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The concentration and redistribution of ore components from a primary melt to hydrothermal fluids are impor-
tant for understanding ore formation. The Mushgai-Khudag complex is a typical example of an intrusion where
hydrothermal processes are widespread and wherewe can observe the redistribution of ore components during
hydrothermal processes. In this study, we use mineralogical, melt and fluid inclusion data to trace element char-
acteristics of apatite from the Mushgai-Khudag complex to reconstruct the formation of the magnetite-apatite
rocks and their magmatic-hydrothermal evolution and to clarify the origin of the REE mineralization. We con-
clude that the magnetite-apatite rocks crystallized from salt melt with a high content of phosphate and sulfate
components at a temperature of approximately 830–850 °C. The origin of magnetite-apatite rocks probably
can be explained by the silicate-salt immiscibility that occurred at the alkaline syenite crystallization stage. Fur-
ther evolution of the salt melt to the brine of the carbonate-(fluoride)-chloride-sulfate composition was accom-
panied by the barite, celestite and monazite-Ce formation at the temperature of approximately 500–580 °C. The
dissolution of apatite and the crystallization of gypsum, phosphosiderite and monazite-Ce pseudomorphs after
apatite took place at the hydrothermal stage after a reaction with a fluid that evolved from carbonate-chlo-
ride-sulfate (at 250–350 °C) into a predominantly chloride composition (at 150–250 °C). The high activity of
the sulfate component and a significant enrichment of the rocks in REE also occurred at the late hydrothermal
stage.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetite-apatite rocks are known to host significant economic de-
posits of phosphorus, iron and titanium. The deposits are typically asso-
ciated with intrusive complexes that consist of the following: (1)
alkaline silicate rocks and carbonatites, such as the Khibiny and Kovdor
in Russia, the Palabora in SouthAfrica, and others; (2) anorthosites, such
as the Nelson in Virginia; and (3) intermediate-to-felsic volcanic-
subvolcanic rocks, such as Kiruna in Sweden. These types of rock are,
however, not similar to the same types in theMushgai-Khudagmagne-
tite-apatite rocks, in which the highest apatite content reaches 80–90
wt.% (Ontoev et al., 1979). The Mushgai-Khudag magnetite-apatite
rocks are hosted in alkaline syenites, which are the part of ultrabasic-
nko).
basic alkaline complex. From this viewpoint, theMushgai-Khudagmag-
netite-apatite rocks are unique, and they have been described rarely in
previousworks that discussmagmatic phosphorus deposits. In addition,
the rocks have great petrological importance because they may derive
from unusual phosphate-richmagma or may be produced as cumulates
from alkaline silicate magmas. The Mushgai-Khudag complex (in Rus-
sian, Mushugai-Khuduk) is part of the Late Mesozoic Central Asian
carbonatite province (Nikiforov and Yarmolyuk, 2004). The province in-
cludes regions of carbonatite-alkaline magmatism manifestation in
West Transbaikalia (e.g., Khalyuta, Oshurkovo, Torei, Yuzhnoe and
Arshan carbonatites) and in Central Tyva (Karasug and Ulatay-Choz
carbonatites) of Russian Siberia, and alkaline complexes manifest in
South Mongolia (Mushgai-Khudag, Khotgor and Ulugey massifs). The
age of the formation of alkaline silicate rocks and associated
carbonatites from the Western Transbaikalia is the middle Early Creta-
ceous (131–118 Ma) (Bulnaev and Posokhov, 1995; Ripp et al.,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2018.08.030&domain=pdf
https://doi.org/10.1016/j.lithos.2018.08.030
nikolenkoam@igm.nsc.ru
https://doi.org/10.1016/j.lithos.2018.08.030
http://www.sciencedirect.com/science/journal/00244937
www.elsevier.com/locate/lithos


Fig. 1. Simplified map of the Late Mesozoic Central Asian carbonatite province after
(Kovalenko et al., 2004; Kuzmin and Yarmolyuk, 2014), with additions by the authors.
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2009b); Central Tyva carbonatites yielded a very narrow range of ages
(118–117 Ma) (Nikiforov et al., 2006; Prokopyev et al., 2016;
Sal'nikova et al., 2010), whereas the ages for the South Mongolia alka-
line complexes have wide variations (179–121 Ma) (Samoilov and
Kovalenko, 1983). The formation of carbonatite complexes within the
province has been linkedwith theMesozoic-Cenozoic plume-related in-
traplate magmatic activity (Kovalenko et al., 2004; Kuzmin and
Yarmolyuk, 2014; Yarmolyuk et al., 2004 and others). The carbonatites
are associated with high-K silicate rocks such as alkaline gabbro and sy-
enite (e.g., Doroshkevich et al., 2010; Samoilov and Kovalenko, 1983)
and contain a significant Fe-F-P-(Ba)-(Sr)-REE ore mineralization
(Bolonin, 2007; Doroshkevich et al., 2008, 2010; Prokopyev et al.,
2016; Vladykin, 1997).

The geology, geochemistry, and petrography of the rocks and inclu-
sions in the minerals of the Mushgai-Khudag complex have been de-
scribed in numerous publications (Andreev and Khubanov, 2005;
Andreeva et al., 1998; Andreeva and Kovalenko, 2003; Baatar et al.,
2013; Baskina et al., 1978; Enkhbayar et al., 2016; Krmíček et al.,
2010; Kynický and Samec, 2005; Ontoev et al., 1977; Samoilov and
Kovalenko, 1983; Ripp et al., 2005; Vladykin, 2013), and it was found
that REE mineralization is associated with carbonatites, fluorite miner-
alization and magnetite-apatite rocks (Andreev and Khubanov, 2005;
Enkhbayar et al., 2016; Ontoev et al., 1979; Ripp et al., 2005;
Rundqvist et al., 1995).

Andreeva and Kovalenko (2003) estimated the conditions for the
formation of rocks of the Mushgai-Khudag complex through the study
ofmelt inclusions and demonstrated that the rockswere formedby pro-
cesses of crystallization differentiation and salt-silicate liquid immisci-
bility at a temperature above 1200 °C. The authors concluded that the
ore-bearing magnetite-apatite rocks had been formed during an early
stage of the alkaline magmatism of the Mushgai-Khudag complex, but
the exact values of the homogenization temperatures for themelt inclu-
sionswere not determined.Moreover, it was proposed that the parental
salt magma of themagnetite-apatite rocks was characterized by a great
diversity of unusual compositions comprising high Sr, Ce, La, F and car-
bonate content at the weight percent levels (Andreeva, 2000; Andreeva
et al., 1998; Andreeva and Kovalenko, 2003).

In this paper, we present newdata on themineral composition of the
magnetite-apatite rocks and trace element data for the apatite,melt and
fluid inclusion study showing the evolution of the parental magma to
hydrothermal fluid solutions, and attempt to explain the specific condi-
tions for hydrothermal alteration and the formation of the REEmineral-
ization of themagnetite-apatite rocks in the Mushgai-Khudag complex.
2. Geological setting

The Mushgai-Khudag carbonatite-alkaline complex is located in the
southern part of Mongolia in the Gobi Desert (Fig. 1). The complex is
composed of nephelinites and alkali feldspar trachytes, which are cross-
cut by stocks and dykes of alkaline syenites, shonkinites andmagnetite-
apatite rocks, as well as numerous small dykes of fine-grained
carbonatites (Fig. 2a) (Samoilov and Kovalenko, 1983; Vladykin,
2013). The latest fluorite mineralization is widespread in the Mushgai-
Khudag area. It occurs as disseminations in host rocks and forms the
nets of microveinlets as well as veins up to a few meters wide. Many
zones of mineralization are brecciated and carry fragments of host rock.

