalized against chondritic composition according to [24]. 
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Petrographic and geochemical investigation points out that the major ore mineral classes are Zr-
silicates, REE-carbonates, and Ti/Nb oxides that occur within the metasomatic rocks forming the 
centre of the Khalzan Buregtei deposit. Zircon is the most abundant ore mineral. It can be detected in 
all samples of ore metasomatites. Further, it is identified as the major carrier for the rare metals Zr, 
Hf, Y, and HREE due to the high concentrations of Y, Dy, and Er across the analysed zircon crystals, 
as demonstrated by the representative analyses of different zircon and gittinsite grains in Table 5. 

Table 6 summarizes EPMA analyses of bastnaesite-(Ce), parisite-(Ce), and synchysite-(Y), which 
are the most abundant minerals of the REE-carbonate group. It can be seen that the LREEs show a 
high concentration in the first two minerals, whereas synchysite-Y has got elevated concentrations of 
Y and is thereby suspected to contain unquantified amounts of HREE as well. Low total sums can be 
explained by unquantified amounts of HREE incorporated into the analysed minerals. The individual 
concentration levels of these elements are below the limit of quantification of the applied EPMA. 
  

Figure 7. REE pattern for KB G (upper) and KB S (lower). Coloured range represents maximum and
minimum values of individual sample patterns (orange and red) of parallel evolution for high content
of Zr in KB G and low Zr content in KB S. The samples KB G3 and G5 were identified as having the
lowest enrichment of Zr in the KB G samples and showed a decreasing tendency within the HREE.
The same behaviour is shown for the KB S dataset where, in contrast, the samples KB S6 and S8 contain
significantly higher amounts of Zr than the other samples (red range) representing the increasing
tendency of the HREE. REE concentrations were normalized against chondritic composition according
to [24].

4.3. Elemental Deportment

Petrographic and geochemical investigation points out that the major ore mineral classes are
Zr-silicates, REE-carbonates, and Ti/Nb oxides that occur within the metasomatic rocks forming the
centre of the Khalzan Buregtei deposit. Zircon is the most abundant ore mineral. It can be detected in
all samples of ore metasomatites. Further, it is identified as the major carrier for the rare metals Zr,
Hf, Y, and HREE due to the high concentrations of Y, Dy, and Er across the analysed zircon crystals,
as demonstrated by the representative analyses of different zircon and gittinsite grains in Table 5.
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Table 5. Exemplary analyses of gittinsite and zircon crystals of the metasomatic samples.

(wt. %) Gtt Gtt Zrn Zrn Zrn Zrn Zrn Zrn

SiO2 36.32 40.01 32.49 30.89 30.90 27.25 27.43 27.98
ZrO2 34.75 35.45 55.94 57.85 56.24 58.96 54.73 54.62
HfO2 0.64 0.71 1.11 1.00 1.18 1.28 0.92 1.00
Fe2O3 0.89 0.41 1.23 1.04 0.76 1.03 0.26 2.49
Ce2O3 0.34 0.07 0.41 0.06 0.19 0.07 0.04 0.24
Dy2O3 0.22 0.25 0.27 0.12 0.26 0.25 0.81 0.38
Er2O3 0.08 0.10 0.31 0.15 0.31 0.36 0.78 0.41
Y2O3 0.42 0.54 2.07 0.78 2.01 1.99 5.98 3.12
Na2O 0.05 0.05 0.06 0.04 0.07 0.21 0.40 0.42
CaO 18.41 17.45 1.03 2.30 1.84 0.45 0.07 0.34
MnO 0.58 0.67 0.11 0.11 0.14 0.02 0.01 0.05
Total 92.84 95.95 95.5 94.65 94.48 92.47 92.52 92.11

Table 6 summarizes EPMA analyses of bastnaesite-(Ce), parisite-(Ce), and synchysite-(Y), which
are the most abundant minerals of the REE-carbonate group. It can be seen that the LREEs show a
high concentration in the first two minerals, whereas synchysite-Y has got elevated concentrations of Y
and is thereby suspected to contain unquantified amounts of HREE as well. Low total sums can be
explained by unquantified amounts of HREE incorporated into the analysed minerals. The individual
concentration levels of these elements are below the limit of quantification of the applied EPMA.

