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Abstract

The Mushgai khudag volcanic-plutonic complex consists of four REE mineralization zones: carbo-
natite zone, apatite zone, magnetite zone, and monazite zone. REE mineralization occurs within
peripheries of alkaline magmatic rocks which consist of porphyritic syenite, microsyenite and
quartz syenites. Three types of LREE-rich apatite can be found in the carbonatite, apatite, and mo-
nazite zones. Crystal-1 type of apatite exists as hexagonal prismatic shape and is mostly found in
the apatite zone, and in syenite. Crystal-2 type of apatite can be exposed also at the apatite zone,
and carbonatite zone as brecciated massive crystalline aggregate. Crystal-3 type of apatite de-
monstrates the compositional zoning texture with monazite as inter-zoning, and is only found in
monazite zone. The LREE-bearing apatites from the Mushgai khudag complex are mostly fluorapa-
tite to hydroxyl-bearing fluorapatite with variable REE content. Apatites from the monazite zone
present individual sulfur-rich monazite grain, and are formed by comprehensive substitutions.
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1. Introduction

The Mushgai khudag alkaline volcanic-plutonic complex with REE-Sr-Fe-F-P mineralization is located in
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South-Gobi, Mongolia. Russian and Mongolian Joint Geological Expedition discovered the Mushgai khudag
complex in early 1970’s. Since that, number of new studies about alkaline rocks, carbonatites, and REE minera-
lization the deposit has been completed [1]-[4].

Geological and geochemical surveys demonstrated a wide occurrence of ore-bearing rocks containing rare
earth elements with economic grades, especially light lanthanides and also strontium and barium [5]. The alka-
line complex is composed of various types of LREE enriched rocks significantly apatite rocks and monazite-rich
apatite rock. LREE-rich apatites contain up to 14 % LREE,Os, while monazite up to 68% LREE,O; (LREE,O;
represent sum of La,Os, Ce,03, Nd,O3, and Pr,03).

In this study, we discuss the chemistry of LREE-rich apatite crystals from the Mushgai khudag complex.
Apatite from the Monazite zone, which has unusual crystal texture with high LREE composition, is main con-
tribution of the study because such type of apatite with individual monazite is rarely found in naturally. Three
types of apatite crystals have been examined. Crystal-1 is euhedral and sometimes associated with celestine
grains, and crystal-2 is subhedral and brecciated, whereas crystal-3 has an unusual idiomorphic crystal that de-
monstrates compositional zoning texture and associated with sulfur-rich monazite grains.

Monazite associated with apatite was studied in natural occurrences [6]. Moreover, experimental studies con-
ducted that monazite forms from the host apatite via the action of fluids [4] [7]. In the apatite structure, (Y +
REE) are principally charge balanced through the coupled substitutions: 1) Si*" + (Y + REE)*" = P** + Ca?', 2)
Na® + (Y + REE)* = 2Ca?" [8]. Apatite from the monazite zone exhibits the compositional zoning texture. The
individual monazite band formed in apatite. Interestingly, we note that monazite found in this study is enriched
in S (0.93 - 14.72), Sr and Ca (<7.21 and <8.25 wt.% oxides, respectively). Incorporation of these elements in
the monazite structure involves the complex substitution: Ce** + P** = Ca?* (Sr?*) + S** to form of sulfur-rich
monazite [9].

2. Geological Background

The Mushgai khudag alkaline complex is associated with late Jurassic alkaline magmatic activity close to the
Main Mongolian lineament along where Mesozoic rift structures have been developed. The Mushgai khudag al-
kaline complex is hosted in the Silurian-Devoniun Mandal-oboo Formation’s turbidite sediments, lower Devo-
niun Orgol Formation’s carbonate sediments, and mid Devoniun Bot-uuli Formation’s volcanic sediments [10]
(Figure 1).
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Figure 1. Geological map of the Mushgai khudag deposit (modified from exploration report, “Mongol gazar” LLC, 2010).
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Late Jurassic alkaline complex consists of trachytic volcanics and alkaline syenites, melanephelinite, and me-
laleucitite. K-Ar ages of alkaline rocks vary from 161 to 121 Ma [5] and Rb-Sr isochron ages is 139 Ma, respec-
tively [2].