Country rocks are represented by Palaeozoic sedimentary-
volcanogenic facies (limestones, sandstones, argillaceous shales and
basic effusive rocks) and Carboniferous granitoids. The complex is posi-
tioned within a sub-latitudinal graben belonging to a major rifting sys-
tem (Samoilov and Kovalenko, 1983). Faults of the north-east and
north-west directions control the position of subvolcanic intrusive bod-
ies. There are also ring structures 0.5 to 2 km in diameter. Alkali feldspar
trachyte vent facieswith carbonatite veins andpyroclasts are positioned
at the centre of those structures (Baskina et al., 1978).
Nephelinites form extrusive sheets up to 50 m in thickness. They are
dark porphyritic rocks containing up to 20% phenocrysts. The pheno-
crysts are represented predominantly by phlogopite (up to 5 mm in
size) and, additionally, by clinopyroxene and apatite (Fig. 3a). The
fine-grained groundmass is composed of phlogopite, clinopyroxene, al-
bite, K-feldspar, while apatite, magnetite and titanite are minor and ac-
cessory. With regards to the content of normative nepheline and albite
(Le Bas, 1989), the rocks are plotted in the fields of basanite and neph-
elinite of the TAS diagram. Alkali feldspar trachytes form lava flows or
remnants of paleovolcanos up to 10–350 m in thickness. The pheno-
crysts (approximately 15–20 vol.%) are represented predominantly by
K-feldspar, phlogopite and apatite, minor magnetite and clinopyroxene
(Fig. 3b). The normative composition of aphyric varieties comprises 48
wt.%, plagioclase, 32 wt.% orthoclase and approximately 9 wt.%
hypersthene.

Shonkinite forms vein bodies up to 150m in length. It is a grey fine-
to medium-grained rock with a porphyric texture. Porphyric grains are
predominantly phlogopite, clinopyroxene or K-feldspar, aswell asmag-
netite and apatite (Fig. 3c). K-feldspar crystals often form intergrowths
and are surrounded by fine-grained phlogopite rims. Apatite occurs as
grey elongated prismatic crystals up to 1 cm in size. The groundmass
minerals are K-feldspar, phlogopite, and magnetite. Alkaline syenites
form dykes, stocks and small massifs from a few metres to 1 km wide.
They are light grey or greenish-gray porphyritic rocks, the phenocrysts
of which are represented by K-feldspar, minor phlogopite,
clinopyroxene, magnetite and apatite. Fine- and medium-grained K-
feldspar is a predominant mineral of the groundmass (Fig. 3d). The
rocks are characterized by the presence of apatite-magnetite schlieren,
from a few to tens of cm in size (Fig. 4a, b). The magnetite grains
reach up to 4 cm in length. In schlieren, apatite fills interstitial spaces
between magnetite grains. Sometimes, apatite-phlogopite rims are ob-
served in contact with host alkaline syenites.

Carbonatites compose veins and dykes from a few cm to 10mwide.
Themainminerals of carbonatites are calcite, dolomite and fluorite. The
minor and accessory minerals are celestite, barite, apatite, goethite,
monazite-Ce, REE fluorocarbonates (bastnaesite, parisite). Carbonatites
are ubiquitously associated with fluorite mineralization. Fluorite veins
and stock-like bodies are widespread and consist of fluorite-calcite,
fluorite-barite, fluorite-quartz, and fluorite-celestite in mineral
composition.

Apatite and magnetite-apatite rocks are exposed in two stocks 30 x
70 and 10 x 30 m in size (Fig. 2b) within an alkaline syenite field. The
former stock is called Apatite Hill. Monomineral, very coarse-grained



Fig. 2. Simplified geological map of the Mushgai-Khudag Complex (a) and geological scheme of the Apatite Hill (b) after (Samoilov and Kovalenko, 1983), with additions by the authors.
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magnetite rocks comprise the central parts of the stock. Towards the
margins, the rocks gradually change to magnetite-apatite (apatite ap-
pears in the interstices) and then apatite - phlogopite and pure apatite
rocks. Apatite and phlogopite form crystals up to 10–20 cm in size. Con-
tacts with the host alkaline syenites are not exposed. The apatite rocks
near the contacts are brown or yellowish-brown and acquire a trachytic
Fig. 3. Photomicrographs of typical silicate rocks of the Mushgai-Khudag complex: a) nephel
clinopyroxene, mag - magnetite, ap – apatite, kfs – K-feldspar.
texture (Fig. 4c). There are no phlogopites in these parts of the rocks. In
the southern part of the Apatite Hill, there is a 3 × 5 m zone of hydro-
thermally altered apatite and magnetite-apatite rocks. The rocks have
a mealy appearance of whitish and greenish shades (Fig. 4d).

The available absolute K-Ar geochronological data (Samoylov and
Kovalenko, 1983) for the Mushgai-Khudag rocks have wide variations
inite; b) alkali feldspar trachyte; c) shonkinite; d) alkaline syenite. Abbreviations: cpx -



Fig. 4. Photos of the magnetite-apatite rocks from Apatite Hill: a, b – magnetite-apatite shlieren in host alkaline syenites; c – a brownish apatite rocks near the contact; d – a zone of
hydrothermally altered apatite and magnetite-apatite rocks.
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between 179 and 121 Ma: the ages of shonkinites range from 148 to
138 Ma; alkaline syenites - 179-140Ma; and magnetite-apatite rocks -
138-121 Ma. However, the K-Ar method of dating is susceptible to
being reset by secondary processes is not be reliable. The single Rb-Sr
isochron age of alkaline syenites: 139.9 ± 5.9 Ma (Baatar et al., 2013).
3. Analytical methods

Rock textures and mineral assemblages were studied using an opti-
cal petrographic microscope and energy-dispersive spectrometry (EDS)
in combination with back-scattered electron imaging (BSE) using a
MIRA 3LMU SEM (TESCAN) equipped with an INCA Energy 450 XMax
80 microanalysis system (Oxford Instruments Ltd.).

Electron microprobe analyses (EMPA) with wavelength-dispersive
spectrometry (WDS) were done using the JXA-8100 electron micro-
probe. The operating conditions were chosen to minimize
devolatilization: beam diameter of 1–2 μm, accelerating voltage of 20
kV and a beam current of 15–25 nA, counting time of 5 s for Na and
Fe, 10 s for F, Nb, Ti, Si, K, Ca, Nd, Zr, U, Pr, Th, Ce, Sr, Pb, La, Ba and 20
s for Y. Data reduction was performed using a PAP routine (Pichou
and Pichoir, 1984). The received BSE-images were used to select appro-
priate points for quantitative electron microprobe analyses. The follow-
ing standards were used for quantification of the elements: diopside
(Si-Kα, Ca-Kα), albite (Na-Kα),fluorphlogopite (F-Kα, K-Kα), synthetic
LiNbO3-REE (Nb-Lα), TiO2 (Ti-Kα), Fe2O3 (Fe-Kα), NdPO4 (Nd-Lα), zir-
con (Zr-Lα), PrPO4 (Pr-Lα), UPO4 (U-Mα), YPO4 (Y-Lα), ThO2 (Th-Mα),
CePO4 (Ce- Lβ), Pb2P2O7 (Pb-Mα), LaPO4 (La-Lα), Sr-glass (Sr-Lα), Ba-
glass (Ba-Lα). Relative standard deviation was less 2%.

Raman spectra were collected using a Horiba Jobin Yvon LabRAM
HR800 Raman microspectrometer equipped with a 532-nm Nd: YAG
laser and an Olympus BX41 microscope. The RRUFF project database
and CrystalSleuth application (http://rruff.info/) were used for mineral
identification. Heating and freezing experiments for fluid inclusion
study were carried out using heat chamber TC-1500, with an inert at-
mosphere of purified argon, and a Linkam THMSG-600 stage for deter-
mination of melting and homogenization temperatures of inclusions.

All the above listed analyseswere carried out at theAnalytical Center
for multi-elemental and isotope research in the Siberian Branch of the
Russian Academy of Science (Novosibirsk, Russia).
Concentrations of trace elements in apatite were determined at the
Novosibirsk State University by LA-ICP-MS analyses using the quadru-
pole-based inductively coupled plasma mass spectrometer (XSeries 2,
Thermo Scientific, Germany) coupled to a laser ablation system (NWR
213, New Wave Research, USA). Analyses were performed for a large
group of elements including Sc, V, Mn, Sr, Y, Zr, Nb, Ba, Hf, Ta, Pb, Th,
U and all the lanthanides from La to Lu. NIST 612 glass was used as an
external standard for calculations of element concentrations in apatite.
Calcium contents in apatite determined by microprobe analysis were
in the range of 48–52 wt.% CaO and they were used as an internal stan-
dard in calculations.