Table 6. Representative EPMA analysis of REE-carbonate minerals bastnaesite-(Ce), parisite-(Ce),
and synchysite-(Y).

(wt. %) Bst-(Ce) Bst-(Ce) Bst-(Ce) Par-(Ce) Par-(Ce) Par-(Ce) Syn-(Y) Syn-(Y)

CaO 1.07 1.49 0.54 8.23 10.92 9.34 19.53 16.64
Y2O3 2.82 3.87 1.62 0.37 0.77 2.30 29.69 22.43

Ce2O3 32.52 31.87 34.60 32.87 29.61 31.26 1.29 2.36
La2O3 11.19 10.90 13.43 18.46 13.50 11.39 0.24 0.54
Pr2O3 3.79 3.73 3.88 2.54 2.85 3.36 0.23 0.30
Sm2O3 4.22 4.04 3.61 0.89 1.37 1.99 0.64 0.77
Nd2O3 15.42 14.74 15.14 6.60 9.19 12.25 0.52 0.85

SrO 0.11 0.14 0.16 nd 0.39 0.50 0.38 0.16
ThO2 0.67 0.34 0.08 nd 0.06 0.05 0.18 0.45
SiO2 0.48 0.67 0.08 1.38 1.42 0.24 0.484 4.37

F 8.10 9.03 4.56 6.96 7.92 7.25 5.01 4.99
CO2 20.93 21.20 20.74 23.26 23.40 23.09 24.06 24.02
Total 101.32 102.02 98.44 101.56 101.40 103.02 82.24 77.88

Pyrochlore occurs as a major carrier for Nb in the Khalzan Buregtei deposit. Eight pyrochlore
EPMA analyses are given in Table 7. They show that pyrochlore is enriched in the LREEs Ce, La,
and Nd. Heavier REE elements were not detected. Due to the content of Ce, pyrochlore is identified
as ceriopyrochlore-Ce, which contains only very small amounts of betafite [Ca2(Ti,Nb)2O6O] and
microlite [(Na,Ca)2Ta2O6(O,OH,F)], as indicated by the low concentrations of Ti and Ta, respectively.
Pyrochlore also shows a capability to enrich U to concentrations up to 1.16 wt. %. Semi-quantitative
analyses indicate that, in addition to pyrochlore, rutile can be another carrier of Nb2O5 with variable
concentrations from 2 to 5 wt. %.
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Table 7. Elemental composition of representative pyrochlore grains from sampled parts of the Khalzan
Buregtei deposit.

(wt. %) Pcl 1 Pcl 2 Pcl 3 Pcl 4 Pcl 5 Pcl 6 Pcl 7 Pcl 8

Nb2O5 67.25 68.13 66.90 57.96 62.54 70.71 66.63 66.03
Fe2O3 0.94 0.97 0.92 2.51 1.04 0.91 0.80 1.05
TiO2 4.81 4.85 5.30 8.16 3.61 2.44 4.33 4.62

Ta2O5 2.13 1.61 2.32 1.95 2.22 1.61 2.49 2.22
Na2O 2.72 1.90 2.54 1.31 1.57 2.73 3.60 2.30
CaO 3.93 3.97 4.21 4.23 4.92 4.79 3.79 5.27

Ce2O3 11.21 10.96 10.99 11.92 9.31 10.10 10.79 4.16
La2O3 4.34 4.37 4.17 4.33 3.70 4.03 4.42 10.92
Nd2O3 2.54 2.58 2.54 3.07 2.21 2.38 2.63 2.51
Y2O3 0.07 0.12 0.12 0.20 0.72 0.18 0.07 0.09
UO2 0.37 0.43 0.29 0.60 1.16 0.42 0.29 0.20
ThO2 0.07 0.06 0.01 0.08 0.04 0.01 0.01 0.06
SiO2 0.46 0.42 0.27 0.65 2.76 0.60 0.75 0.47
Total 100.83 100.38 100.58 96.99 95.80 100.90 100.60 99.89