REE mineralization zones occur peripheries of the late Jurassic alkaline intrusives. The peripheries of intru-
sives and their roofs are characterized by distribution of quartz-syenite, micro-syenites and porphyritic syenite
dykes. Large rectangular-shaped porphyritic phenocrysts in porphyritic syenite and quartzsyenite demonstrate a
rapakivi texture where phenocrysts of K-feldspar (Abs.,; Angs Orq.94) are rimmed by plagioclase (Abgg.g7 ANs.og
Org.11). Coarse-grained K-feldspar phenocrysts compose main groundmass of quartzsyenite and porphyritic sye-
nite. Round-shaped porphyritic phenocrysts of micro-syenite show an antirapakivi texture with phenocrysts of
plagioclase (Abgs.73 Anig.os Ors.1g) rimmed by K-feldspar (Abs 14 Orgegs). Fine-grained mostly K-feldspar (Abs.g
Oryg.93) phenocrysts composed groundmass of micro-syenite. The quartz-syenite consist of (<5 vol.%) quartz
grains that shows poiklitic texture [1].

The carbonatite zone in central part of alkaline complex has approximately 1 km length and 500 meter width.
The largest mineralized zone is composed of low-grade REE carbonatite rocks (total LREE 1.64 - 2.11 wt.%).
The Magnetite zone is composed of massive magnetite rocks, and low-grade LREE-bearing apatite veins occur
in massive magnetite rocks’s cracks (LREE up to 0.11 wt.%). The Apatite zone is composed of various type
apatite rocks with high-grade LREE (5 - 10 wt.%). Monazite zone composed of high-grade apatite rocks that
contain LREE up to 10 wt.%. The apatite rocks from monazite zone demonstrate zoning apatite with individual
sulfur-rich monazite grain (Figure 1).

3. Mineral Chemistry
3.1. Analytical Method

Mineral compositions were determined using an electron microprobe (JEOL JXA-8600 SX) with energy dispersive
spectroscopy (INCA-6025, Oxford Instruments) at Korea University, Seoul, South Korea. The microprobe was op-
erated with an accelerating voltage = 15.0 kV, beam current = 3.0 nA, live time = 100 seconds, and probe diameter
=3 um. Used standards materials: e.g. quartz (SiO,) for Si, corundum (Al,O3) for Al, magnetite (Fe;O,) for Fe,
rutile (TiO,) for Ti, manganosite (MnO) for Mn, wollastonite (CaSiO3) for Ca, jadeite (NaAlSi,Og) for Na, for sa-
nidine (KAISi;Og) for K, Ni-oxide (NiO) for Ni, fluorite (CaF,) for F, apatite (Cas(PO,)s(OH)) for P, REEs (LaBs,
NdBs, CaBg) for LREE with SPI and JEOL Company.

3.2. Apatite

Three types of apatite crystals have been analyzed. In BSE image, euhedral elongated large apatite crystal-1
contains numerous of celestine inclusions (Figure 3(a)). Apatite crystal-1 from Apatite zone contains LREE (up
to 3 wt.% Ce,03). Such type of apatite crystals are mostly euhedral and contained LREE (0.72 - 5.52 wt.%),
(Table 1).

Subhedral, brecciated apatite crystals are included in apatite crystal-2 type. In BSE image, apatite crystal-2
shows round shape and discerns to dark and light areas (Figure 3(b)). Dark areas of the apatite crystal-2 contain
LREE,O; (11.44 wt.%), whereas light areas are contained LREE,O3 (13.27 wt.%), (Table 1).

Apatite crystal-3 demonstrates euhedral compositional zoning textures. In BSE image, the most compositional
zoning apatite ranges from LREE depleted in corel (moderate), core2 (dark) areas (up to 10 wt.% Ce,O3 +
La,0; + Nd,03), and LREE strong enriched in riml (light) area (up to 14.64 wt.% Ce,O; + La,0; + Nd,O3)
(Figure 3(c), Figure 3(d)). Representative apatite compositions from the REE ores and host rocks are given in
Table 1. The compositional variations of apatite are plotted in the solid solution among F-OH-CI diagram [12]
(Figure 2). The REE-bearing apatites from the Mushgai khudag deposit are mostly fluorapatite to hydrox-
yl-bearing fluorapatite with variable REE contents.

3.3. Monazite

The monazite at Carbonatite and Monazite zone occur as fine particles. Sometimes very fine-grained monazite
particles mostly associated with celestine at Carbonatite zone (Figure 3(e), Figure 3(f)).