The oxygen isotope compositions in apatite and phlogopitewere de-
termined at the Geological Institute SB RAS (Ulan-Ude, Russia) using
Finigan MAT 253 sensitive mass spectrometers. Oxygen isotope analy-
ses were carried out using the laser-fluorination method developed by
Sharp (1990). Samples were heated up with a 100 W CO2 laser in a
BrF5 atmosphere. The δ18O values obtained in this study were checked
against international reference materials NBS-28 quartz (9.65‰; n =
11) and NBS-30 biotite (5.11‰; n = 21). The garnet standard UWG-2
(5.88‰) was analyzed during each run to ensure accuracy. On the
basis of these data and the reproducibility of duplicate measurements,
the δ18O values of samples are accurate to within 0.2‰.

4. Petrography and mineral chemistry of magnetite-apatite rocks

Magnetite-apatite rocks are brown, greenish-grey, dark grey with
massive or trachytoidal in texture. Some of them show variable degrees
of hydrothermal alteration and, in the following description,wewill use
the term “unaltered rocks” for unaltered and slightly alteredmagnetite-
apatite rocks, and the term “altered rocks” for magnetite-apatite rocks
with strong and clear signs of hydrothermal alteration. The main min-
erals of the magmatic association are apatite, magnetite, ilmenite and
phlogopite. Minerals of the hydrothermal stage are goethite,
phosphosiderite, monazite-Ce, celestite, rutile, quartz, fluellite, fluorite,
barite, gypsum and pyrite. Modal proportions of apatite and magnetite,
which together constitute together approximately 90% of the rock, vary
considerably. Apatite in unaltered rocks forms idiomorphic crystals
range in size froma fewmmto10–15 cm in pegmatoid areas.Magnetite
forms isometric grains from severalmmto 10 cm in size.Magnetite con-
tains ilmenite lamellae oriented in the [111] direction. Phlogopite is
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observed as flakes up to 20 cm in size, usually in association with apa-
tite. Gypsum is found as randomly oriented plates in apatite (Fig. 5a,
b). Apatite hosts rare inclusions ofmonazite-Ce and, in the case of inten-
sive hydrothermal reworking, the monazite-Ce forms a net of very fine
microveins along the cracks and rims around the apatite grains (Fig. 5c).
In the areas of the strongest hydrothermal alteration, monazite-Ce and
phosphosiderite replace apatite by forming partial or complete pseudo-
morphs (Fig. 5d, e). Celestite is represented by rare grains in association
with phosphosiderite and monazite-Ce.

Apatite corresponds to fluorapatite (F up to 1.6 wt.%). Representa-
tive compositions of apatites are given in Table 1. In the unaltered
rocks, the mineral contains SiO2 (up to 2.1 wt.%), SO3 (up to 1.8 wt.%)
and Na2O (up to 0.8 wt.%). The content of light rare earth elements
(LREE) in the unaltered apatite is up to 4.5 wt.%. The average ratios of
REE in the mineral composition are Ce/La = 1.6, Ce/Nd = 2.6 and La/
Nd= 2. The mineral in BSE has an internal spot-zonal structure due to
Fig. 5.TheBSE images ofmagnetite-apatite rocks fromtheMushgai-Khudag complex: a, b - diffe
Ce along the cracks and in the rims of apatite completely replaced by phosphosiderite; d, e -
structure of apatite.
variations in the composition of admixture components, where the
dark zones contain a lower amount of LREE than do the light zones
(Fig. 5 f). This finding is consistent with experimental studies (Harlov
et al., 2003), which confirmed that the internal redistribution of REE
may be due to metasomatic processes. According to Ripp et al. (2005),
such variations are related to the recrystallization of the Mushgai-
Khudag apatite crystals. Apatite from altered rocks has a higher LREE
and silica content than that of the apatite from unaltered rocks (Fig.
6). The content of SiO2 increases up to 6.6 wt.% in the altered rocks,
and the sum of REE2O3 reaches 15.0 wt.%. The average ratios of REE for
the apatite from altered rocks are Ce/La = 1.2, Ce/Nd = 3.2, and La/
Nd= 3.6. Similar changes in the Ce/Nd ratio have been found to result
from hydrothermal processes (Fleischer, 1978), including those de-
scribed in several carbonatitic occurrences (Doroshkevich et al., 2008;
Zaitsev et al., 1998). The change may manifest in the transition from
carbonatite magma to a “carbothermal” fluid (Mitchell, 2005).
rently orientedplates of gypsum inapatite; c - a net of thefinestmicroveinlets ofmonazite-
partial or complete pseudomorphs of phosphosiderite replacing apatite; e - spot-zonal



Table 1
Representative analyses of apatites from magnetite-apatite rocks.

Unaltered rocks Altered rocks

1 2 3 1 2 3 4 5 6 7 8 9 10 11

CaO 50.46 52.28 50.95 50.32 50.02 50.47 50.91 49.58 49.63 49.87 47.78 46.98 45.58 43.85
Na2O 0.49 0.58 0.77 0.66 0.38 bdl bdl 0.34 0.23 bdl 0.28 bdl 0.34 0.23
SrO 0.45 0.54 0.46 0.52 0.49 0.48 0.47 0.45 0.50 0.55 0.56 0.45 0.53 0.49
Ce2O3 2.12 1.70 2.60 3.69 3.30 3.31 3.58 3.54 3.82 4.08 4.94 6.36 6.49 7.70
La2O3 1.09 bdl 1.17 1.47 1.41 1.65 2.25 2.18 2.49 2.25 3.64 4.00 3.70 4.89
Pr2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.56 0.55
Nd2O3 0.82 0.45 0.73 bdl 0.84 0.80 0.75 0.99 1.01 1.18 1.45 1.40 1.50 1.75
REE2O3 4.03 2.15 4.50 5.16 5.55 5.76 6.58 6.71 7.32 7.51 10.03 11.76 12.25 14.89
P2O5 39.82 39.62 37.85 35.38 36.43 33.18 30.77 33.61 31.83 30.89 30.50 30.09 30.66 30.7
SiO2 1.60 1.63 2.10 3.68 3.27 4.73 5.52 4.71 5.48 5.67 5.93 6.23 6.38 6.57
SO3 0.80 0.70 1.80 2.82 1.85 3.30 3.95 3.12 3.35 3.77 3.25 2.30 2.40 1.67
F 3.65 3.65 3.29 3.63 3.76 3.51 3.21 3.13 3.35 2.57 2.87 3.03 3.76 3.23
Total 101.30 101.15 101.72 102.17 101.75 101.43 101.41 101.65 101.69 100.83 101.20 100.84 101.90 101.63
-O=F2 1.53 1.53 1.38 1.52 1.57 1.47 1.35 1.31 1.41 1.08 1.21 1.27 1.56 1.36
Total 99.77 99.62 100.34 100.65 100.18 99.96 100.06 100.34 100.28 99.75 99.99 99.57 100.34 100.27

Ca apfu 4.412 4.650 4.453 4.408 4.392 4.413 4.450 4.380 4.383 4.389 4.272 4.203 4.171 4.086
Na 0.078 0.094 0.124 0.106 0.061 - - 0.054 0.038 - 0.048 - 0.054 0.038
Sr 0.022 0.026 0.023 0.025 0.024 0.023 0.023 0.022 0.024 0.026 0.026 0.022 0.026 0.024
Ce 0.064 0.052 0.079 0.112 0.101 0.102 0.112 0.107 0.118 0.128 0.157 0.206 0.205 0.245
La 0.033 - 0.036 0.045 0.043 0.051 0.071 0.067 0.077 0.071 0.116 0.130 0.119 0.157
Pr - - - - - - - - - - - - 0.018 0.017
Nd 0.024 0.014 0.022 - 0.025 0.024 0.023 0.029 0.031 0.036 0.045 0.044 0.046 0.054
P 2.777 2.796 2.670 2.488 2.579 2.355 2.226 2.357 2.275 2.237 2.235 2.250 2.242 2.259
Si 0.132 0.136 0.175 0.306 0.274 0.396 0.472 0.390 0.462 0.485 0.513 0.550 0.551 0.571
S 0.049 0.044 0.112 0.176 0.116 0.207 0.253 0.194 0.212 0.242 0.211 0.152 0.155 0.109
OH 0.049 0.038 0.133 0.046 0.006 0.069 0.132 0.180 0.105 0.305 0.214 0.154 0.006 0.112
F 0.951 0.962 0.867 0.954 0.994 0.931 0.868 0.820 0.895 0.695 0.786 0.846 0.994 0.888

Note: b.d.l. - below detection limit; apfu – atom per formula units are based on 12 oxygens.
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Apatite compositions from unaltered magnetite-apatite rocks are
characterized by the strong enrichments in LREE with La/Yb ratio is
145–150 (Fig. 7, Table 2). The chondrite-normalized REE patterns
are steep and relatively smooth, and show a slightly negative Eu
anomaly with Eu*/Eu from 0.49 to 0.63. In contrast, apatite from hydro-
thermally altered magnetite-apatite rocks shows strong increase in
LREE and the REE chondrite-normalized patterns show no negative Eu
anomaly (Fig. 7, Table 2). In comparison with apatite from magnetite-
apatite rocks, apatite from shonkinites shows lower REE levels and
no Eu anomaly (Nikolenko and Doroshkevich, 2017). The chondrite-
normalized REE plots of apatite from alkaline syenite are gener-
ally steep with a weak negative Eu anomaly, with Eu*/Eu from 0.37 to
0.53.