5. Discussion

5.1. Classification Systematics

The classification of the mineralized rocks of the Khalzan Buregtei deposit applying traditional
methods of magmatic petrology (QAPF and TAS, see Tables 1 and 2) leads to obviously inappropriate
results due to a lack of consistency across the different classification schemes. Furthermore,
the classification of some samples fails to unequivocally define rock types, as compositions do
not match the compositional ranges for which the schemes were defined (R1-R2, see Tables 1 and 2).
This mismatch is thought (see Section 4.2) to be caused by chemical variations due to post-magmatic
mineral formation. In particular, the TAS classification for plutonic rocks, derived by [22] from the
classic TAS scheme for volcanic rocks, is strongly based on Na2O and SiO2 concentrations and thus
notably responds to post-magmatic processes. It is therefore concluded not to use the TAS or QAPF
schemes for highly mineralized alkaline granitoid rocks such as those in the centre of the Khalzan
Buregtei deposit. This is in accordance with [6], who proposed a more simple classification for the rock
suite of the Khalzan Buregtei massif into three classes of barren and ore bearing metasomatites and
unaltered rocks of the main intrusion phase, see Figure 1.

The multication parameters R1 and R2 combine concentration data of Si, Ti, Al, Fe, Ca, Mg, K,
as well as Na and thus provide the opportunity to display the chemical composition of rocks and
individual rock-forming minerals (Figure 8). Consequently, the effects of post-magmatic mineral
reactions altering the intrusive alkaline magmatic rocks can be graphically visualized by these
parameters. Figure 8 displays the R1-R2 plot of unaltered (blue mark) and metasomatic (red mark)
rocks of the Khalzan Buregtei massif. The latter samples show significantly higher R1 values in
contrast to the unaltered ones and show an elevated abundance of zircon within the ore cluster.
The evolution towards the point representing quartz along the line connecting feldspars and quartz
suggests silicification as one major alteration feature. Thus, the formation of post-magmatic quartz can
be linked to the increase of the R1 parameter parallel to the pink vectors in Figure 8. Albitization shifts
rock compositions towards the albite point. However, this effect is less pronounced in the diagram due
to the proximity of the points representing albite and K-feldspar. The formation of other post-magmatic
Ca-bearing minerals like fluorite, REE-carbonates, and gittinsite is reflected by increasing R2 values
as indicated by the vertical shift along the purple vectors in Figure 8, which can be particularly well
observed for the KB G samples. The influence of Mg on the R2 value can be neglected due to the
very low concentration of this element in the entire samples series. Due to the R1 and R2 value of
arfvedsonite and aegirine, decomposition of these minerals enhances the effect of the elevated R1
values described above.
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stippled grey lines. Fluorite (Flu) and quartz (Qtz) compositions plot outside the diagram and are
indicated by their R1 and R2 value at the hosting axis. The blue mark indicates unaltered rocks of
the Khalzan Buregtei Massif according to [5] (Syenites [5]) and Gronen (unpublished) (Syenite KB).
Red mark highlights ore bearing metasomatic rocks of the KB S and KB G dataset. Purple vectors
indicate the change of R2 value of samples containing CaO > 1.8 wt. %. Mineral abbreviations: Zrn =

zircon, Gtt = gittinsite, Alb = albite, An50 = anorthite, Or = orthoclase K-feldspar, Arf = arfvedsonite,
Aeg = aegirine. Composition of Arf and Aeg according to [24].

While traditional magmatic rock classification turns out to be inappropriate, which is also displayed
in Figure 8 showing rocks with similar chemical and mineralogical compositions that plot into different
fields, the pair of numeric R1-R2 values is nevertheless indicative of the petrographic character of
each sample. Being based on whole rock major element data, these numeric values are appropriate
for characterizing such complex metasomatically-altered rocks and therefore are considered as highly
effective and unambiguous quantitative tools particularly suitable for distinction and visualization
of altered or mineralized alkaline rocks and their rare metal ore bodies. Multication parameters are
additive numeric values and consequently are a valuable base for modelling and geostatistics [25].
As whole rock chemical data are abundantly available already at pre-feasibility levels, multication
parameters are also recommended for use in 3D modelling during exploration work or mine planning.
While they fully characterize compositional rock properties, multication parameters are independent
of the subjective impression or degree of skill of an individual petrographic investigator. Thus, they
represent an important step to deposit characterization by quantitative parameters, which also is a
prerequisite for any geometallurgical evaluation.