Magnetite is characterized by the presence of TiO2 (up to 0.6 wt.%)
and Al2O3 (up to 3.0 wt.%) (Table 3). The feature of composition of il-
menite lamellae in magnetite is the presence of V2O3 admixture
(Table 3). Sometimes, rutile (or anatase?) replaces ilmenite; themineral
contains Nb2O3 and ZrO (Table 3). Magnetite is often replaced by hae-
matite along the edges and along the cracks. The haematite contains
TiO2 (up to 0.6 wt.%) (Table 3). In the areas of themost intensive hydro-
thermal reworking magnetite is almost completely replaced by
goethite.

Phlogopite is characterized by a high amount of TiO2 (up to 3.3 wt.%)
and F (up to 2.1 wt.%). The characteristic feature of the mineral compo-
sition is the presence of Na2O (up to 0.9 wt.%) (Table 4). The average
composition of phlogopite corresponds to the formula: (K1.69Na0.17)1.9
(Mg4.42Fe1.10Ti0.32Mn0.03)5.9(Si5.92Al2.03)7.9О20(F1.95OH2.05)4.0. The
phlogopite composition is similar to that of micas from the Late Meso-
zoic carbonatite complexes of the West Transbaikalia (Ripp et al.,
2009a) (Fig. 8).

Monazite-Ce is unique in containing sulfur (up to 10 wt.% SO3), and
it is also enriched in SrO and CaO (up to 6.5 wt.% and 5.5 wt.%, respec-
tively) (Table 5). The mechanism of substitution was inferred by
Kukharenko et al. (1965) for “sulfate-monazite” from Vuoriyarvi and
by Chakhmouradian and Mitchell (1999) for monazite from the
Internatsronal'naya kimberlite pipe in Yakutia. Such scheme also was
proposed formonazite-Ce from theMushgai-Khudagmagnetite-apatite
rocks (Enkhbayar et al., 2016): Ce3++ P5+↔ Ca2+ (Sr2+) + S6+.

The accessoryminerals of hydrothermal association are barite, celes-
tite, fluorite, phosphosiderite, and fluellite. The presence of SrO up to
2.0 wt.% is typical for barite. Celestite is characterized by the presence
of BaO up to 5.0 wt.%. Fluellite and phosphosiderite were first identified
in the the Mushgai-Khudag complex by the authors. The Raman spec-
trum of phosphosiderite has typical peaks at 285, 480, and 985 cm−1

(Fig. 9). The phosphosiderite contains SO3 up to 0.8 wt.%, SiO2 up to
3.5 wt.%, Al2O3 up to 6.4 wt.%.
5. Isotope geochemistry

Oxygen isotope composition of apatite from unaltered rocks is char-
acterized by the δ18O values from 5.1 ‰ to 5.6 ‰. Phlogopite has the
δ18O value of 7.3 ‰. The values are similar to those that are typical for
mantle-derived igneous rocks (Hoefs, 2015), including carbonatite
(Demény et al., 2010; Doroshkevich et al., 2010, 2016; Tichomirowa et
al., 2006). The δ18O values of the minerals are within the same range
as those observed in the silicates and apatite (5.5–7.2 ‰) from the
West Transbaikalia alkaline silicate rocks and carbonatites (Demény et
al., 2010; Doroshkevich and Ripp, 2009; Nikiforov et al., 1998). In addi-
tion, apatite from iron oxide-apatite deposits of Kiruna type show stron-
ger δ18O variation, from 5.5 to 12.2‰ (Ripp et al., 2017; Yu et al., 2015).

The altered apatite shows heavier δ18OSMOW (6.0 to 7.5‰) than that
of the unaltered mineral. The δ18O change observed for altered apatite
may be interpreted as the result of post-magmatic isotope exchange
with hydrothermal fluids, which can be post-magmatic aqueous fluids
or low-temperature crustal water, as well as amixture of these. Fluid in-
clusions (see section 6 below) in altered apatite only testify that it was
low-temperature (250–150 °C) aqueous fluid.



Fig. 6. Compositional variations of P2O5/SiO2 and REE2O3/SiO2 (wt.%) ratios of apatites
from unaltered and altered magnetite-apatite rocks from the Mushgai-Khudag complex.
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6. Melt and fluid inclusion study

By optical investigations, we have identified three types of inclu-
sions in the apatite of the magnetite-apatite rocks: melt inclusions,
brine-melt and crystal-fluid inclusions of different generations
(Fig. 10).

Melt inclusions were found in central parts of the apatite crystals
(Fig. 10a). There are isolated single inclusions or groups of up to 3 in-
clusions. The inclusions have oval shapes and are 7–30 μm in size. The
inclusions contain micro-granular aggregates of silicate-salt composi-
tion and the gas phase (1–3 vol. %). The homogenization temperature
Fig. 7. Chondrite-normalized distribution of REE in apatites from shonkinites and alkaline
syenites (after Nikolenko and Doroshkevich, 2017), unaltered and altered magnetite-
apatite rocks. Normalizing values for chondrite are from Sun and McDonough (1989).
for the melt inclusions in the apatite crystals varies in the interval
from 740 to 850 °C, and for the small melt inclusions, the homogeniza-
tion temperatures mostly fall within 830–850 °C (Fig. 11a). During
heating experiments at temperatures above 500 °C, the salt phases of
the inclusions start melting, and the segregation of the fluid phase be-
gins; at the temperatures ofmore than 650 °C, themelting of the last sa-
line component occurs and we observe two separate melt and fluid
phases; and with further heating, the fluid phase volume decreases
and the inclusions homogenize into the liquid phase in the interval of
740–850 °C. When the sample is cooled, the inclusions are restored to
their original forms. According to the Raman data, the melt inclusions
contain a mixture of silicate and salt phases, predominantly of a phos-
phate, carbonate and sulfate composition (Fig. 11b). SEM investigations
of opened melt inclusions in the apatite crystals show the presence of
the silicate phase of composition close to theNa amphibole. The opened
inclusions also revealed small daughter phases of anhydrite (Fig. 11c).
Unfortunately, we could not identify the remaining salt phases (carbon-
ate and phosphate, and probably chloride) in the composition of the
melt inclusions on the basis of their small size and instability after the
opening of the inclusions. We believe that the salt mineral assemblage
is close to that in brine-melt inclusions. Another type of inclusion is a
highly concentrated (~ 89–97 wt.% of the solute) brine-melt fluid of
the silicate–carbonate-(fluoride)-chloride-sulfate composition (Fig.
10b–f). The inclusions are found in groups and located along the growth
zones of the apatite crystals. The inclusions are elongated and have neg-
ative crystal shapes. Their size ranges from 10 to 70 μm and the inclu-
sions could be classified as pseudo-secondary. The salt-fluid inclusions
contain up to 10 different crystal phases and a CO2 liquid phase. Accord-
ing to the Raman data and SEM analyses of opened brine-melt inclu-
sions, there are daughter phases of anhydrite, celestite (Ba-bearing),
sodic amphibole (?), monazite-Ce, haematite, fluorite, apatite and Na/
K chloride (Fig. 12). The homogenization temperatures vary broadly
for the brine-melt inclusions and, in our view, this implies a heteroge-
neous trapping of xenogeneic solid phases; for example, fluorite and ap-
atite (Figs. 10f and 12a). Andreeva et al. (1998) reported similar
observations. Therefore,wemeasured thehomogenization temperature
only for small, highly concentrated crystal-fluid inclusions located
within the same apatite growth zone and containing only one or two
daughter phases (usually of sulfate composition). The measured values
fell into the interval of 500–580 °C.

Secondary fluid inclusions in the apatite crystals of unaltered and
predominantly altered rocks are represented by two types: crystal-
fluid and gas–liquid fluid inclusions (Fig. 10g-i). Secondary fluid inclu-
sions have elongated, negative crystal or irregular forms; they are 4–
10 μm in size, and the fluids fill cracks and planes. The crystal-fluid in-
clusions in the apatite crystals of the unaltered rocks contain a CO2 gas
phase (1–3 vol.%), one to ten daughter crystal phases including halite/
sylvite (rare), celestite, anhydrite, haematite and monazite occupying
3–10 vol.% in total, and a liquid aqueous solution (Fig. 10g). The homog-
enization temperature ranges from 250 to 350 °C. Our previous fluid in-
clusion investigations revealed the presence of crystal-fluid inclusions
in the hydrothermal fluorites of theMushgai-Khudag complex, contain-
ing CO2 gas (10–15 vol.%), aqueous solution, cubic crystals of NaCl
and 1–2 small crystals (~1–2 vol.%) of siderite, haematite, and
phosphosiderite (Redina and Prokopyev, 2017). Fluid inclusions in
the fluorite were homogenized at 360–420 °C and have the salinity
of 10–20 wt.% NaCl-eq. The homogenization temperature of the second-
ary gas–liquid fluid inclusions of the altered magnetite-apatite rocks
(recrystallized apatite grains) ranges from 250 to 150 °C (Fig. 10h–i).
The crystal phases are represented by the isotropic chlorides of Na/K,
with a salt concentration of 9.2–6.4 wt.% NaCl-eq., according to the
freezing data. The fluid phase of the inclusions contains a mixture of
CO2 gas with water. The altered apatite grains also contain planes with
substantial gaseous fluids, which probably resulted from the boiling
processes.



Table 2
Trace elements concentrations (ppm) in apatites from magnetite-apatite rocks.

Unaltered rocks Altered rocks

1 2 3 4 5 1 2 3 4 5 6 7

Sc 0.18 0.68 1.24 0.59 0.76 2.34 2.03 1.62 1.90 14.45 56.60 75.87
V 53.29 49.06 46.82 33.56 88.76 148.41 182.06 162.90 161.67 208.36 231.37 556.97
Mn 646.95 650.41 655.39 605.10 772.55 490.36 545.38 409.12 418.65 910.22 766.79 1128.82
Sr 3803.50 3973.21 4848.96 3860.40 1375.14 25903.25 23042.21 4210.23 4208.22 6962.48 19238.97 78035.64
Y 948.58 1031.48 1004.92 962.98 1582.45 980.87 826.38 899.63 889.10 1564.03 2895.14 4386.40
Zr 11.54 9.18 11.34 6.00 36.09 36.11 36.24 34.44 33.07 427.74 826.36 1270.33
Nb 0.12 0.13 0.19 0.07 0.58 1.14 0.91 1.50 1.53 1.51 2.00 3.90
Ba 10.05 36.77 36.96 8.87 1.79 616.66 599.48 31.44 28.79 60.98 72.27 1862.46
La 8540.43 8792.90 8494.36 7651.42 14650.21 19977.58 18094.05 17533.82 18925.40 39033.18 83536.62 116424.58
Ce 18859.56 19604.78 20116.95 17577.06 32731.55 32670.60 31564.60 29094.17 31643.54 58141.08 119753.36 175814.62
Pr 1857.55 1968.40 2009.92 1781.40 3394.26 2873.27 2685.27 2484.69 2740.21 4903.06 10828.45 15794.82
Nd 6933.08 6972.03 6648.80 6361.89 11238.11 8733.16 8042.77 7960.58 8426.57 13247.08 31986.62 48603.83
Sm 797.71 841.41 789.26 764.88 1253.97 847.98 743.69 764.49 776.41 1241.21 2610.40 3897.09
Eu 122.25 123.72 120.96 109.36 147.07 189.76 173.69 174.20 175.32 333.07 668.85 921.04
Gd 437.90 451.51 431.37 423.72 664.71 440.31 363.75 392.08 422.34 638.63 1294.66 1929.44
Tb 43.14 44.22 41.88 41.25 63.86 39.08 33.17 35.67 36.81 57.92 114.66 174.41
Dy 204.20 216.11 208.16 203.98 308.75 183.46 155.01 163.80 164.73 271.26 532.28 818.80
Ho 33.90 34.32 33.40 32.43 50.29 29.70 25.12 26.89 25.97 43.69 85.08 128.85
Er 80.15 84.23 80.19 78.85 119.58 69.78 59.40 64.53 62.61 107.67 206.18 315.82
Tm 9.90 10.31 9.50 9.46 15.13 8.66 6.72 8.13 7.98 13.23 25.48 38.69
Yb 59.46 59.61 56.75 53.36 88.40 52.60 41.51 48.02 46.09 80.70 152.54 228.28
Lu 7.41 8.07 7.51 7.22 11.58 6.23 5.34 6.16 6.08 10.90 20.00 30.15
Hf 0.11 0.11 0.29 0.11 0.34 0.14 0.20 0.19 0.25 2.93 6.52 10.33
Ta 0.01 0.01 0.03 0.00 0.01 0.05 0.06 0.07 0.06 0.03 0.06 0.06
Pb 44.15 39.55 47.54 36.50 50.09 65.83 60.29 42.79 33.75 133.71 314.63 816.51
Th 646.98 787.90 744.23 683.90 1557.74 227.55 172.74 190.53 158.37 174.13 210.26 778.48
U 37.54 38.18 42.38 33.19 90.82 139.36 117.31 87.81 95.45 242.04 552.54 1010.49
Eu/Eu* 0.63 0.61 0.63 0.59 0.49 0.95 1.02 0.97 0.94 1.14 1.11 1.03

Note: Eu/Eu* is calculated as EuCn/sqrt(SmCn*GdCn), where the subscript Cn denotes C1 chondrite value normalized.
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7. Discussion

7.1. The classification of the magnetite-apatite rocks

Apatite-magnetite assemblage occurs in association with various
types of rocks, including Kiruna-type iron deposits, phoscorites,
nelsonites, the alkaline gabbro-syenite series and others. Although sev-
eral studies have been conducted on the Mushgai-Khudag magnetite-
apatite rocks, the origin and nature of the rocks remain controversial.

Krmíček et al. (2010) interpreted theMushgai-Khudag apatite-mag-
netite rocks as nelsonites. In addition, the magnetite-apatite-calcite
rocks of Ulugei Khid massif of the Mesozoic alkaline complexes in
South Mongolia also have been attributed to nelsonites (Kynicky and
Chakhmouradian, 2011). According to the official classification of igne-
ous rock (Le Maitre et al., 2002), nelsonite is a granular dyke rock
consisting essentially of ilmenite and apatite with or without rutile.
Nelsonites are defined by high concentrations of Ti and are usually asso-
ciated with anorthosites (Charlier et al., 2008; Duchesne and Liégeois,
Table 3
Representative analyses of magnetites, ilmenities, rutiles, haematites and goethites from magn

Mineral Magnetite Ilmenite Rutile

1 2 3 4 5 1 2 3 1

FeO 31.96 32.37 32.05 30.68 31.05 35.85 36.97 39.28 4.73
Fe2O3

⁎ 64.75 64.65 67.79 68.12 67.58
MgO 0.66 2.12
MnO 0.44 0.63 0.77 0.65 4.61
TiO2 0.43 0.63 0.42 0.47 0.58 58.28 56.28 52.48 95.66
Al2O3 2.91 3.04 1.13 0.98 0.34 0.26 0.34
V2O3 0.25 0.57 bdl
CaO
SiO2 bdl bdl
Nb2O5

ZrO
P2O5 0.27 0.37
Total 100.05 100.69 101.39 101.60 100.18 95.45 95.18 101.59 100.6

⁎ Fe2O3 was calculated by stoichiometry.
2015; Force, 1991 and others). In our opinion, the identification of the
Mushgai-Khudag magnetite-apatite rocks as nelsonites is incorrect be-
cause it is inconsistentwith the geological andmineralogical data, espe-
cially in relation to the low Ti content at Mushgai-Khudag.