The geometallurgical approach considers mineralogical features of deposits in a quantitative
manner with respect to their significance for mine planning and mineral processing [25]. The main focus
lies on the most effective exploitation by accurate adjustment of the entire process chain from mining,
mineral processing, and metallurgical procedures to mineralogical and textural ore properties [25–27].

5.2. Textural Properties of Ore Minerals and Their Use for Optimized Mineral Processing

Textural properties are crucial for the technology and costs required for ore processing. Therefore,
identification and quantification of textural characteristics are as essential for ore evaluation as
determination of ore mineral grade. Most ore minerals observed in the centre of the Khalzan Buregtei
deposit crystallized in post-magmatic alteration reactions concomitant with the development of textures
characterized by fine grain size, partial replacement, and intricate intergrowth between ore minerals
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and gangue (see Section 4.1, Figures 4 and 6). These textural properties significantly affect the ore
mineral liberation size, indicating the coarsest size fraction produced in comminution that guarantees
the maximum detachment of ore minerals and associated gangue [28]. For the ore-bearing rock
samples of KB G and KB S at Khalzan Buregtei, the liberation size of the ore minerals was obtained by
image analyses applied on the phase maps generated with the QEMSCAN© technique. The liberation
size distribution of the bulk group of ore minerals comprising Zr-silicates and REE-carbonates are
displayed in Figure 9A. The graphs for representative samples KB G 5, 8, and KB S 8 show that 80 wt. %
of all ore minerals would be liberated in fractions varying between P80 < 45 µm and P80 < 85 µm.
This is well in accordance with mineral processing test work on rare metal ores from Khalzan Buregtei
conducted by [29]. Likewise, [30] suggested a comminution of <80 µm followed by scavenger flotation
for REE-carbonate minerals for processing of a similar rare metal ore.
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Figure 9. Particle size distributions of ore minerals (A) and ore clusters (B). The ore mineral groups
Zr-silicates and REE-carbonates were combined into the class of ore minerals because these minerals
are mostly observed in cluster assemblage. As can be obtained from the particle size distribution,
the ore mineral size at P80 is significantly smaller (45–85 µm) in comparison to the particle size of the
ore clusters (400–500 µm).
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In general, comminution to low grain size is an energy and material-consuming step, belonging
to the most expensive positions in processing operations [28,31]. In addition, although required for
liberation of ore phases, low grain sizes also hamper processing activities, mainly leaving flotation as a
suitable technique [28]. This enhances consumption of water and supplies (e.g., flotation chemicals) as
well as of operation costs [28]. While flotation turned out to be effective for REE-carbonates, it cannot
concentrate ore minerals with distinctly different physical properties, such as zircon or pyrochlore
in the same step (e.g., [28,30]). Owing to the prices of Zr, Nb, and the HREE, the latter ore minerals,
which remain in the flotation tailings together with a large mass of gangue minerals, would represent
a higher value than the LREE predominantly extracted from carbonates. High process costs on one
hand and limited concentration efficiency on the other hand would represent an obstacle for mining
operations at the Khalzan Buregtei deposit as well as for other rare metal alkaline granites.

However, the aggregation of the ore minerals zircon, gittinsite, and REE-carbonate together with
other post-magmatic phases, such as fluorite and hematite in clusters characteristic of the mineralized
rocks of sampling sites KB G and KB S, allows an alternative approach to more efficient processing.
Image analysis yields quantitative information on the grain size distribution of each individual ore
mineral on the one hand as well as of the ore mineral clusters on the other hand. Figure 9B shows
that diameters of 80 % of all ore clusters in representative samples KB G 5, 8, and KB S 8 are ≤400 to
500 µm. Consequently, liberation of ore clusters could already be achieved in size fractions, which
are significantly coarser than those required for liberation of individual ore minerals (Figure 9A).
It is worth mentioning that the increase in liberation size by a factor of, in part, >10 relative to the
individual ore minerals, reflects the difference between magmatic and post-magmatic mineral grain
sizes. The clusters, which predominantly formed as post-magmatic pseudomorphs after arfvedsonite
and elpidite (see Section 4.1) mainly have the size of their former magmatic precursor.