The Kiruna-type rocks occur in many parts of the world, e.g., Bafq
(Iran), within the Chilean Iron Belt, Great Bear (Canada), and
Kirunavaara (Sweden) (Bookstrom, 1995; Daliran, 2002; Hildebrand,
1986; Hou et al., 2011; Nystroem and Henriquez, 1994). The rocks are
associated with calc-alkaline volcanic (e.g., rhyolite, dacite) or sub-vol-
canic rocks (e.g., Frietsch and Perdahl, 1995). The rocks contain low-Ti
magnetite and varying concentrations of fluorapatite, actinolite, and
sulfide. The Kiruna-type apatites have weak LREE/HREE fractionation,
negative Eu anomaly, and REE concentrations up to 2000–7000 ppm
(Frietsch and Perdahl, 1995).

The low Ti concentration of theMushgai-Khudag magnetites is con-
sistent with that of Kiruna-type rocks. In addition, theMushgai-Khudag
apatites display negative Eu anomalies, but the anomalies are less pro-
nounced than those of the Kiruna-type mineral. We concluded (see
etite-apatite rocks.

Goethite Haematite

2 3 4 1 2 3 4 1 2 3

1.83 0.81 0.42 85.9 88.6 86.26 86.35
91.97 90.22 90.54
0.66

0.32 0.44
97.95 95.20 96.73 1.95 0.27 0.35 1.05 0.47 0.43 0.63
0.49 0.72 0.43 0.47 0.81 0.98 2.91 3.04

0.47 0.25
0.20

0.56 0.34 1.28 0.36
1.53 1.29
1.82

8 101.27 99.36 98.64 89.13 89.97 88.84 88.58 94.77 93.57 94.22



Table 4
Representative chemical composition of micas from magnetite-apatite rocks.

1 3 4 5 6 8 10 13 14

SiO2 40.75 41.16 41.8 41.16 41.23 41.33 41.1 40.28 41.72
TiO2 3.34 3.42 2.85 2.74 2.95 2.8 2.92 3.2 2.82
Al2O3 11.51 11.56 10.28 11.83 11.36 11.66 11.94 11.39 12.04
FeO 9.44 9.43 8.71 7.85 7.77 7.77 9.16 10.19 7.62
MnO 0.27 0.31 0.25 bdl 0.17 0.28 0.23 0.31 0.26
MgO 20.53 21.23 20.96 21.57 21.94 21.71 20.6 20.12 22.24
Na2O 0.75 0.67 0.28 0.74 0.86 0.69 0.61 0.67 0.85
K2O 9.3 9.23 9.61 8.9 8.81 8.99 9.2 8.87 9.02
F 4.27 4.30 4.63 4.25 4.78 4.11 4.27 3.93 5.11
Sum 100.16 101.31 99.37 99.04 99.87 99.34 100.03 98.96 101.68
O=F2 1.79 1.81 1.94 1.79 2.01 1.73 1.79 1.65 2.15
Total 97.68 98.82 96.68 96.58 97.10 96.96 97.55 96.68 98.72
Si 5.89 5.87 6.08 5.94 5.94 5.94 5.92 5.88 5.91
Al iv 1.96 1.94 1.76 2.01 1.93 1.98 2.03 1.96 2.01
Ti 0.36 0.37 0.31 0.30 0.32 0.30 0.32 0.35 0.30
Fe 1.14 1.12 1.06 0.95 0.94 0.93 1.10 1.24 0.90
Mn 0.03 0.04 0.03 0.00 0.02 0.03 0.03 0.04 0.03
Mg 4.42 4.51 4.55 4.64 4.71 4.65 4.42 4.38 4.70
Na 0.21 0.19 0.08 0.21 0.24 0.19 0.17 0.19 0.23
K 1.71 1.68 1.78 1.64 1.62 1.65 1.69 1.65 1.63
OH* 2.05 2.06 1.87 2.06 1.82 2.13 2.05 2.18 1.71
F 1.95 1.94 2.13 1.94 2.18 1.87 1.95 1.82 2.29
Total 19.73 19.72 19.66 19.68 19.71 19.69 19.68 19.70 19.72
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discussion below, in Section 7.3) that the negative Eu anomaly in apatite
from the alkaline syenites and apatite-magnetite rocks appears because
the rocks are the product of magmatic fractional crystallization of the
parental alkaline silicate P-rich melt. This coclusion is not surprisingl
as apatite is a sensitive recorder of magmatic evolutions, and Eu anom-
alies in apatites are typical formore fractionated rocks: syenites, granite
pegmatites, granites (Belousova et al., 2002). In addition, the apatite-
magnetite rocks of Apatite Hill stocks are hosted in alkaline syenites,
and the latter commonly contain apatite-magnetite schlieren that tes-
tifies to their genetic relationship. These observations are not consistent
with the typical association of Kiruna-type rocks with calc-alkaline si-
licic rocks. Moreover, the REE and Sr concentrations of the Mushgai-
Khudag apatites and the degree of LREE enrichment (Fig. 13) are higher
than those of Kiruna-type apatites, and the Mushgai-Khudag mineral
association of magnetite, apatite and phlogopite is not similar to that
of the Kiruna-type mineral assemblage.

Finally, theMushgai-Khudag apatite-magnetite rocks may belong to
phoscorites. According to the International Union of Geological Sciences
(IUGS) classification of igneous rocks (Le Maitre et al., 2002),
phoscorites are plutonic rocks that are predominantly composed of
forsterite magnetite and apatite. Such rocks are olivine-free but are
Fig. 8. Mica composition (a.p.f.u.) from the magnetite-apatite rocks of the Mushgai-
Khudag complex and from carbonatite rocks of the Late Mesozoic complexes of Western
Transbaikalia after Ripp et al. (2009a).
clinopyroxene- or phlogopite-bearing varieties (Krasnova et al., 2004).
Phoscorites commonly reside in nephelinite-carbonatite complexes.
For example, the rocks have been found inmany carbonatite complexes
of the Kola alkaline province, e.g., Kovdor, Seblyavr, Sokli, TuriyMys and
Vuoriyarvi (Dunworth and Bell, 2001; Krasnova et al., 2004;
Kukharenko et al., 1965; Wall and Zaitsev, 2004; Zaitsev and Bell,
1995); Guli, Essei and Magan in the Maymeicha-Kotui Province
(Egorov, 1992; Kogarko et al., 1991), in the Phalaborwa Complex in
South Africa (Eriksson, 1989; Harmer, 2000; Russell, 1954), in Araxa,
Brazil (Gittins, 1966; Issa Filho et al., 1984) and in others. Phoscorites
usually contain economic apatite, Nb, Zr and REE mineralization.

There are some differences between the Mushgai-Khudag apatite-
magnetite rocks and the phoscorites from the typical nephelinite-
carbonatite complexes, such as the negative Eu anomaly in apatite and
the absence of Nb and Zr mineralization. The differences can be ex-
plained by (1) the source characteristic for the Mushgai-Khudag pri-
mary melts that was depleted in HFSE (Baatar et al., 2013; Samoilov
and Kovalenko, 1983) and (2) the association with potassic
shonkinite-syenite series. The Sr and REE concentrations in apatite
(Fig. 13) and the low Ti content in magnetite are similar to those in
the minerals of phoscorites (Chakhmouradian et al., 2017; Krasnova et
al., 2004). On the other side, in plots of Sr versus Y and Mn, and Ce/
Ybcn versus REE (Fig. 13 a–c), the Mushgai-Khudag apatites do not
plot in the field of phoscorites, but they are in close proximity to
carbonatite and jacupirangite fields, which implies their general petro-
logical clan. However, the Mushgai-Khudag magnetite-apatite rocks
are part of alkaline basic carbonatite complex and can present a specific
type that associated with the alkaline shonkinite-syenite series.