The increased particle size of the ore clusters is a textural feature useable for optimization of
mineral processing because the liberation of the ore clusters needs less intensive comminution, which
is connected to a decrease in energy consumption (e.g., [31]). In a process chain, the separation of
barren and ore bearing material needs to take place as early as possible to enhance the overall process
effectiveness due to mass flow reductions and increased yield of target mineral phases. Extracting a
pre-concentrate of ore mineral clusters from the coarse particle size fraction will achieve both goals.

For the extraction of ore mineral clusters, physical properties are needed, which distinguish
the target phases from the barren material. One possible property is the increased density of the
ore-bearing clusters, which is due to the locally-increased modal abundance of mineralogical phases of
high specific gravity in contrast to the barren feldspar-quartz dominated rock domains. This makes
particles amenable to density separation. Further, the close associations of clustered ore minerals with
hematite (Figure 4A,B) represents a marked difference to the barren domains because the magnetic
susceptibility of this Fe-bearing phase makes the ore clusters also amenable to magnetic separation.

Based on the detailed quantitative investigations of mineralogical and textural ore properties,
a mineral-processing scheme was developed by [29]. The study demonstrates that the extraction of a
pre-concentrate by dry magnetic separation on a particle fraction <250 µm was successfully conducted
on a high volume ore sample taken from the Khalzan Buregtei deposit. Applying this optimized
processing scheme, the mass flow was reduced by 55 wt. %, and an enrichment of zircon by a factor of
2.5 was achieved. As a consequence, following process steps like comminution of fractions rich in ore
mineral clusters to liberation size of individual ore minerals and scavenger flotation, needed for the
production of concentrates, can be conducted with the enhanced pre-concentrate having increased ore
mineral content and decreased total mass.

This example shows that the mineralogical and textural properties “association of ore minerals to
hematite” as well as “clustering of ore minerals” have a crucial impact on processing efficiency and
thus finally on the profit of a mining operation. For a geometallurgical approach towards optimization
of the process chain, it is important to delineate volumes of mineralized rock that are characterized
by consistent mineral processing responses such as geometallurgical domains [25,32,33]. In the case
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of the Khalzan Buregtei deposit both properties are considered as key features for the definition of a
geometallurgical domain.

The abundance of ore clusters is described for other alkaline massifs by several authors [34],
for example, report clusters of REE rich apatite and allanite [(CaREE)(Al2Fe2+)(Si2O7)(SiO4)O(OH)]
connected to Biotite-magnetite veins of the Loch Loyal syenite and conjugated REE-carbonate veins.
Further, the replacement of arfvedsonite by hematite-quartz clusters is described by [35] for peralkaline
arfvedsonite granites of the Amis complex in Namibia, which are connected to a high abundance of
HFES silicates like zircon.

Clusters formed by gittinsite and zircon in association with secondary quartz replacing elpidite
and arfvedsonite were also observed by [1] in the rare metal prospects of the alkaline granite at
Strange Lake in Canada. These authors, too, describe post-magmatic minerals hematite, quartz and
fluorite that formed in close association to ore minerals. The studies from different areas show that
rare metal/HFSE enrichment in alkaline granitoid rocks is associated to the post-magmatic formation
of ore-bearing clusters replacing precursor magmatic minerals. Consequently, application of the
optimized beneficiation strategy, as outlined in this study, to those other rare metal alkaline granitoid
deposits could be a step to improve economic mining operations.

6. Conclusion

Alkaline rock hosted rare metal deposits yield potential as future resource for commodities like Zr,
Nb, Hf, Y, and the REE. The economic interest in this deposit type is underlined by various international
studies of the last decade [1,7,9,10,30]. The complexity of the ore with respect to texture, composition,
and variable types of ore minerals is often caused by post-magmatic alteration of the ore-bearing rock
suite. The alteration is identified as one key process of the ore formation, because it enhances formation
and concentration of ore minerals. However, post-magmatic alteration also causes rearrangement of
the precursor magmatic rocks. As demonstrated in this study of Khalzan Buregtei, for Zr-REE-Nb
deposits traditional used concepts of magmatic rock classification (e.g. TAS, QAPF) fail to properly
characterize the altered alkaline rocks.) fail to properly characterize altered alkaline rocks. While not
providing common magmatic-related names, multication R1-R2 parameters defined by [21] can serve
as numeric values to characterize altered and mineralized rocks, as well as to visualize the chemical
effect of alteration processes observed in petrographic inspection. Owing to their quantitative additive
property, multication parameters are recommended to be implemented in numerical models to also
display and analyse rare metal ore and their alkaline granitoid host rocks in geological 3D models.

The post-magmatic ore mineral assemblage at Khalzan Buregtei is characterized by overall fine
grain size and intricate intergrowth. Consequently, in a mining operation, small liberation size,
quantified in this study by QEMSCAN© image analysis, would require intensive comminution.
High energy demand and lagged masses of finely-ground rock represent a significant obstacle to an
economic use of this deposit. Petrographic inspection revealed that, except for the major Nb carrier
pyrochlore, all ore minerals of Zr and REE (i.e., zircon, Zr-silicates, and REE-carbonates) occur in
pseudomorph-like association mainly replacing precursor magmatic arfvedsonite. This leads to a
concentration of ore minerals in clusters characterized by liberation sizes significantly exceeding those
of individual ore minerals.

Furthermore, QEMSCAN© image analysis indicated that hematite is a characteristic constituent
of clustered ore mineral aggregates. These textural properties allow pre-concentration of ore mineral
clusters after clearly less energy consuming comminution to particle sizes < 250 µm and magmatic
separation. Further comminution of the pre-concentrate and processing steps to concentrate zircon,
Zr-silicates, and REE-carbonates then only have to be applied to 55% of the initial mass of the ore.
This implies a significant reduction of energy consumption as well as of water and other supplies
(e.g., flotation chemicals). Taking into account that clustering, as well as associations of ore minerals
with hematite, are observed in other rare metal deposits formed in alkaline granitoids in different
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concentrations, the approaches developed for Khalzan Buregtei are considered as important steps
towards more efficient and sustainable extraction of rare metal ores.
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Appendix A

Table A1. Spectrometer setup for the EPMA high-resolution mappings.

Element Line Spectrometer Position (mm)

Al Kα TAP 90.712
Ca Kα PETJ 107.636
Fe Kα LIFH 134.262
Si Kα TAP 77.208
Zr Lα PETJ 192.620

Table A2. Setup for EPMA measurements with focused electron beam on Zr-Silicates and pyrochlore.
Sorted according to spectrometer optimization.

Element Line Spectrometer Position (mm) Bg +/− (s) Peak (s) Standard Matrix

Na Kα TAP 129.468 5 10 Jadeite
Y Lα PETJ 206.399 10 30 Glass
Zr Lα PETJ 194.628 5 10 Zircon
Th Mα PETJ 132.564 10 20 Th-Oxide
Hf Lα LIFH 109.114 15 30 Zircon
Al Kα TAP 90.509 5 10 Plagioclase
P Kα PETJ 196.998 5 10 Monazite

Nb Lα PETJ 183.547 15 30 Nb-Oxide
U Mβ PETJ 119.031 15 30 U-Si-Al-Ca-Gla
Er Lα LIFH 123.693 15 30 Glass
Si Kα TAP 77.225 5 10 Zircon
Ca Kα PETJ 107.636 5 10 Plagioclase
Dy Lα LIFH 132.284 15 30 Glass
Ti Kα PETJ 88.023 5 10 Rutile
Fe Kα LIFH 134.262 5 10 Faylaite
Mn Kα LIFH 145.742 5 10 Mn-Oxide
Ce Lα LIFH 177.487 15 30 Monazite
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Table A3. Setup for EPMA measurements on REE-carbonate minerals with a beam diameter of 10 µm.

Element Line Spectrometer Position (mm) Bg +/− (s) Peak (s) Standard Matrix

Si Kα TAP 77.237 5 10 Plagioclase
F Kα TAP 199.162 5 10 Apatite
Y Kα PETJ 206.73 10 30 Glass

Ca Lα PETJ 107.647 5 10 Apatite
Ce Lα LIFH 177.503 15 30 Monazite
Sr Lα TAP 74.361 10 30 Celestine
Th Mα PETJ 132.609 10 30 Th-Oxide
La Lα LIFH 184.732 15 30 Monazite
Pr Lβ LIFH 156.531 15 30 Glass
Sm Lα LIFH 152.425 15 30 Glass
Nd Lβ LIFH 150.187 15 30 Glass
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