In our opinion, the formation of magnetite-apatite rocks probably
can be related to the liquid immiscibility process. Separation of silicate
and salt melts may have occurred at the time of alkaline syenite crystal-
lization,which is supported by the presence ofmagnetite-apatite schlie-
ren in host alkaline syenites and the appearance of the Eu anomaly in
apatites frommagnetite-apatite rocks (see Section 7.3 of further discus-
sion). Additional evidence is provided by the practical absence of sili-
cates in apatite-magnetite rocks. Furthermore, Andreeva and
Kovalenko (2003); Andreeva et al. (2007) observed silicate-salt liquid
immiscibility in melt inclusions in minerals from rocks of the
Mushgai-Khudag complex and recent experimental studies (Hou et al.,
2018) demonstrated that the formation of iron oxide-apatite deposits
could be explained by liquid immiscibility from the silicate melt.



Table 5
Representative chemical composition of monazite-Се from magnetite-apatite rocks.

1 2 3 4 5 6 7 8 9 10 11 12

Ce2O3 25.8 25.35 26.82 26.59 27.77 25.97 27.00 25.35 27.6 27.44 25.49 32.01
La2O3 16.28 16.33 16.43 17.38 17.4 15.53 16.85 15.66 16.61 16.84 13.78 17.78
Pr2O3 2.35 1.56 1.95 1.58 2.13 2.36 2.24 1.92 2.57 1.97 2.93 2.25
Nd2O3 5.70 6.39 6.44 6.61 6.14 6.59 6.16 5.81 6.35 6.36 8.12 6.50
SrO 6.67 6.65 6.61 6.52 6.39 6.23 6.37 8.72 6.53 5.82 4.21 2.57
CaO 5.39 5.30 5.09 4.49 4.27 5.55 4.86 5.11 4.48 4.67 5.58 4.45
FeO 0.90 0.73 bdl 0.86 0.82 0.80 0.60 bdl bdl bdl 1.57 bdl
P2O5 25.34 24.95 25.25 27.18 28.12 24.91 26.76 24.4 27.89 26.81 25.43 28.69
SO3 7.84 8.47 8.19 5.87 4.74 9.21 6.94 9.94 4.72 5.12 8.12 1.97
Total 96.27 95.73 96.78 97.08 99.09 97.89 97.78 96.91 96.75 95.03 95.23 96.22
Ce apfu 0.35 0.34 0.36 0.36 0.37 0.34 0.36 0.33 0.38 0.38 0.34 0.45
La 0.22 0.22 0.22 0.24 0.24 0.21 0.22 0.21 0.23 0.24 0.18 0.25
Pr 0.03 0.02 0.03 0.02 0.03 0.03 0.03 0.03 0.04 0.03 0.04 0.03
Nd 0.07 0.08 0.08 0.09 0.08 0.08 0.08 0.07 0.08 0.09 0.11 0.09
Sr 0.14 0.14 0.14 0.14 0.14 0.13 0.13 0.18 0.14 0.13 0.09 0.06
Fe 0.03 0.02 0.00 0.03 0.03 0.02 0.02 0.00 0.00 0.00 0.05 0.00
Ca 0.21 0.21 0.20 0.18 0.17 0.21 0.19 0.20 0.18 0.19 0.22 0.18
P 0.79 0.77 0.78 0.85 0.88 0.76 0.82 0.74 0.88 0.86 0.78 0.94
S 0.22 0.23 0.22 0.16 0.13 0.25 0.19 0.27 0.13 0.15 0.22 0.06

Note: apfu – atom per formula units are based on 4 oxygens.
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Another factor that confirms the possibility of the existence of silicate-
salt immiscibility is a high amount of fluorine in the residual melt that
could facilitate the immiscibility, and it is well justified by the experi-
mental data (Hou et al., 2017; Lester et al., 2013). Some doubts arise
from the fact that we did not observe the silicate-salt immiscibility in
themelt inclusions in apatite of theMushgai-Khudagmagnetite-apatite
rocks. This discrepancy can be explained by the fact that Andreeva and
Kovalenko (2003); Andreeva et al. (2007) observed silicate-salt liquid
immiscibility in apatite from the early formed alkaline silicate rocks of
the complex.

7.2. Evolution of themelt/brine and the features of hydrothermal alterations

Based on the study of melt inclusions (Andreeva and Kovalenko,
2003) and geochemical data (Samoilov and Kovalenko, 1983), it was
suggested that nephelinite magma was parental for the alkaline rocks
of the Mushgai-Khudag complex. According to melt inclusion data
(Andreeva and Kovalenko, 2003), the magma was heterogeneous and
consisted of silicate and silicate-phosphate melts: the crystallization of
the nephelinite magma began under dry conditions at a temperature
of 1220 °C. The whole series of alkaline rocks has been formed by frac-
tional crystallization process at temperatures that gradually decreased
from 1220 to 850 °C (Andreeva and Kovalenko, 2003; Samoilov et al.,
1988).Our data on melt inclusion in the apatite of magnetite-apatite
Fig. 9. Raman spectra of phosphosiderite from magnetite-apatite rocks.
rocks testify that the rocks were formed from the salt melt, with high
phosphate and sulfate contents. The rocks were crystallized during the
last stages of magmatic differentiation, at a temperature of approxi-
mately 830–850 °C. Further evolution of the salt melt led to the forma-
tion of the carbonate-(fluoride)-chloride-sulfate brine-melts at a
temperature of approximately 500–580 °C.

The composition of the brine-melt crystal-fluid inclusions is char-
acterized by the high concentrations of CO2, LREE (manifested by
the monazite daughter phase), Fe (in silicate phase and haematite
daughter crystals), Ba and Sr (Ba-celestite) and F (fluorite). Such
brine-melts were probably responsible for the F-Ba-Sr-REEs minerali-
zation at the temperature of 500–580 °C and were characterized by
the highly oxidized state, which was evidenced by the formation of
haematite, with a high activity of the SO4

2−-ligand, which was indi-
cated by the broad occurrence of abundant anhydrite and celestite
daughter-phases.

Thehigh activity of the sulfate-ion in the formationof themagnetite-
apatite rocks is reflected by their mineralogy. Strong evidence comes
from the high SO3 concentrations in fluorapatite. Experimental data
(Katsura and Nagashima, 1974; Luhr et al., 1984) testify to the depen-
dence of SO3 concentration in minerals in the amount of SO3 in the
melts. In addition, Parat and Holtz (2004, 2005) experimentally con-
firmed that the presence of sulfur in the melt, under oxidizing condi-
tions, increases the solubility of phosphorus and the sulfur partition
coefficients between apatite and melt depend on the temperature and
on the sulfur content in the melt. Natural comparisons include SO3-
rich magmatic apatite from the rocks of the carbonatite complexes of
the Western Transbaikalia (Doroshkevich et al., 2003), as well as
carbonatites from Kandaguba and Vuoriyarvi (Bulakh et al., 2000;
Kukharenko et al., 1965). As mentioned above, the monazite from the
Mushgai-Khudag complex has very high SO3 content in comparison
with that of the apatite, in spite of the fact that the apatite structure
has a high capacity for substitutions involving SO4

2−. Thus, we suggest
that the influence of sulfur was actively continued at the hydrothermal
stage, when monazite was formed. Similar S-rich monazite was previ-
ously observed in Yakutia (Chakhmouradian and Mitchell, 1999),
Carpathians (Ondrejka et al., 2007) and at the Shellgaden district of
the Eastern Alps (Krenn et al., 2011). The authors concluded that the
S-rich phosphates are indicators of S-rich crystallizing environments.
Our investigations and the occurrence of the hydrothermal S-bearing
monazite together with sulfate mineralization, imply that the LREE are
highly soluble in such environments and the solubility of REE probably
increases with the high activity of the (SO4)2−-ligand. Enkhbayar et al.



Fig. 10. Inclusions in apatite of themagnetite-apatite rocks at theMushgai-Khudag complex. Melt inclusion (a) and brine-melt inclusions (b-e); the xenogeneic fluorite phase in the salt-
fluid inclusion (f). Crystal-fluid inclusions of unaltered (g) and hydrothermal altered rocks (h, i). Abbreviation: Anh – anhydrite, Cel – celestite, Amph– amphibole,Mnz –monazite, Fluor –
fluorite, Hem – haematite, Chl – chloride phase (NaCl/KCl), CO2 (liq) – liquid CO2, CO2 (gas) - gaseous CO2, Liq – liquid phase, Gas – gaseous phase.
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(2016) also suggested that sulfate ligand was responsible for the REE
mobility at Mushgai-Khudag.

The presence of magmatic celestite, anhydrite, and barite is typical
for theMushgai-Khudag alkaline complex aswell as for the carbonatites
of the West Transbaikalia. These minerals were found in daughter
phases in the brine-melt inclusions of minerals from the carbonatites
of the Transbaikalia and Tuva regions (Doroshkevich and Ripp, 2004;
Prokopyev et al., 2016). As noted above, the significant role of the sulfate
ion that manifested at the hydrothermal stages is characterized by the
formation of gypsum, barite, sulfides (pyrite) andmonazite-Ce enriched
in SO3. At medium hydrothermal temperatures of approximately 400–
250 °C (according to the crystal-fluidwater-salt inclusion data in the ap-
atite and fluorite rocks), the sulfate acted as a strong oxidant of the
fluid-transported metal cations. The hydrothermal-metasomatic alter-
ation of the apatite crystals were characterized by the formation of gyp-
sum, monazite-Ce, and phosphosiderite. The processes of the
hydrothermal-metasomatic alteration can be summarized by the fol-
lowing chemical reactions:

• Ca5(PO4)3F + 5SO4
2− +5nH2O→ 3PO4

3− +5CaSO4*nH2O↓+ F−

• Fe2O3 + 3H2SO4 = Fe2(SO4)3 + 3H2O
• Fe2(SO4)3 + 2PO4

3− +2H2O→ 2FePO4*H2O↓+3SO4
2−
The high chemical activity of sulfur in the hydrothermal solution led
to dissolution of apatite and the release of phosphate and fluorine ions.
The fluorine ions could bind calcium and form fluorite. Magnetite was
replaced by haematite, part of which, upon interaction with the aggres-
sive sulfate ion, formed an unstable soluble salt, which then formed
phosphosiderite. Possibly, there was some additional influx of iron
from the hydrothermal solution.

According to thefluid inclusion data, thefluids of the Fe-F-Ba-Sr-REE
mineralization at theMushgai-Khudag complex have the oxidized state
of coexisting sulfate-sulfide. The oxidized ore-forming fluids were
established in the many alkaline complexes of the Aldan shield, Gorny
Altay lamprophyres, West Transbaikalia and Tuva region carbonatites
(Borisenko et al., 2011; Doroshkevich and Ripp, 2004; Prokopyev et
al., 2016, 2017, 2018). Moreover, the similarity with the above-listed al-
kaline complexes, the chloride low-concentrated (9.2–6.4 wt.% NaCl-
eq.) fluid solutions of the NaCl-H2O-CO2 composition and the decrease
from 250 to 150 °C temperature, were responsible for the late stages
of hydrothermal mineralization.

It is possible that the source of phosphorus and sulfur could be the
Palaeozoic strata. However, according to a detailed geological study
(Baskina et al., 1978; Samoilov and Kovalenko, 1983), the Palaeozoic
country rocks are represented by limestones and terrigenous deposits,
lavas and tuff breccias of andesite and andesite-dacite porphyries,



Fig. 11.Homogenization process of themelt inclusion in the apatite crystal of the magnetite-apatite rocks (a); results of Raman-spectroscopy of themelt inclusion and Raman vibrational
regions of silicates, phosphates, sulfates and carbonates according to Frezzotti et al. (2012) (b); SEM-photo and spectra of the investigated daughter-phases (c).
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tuffaceous sandstones and tuff gravelstones. In addition, the oxygen iso-
topic data of the Mushgai-Khudagmagnetite-apatite rocks do not show
any evidence of the significant role of crustal material, that along with
geochemical and melt inclusion data, confirms the initial P- and S- en-
richment of the primary nephelinite melt. Kogarko and Ryabchikov
(1983) observed that phosphorus is concentrated (up to 12.5 wt.%
Р2О5) with alkalis in low-degree primary nephelinite magmas.
7.3. The behavior of REE during the system evolution

As demonstrated by the REE chondrite-normalized plots (Fig. 7), the
concentrations of REEs in apatite increase from shonkinites to alkaline
syenites, and a negative Eu anomaly appears along with the increase.
Such a trend probably results from fractional crystallization involving
feldspar fractionation. The subsequent increase in REE concentrations
in apatite frommagnetite-apatite rocks and the preservation of the neg-
ative Eu anomaly implies that the rocks are also a product of magmatic
fractional crystallization of the parental alkaline silicate phosphorus-
rich melt.

Theremay be two reasons for the further increase in theREE concen-
trations and the disappearance of the Eu anomaly in apatite from the
hydrothermally altered magnetite-apatite rocks:

1) influx of large amounts of REEs by hydrothermal solutions without
the Eu anomaly.

2) influx of REEs coupled with the reduction of Eu3+ to Eu2+.

In the first case, REEs brought by the hydrothermal fluid should
come from a source that did not experience feldspar fractionation. The
possible sources include the country sandstones, carbonatites and/or al-
kaline silicate rocks, e.g., shonkinites. According to (Andreeva et al.,
2007; Andreeva andKovalenko, 2003), carbonatites atMushgai-Khudag
formed by silicate–carbonate liquid immiscibility, taking into account
the experimentally determined liquid–liquid partition coefficients
(Martin et al., 2012, 2013; Veksler et al., 1998, 2012), those carbonatites



Fig. 12. Phase composition of brine-melt crystal-fluid inclusions in apatite of themagnetite-apatite rocks: SEM analyses of opened inclusions (a) and Raman-data of the crystal daughter-
phases of the inclusions (b).
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may have contained high REE concentrations. Due to the further evolu-
tion of carbonatitic magma, the residual brine-melt may have become
even more enriched in REEs. One should point out, however, that the
Mushgai-Khudag carbonatites do not host any significant REE mineral-
ization (Baskina et al., 1978; Ontoev et al., 1979; Samoilov and
Kovalenko, 1983). Therefore, shonkinites appear to be the most likely
source of REEs for hydrothermal fluid.

The second possibility that requires Eu3+ reduction to Eu2+ also ap-
pears to be plausible. The Eu3+/Eu2+ redox equilibrium in hydrother-
mal environments has to be considered as a function of temperature,
pressure, the concentration of ligands and pH (e.g., Bau, 1991; Liu et
al., 2017; Migdisov et al., 2016). Michard (1989) points to an Eu3+ re-
duction in a chloride-rich solutionwith pH b7 in the natural geothermal
fields. In addition, the reduction of Eu3+ to Eu2+ has been theoretically
demonstrated in a hydrothermal solution at temperatures between
100°C and 250 °C, with SO4

2−/H2S, or in a magnetite-haematite equilib-
rium (Bau, 1991; Liu et al., 2017). The Eu3+ reduction is supported by
sulfide and sulfate coexistence in the Mushgai-Khudag rocks, homoge-
nization temperature of fluid inclusions in altered apatite, and a high ac-
tivity of ligands (SO3

2−, HPO3
2−, CO). Indirectly, the formation of

phosphosiderite after apatite can confirm HPO3
2− as the possible re-

duced component. However, according to our fluid inclusions studies,
fluid compositions at Mushgai-Khudag are complex and have evolved
from carbonate-chloride-sulfate mixtures to predominantly chloride.
It is difficult to reconstruct the oxidation–reduction reactions that
have been responsible for the Eu3+ reduction.



Fig. 13. Compositional fields of apatite from different rock types, proposed as discriminant plots, after Belousova et al., 2002. Compositional fields of phoscorites were inferred from the
analyses of apatites from Kovdor phoscorites and Aley apatitites (Chakhmouradian et al., 2017). White rhombs correspond to apatite from unaltered magnetite-apatite rocks, dark
rhombs correspond to apatites from altered magnetite-apatite rocks.
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8. Conclusions

The magnetite-apatite rocks are the product of silicate-salt liquid
immiscibility from highly evolved parental alkaline silicate melt. The
evolution of the salt melt to the brine melt of the silicate–carbonate-
(fluoride)-chloride-sulfate composition, the high activity of the SO4

2−-
ligand and a significant enrichment of the rocks in REEs led to the for-
mation of the barite, celestite and monazite-Ce. The formation of gyp-
sum, phosphosiderite and sulfate-rich monazite-Ce after apatite
occured at the late hydrothermal stage under the actively continued in-
fluence of sulfur. Then, the hydrothermalfluid fromhighly concentrated
carbonate-chloride-sulfate brine evolved to a predominantly chloride
composition.
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