The fine-grained subhedral monazite grains, associated with apatite, mostly occur as a rim of apatite crystals at
Monazite zone (Figure 3(c), Figure 3(d)). Representative monazite compaositions from the REE ores are given

©,



D. Enkhbayar et al.

"PaIIY St ANS (HO ‘1D ‘) oy Sulwnsse paje[nofes = |

‘swoje UdSAX0 G7 0} PAZI[LULIOU SB[NULIOJ [EITWAYD-[E)SAID UI SUOLIE)) :9JON

90°0 ¥0°0 800 LTO 60°0 800 €0 600 0L0 S8°0 YTl LL'O €90 $6'0 9L°0 0L°0 EER g
00°C 00°C 00'C 00'C 00'C 00'C 00C 00'C 00°C 00'C 00'C 00'C 00°C 00'C 00'C 00'C HO ‘10 4
¥9°0 00°C ¥8°0 €60 98’1 160 €L°0 €70 6S°0 6L°0 101 660 LO'1 9L'0 08°0 L9°0 JHO
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 D
9¢'1 000 9I'l LO'1 1480 601 LT1 LS'1 171 171 660 10°1 €60 vl 0Tl €e'l d
80°0 80°0 81°0 LO0 90°0 80°0 80°0 [AN0) 90°0 900 S0°0 S0°0 LO0 L00 S0°0 90°0 EN
200 000 €00 000 000 000 000 000 000 000 000 00°0 000 000 000 000 od
91'6 L96 €06 LO'6 85°6 0€'6 L6'8 €68 (4% 16°8 €€’ L9'8 6L'8 w98 88 68’8 €D
000 000 000 900 £0°0 000 L00 000 €10 110 €1o Iro L00 cro 800 01°0 PN
90°0 ¥0°0 80°0 ¥1°0 S0'0 80°0 81°0 600 6€°0 150 69°0 70 LEO 10 S¥'0 0¥'0 D
000 000 000 LO0 000 000 60°0 000 81°0 €C0 wo o 00 1€°0 €20 170 el
cro cro €0 91°0 110 SI'o 01ro 91'0 0ro 1o 0€°0 STo €0 9¢€°0 €20 LTO S
€10 €10 o 8¢°0 81°0 00 8¢€°0 LT0 SL0 ¥6°0 86’1 €0'1 68°0 £ w1 60 IS
Sy'S LL'S €Cs 8CT'S oL'S Sy'S LTS s 88'% wy 06°¢ 1294 9y €y S9v 69t d
S6°0 Lo 8C'1 Sy 71 LT1 6S°S 9¢'1 P11 LTEl 6v'81 [4¥4! 9001 Yov1 oL'T1 LOTT f0ddd1
87°66 80°86 1086 $8°001 80°001 ¥9'86 1£°66 S1°001 11°001 S0°66 8'86 8L°66 18°66 8L°001 89'86 1¥°001 [e30}
40! 000 ¥6°0 L8°0 110 68°0 0l 4! (AN 60 Lo LLO Lo €60 060 0l +ad=0
19°001 80'86 §6'86  CL'I0L  0T00I £5°66 €001 LY 101 €TI0l L6'66 €566 §S°001 €5°001 1L7101 85766 P 101 ung
650 9Ll LLO 98°0 89'1 £8°0 99°0 10 50 89°0 £8°0 98°0 ¥6°0 $9°0 L9°0 850 JO™H
000 000 000 00 00 00 00 000 00 00 00 00 00 00 00 00 0]
0L'e 000 YTt L0T LTO |4 1344 e ¥9°C 61°C L1 P81 L1 |4 744 £r'e d
150 9%°0 SI'T L¥'0 9¢'0 6¥'0 430 SL'O 6€°0 8¢°0 LTO [430] ¥'0 8¢0 €0 LEO O%®N
81°0 B o B . B - - B B B . B B . B 034
LS'ES 9T'¢es 24 06'1S S9es €0°¢S 15°08 yL'TS S6'9¥ 8E'SY wey w99 ¥8'LY LY'SY €9 9Ly (6120)
000 000 00°0 €0'l 10 0 L'l 000 L1'C LL'T S6'1 Ll 49! 96’1 1€'1 651 0PN
S6'0 Lo 8C'1 we 60 LTl 86'C 9¢'1L LE9 68°L 1eol 69 (439 6'L 769 99 f0%D
000 000 000 (! 0 0 Pl 000 6'C 19'¢ €09 I'e 403 9Ly 16°¢ e o1
860 S6°0 18C €el 60 YTl 80 or'1 180 ¥8°0 14 y6'1 ¥'C LT LL'1 1'c f0S
080 L0 9¢'1 [4%4 I'1 2! 8TT 891 'y 9¢'S 658 96°S 1S 6€’L LS Ies ‘oIS
yEor 0c'or 69°LE €C'8¢ 18°0% e6¢ €6°LE 6L°6€ 90v¢ 88'1€ 1's¢ 6'0¢ 86'1¢ £0'8¢C 6°0¢ S6'lE ‘04
BAIE BAIR BAIE BAIE BAIR BAIR BAIR BAIE BaIR BAIE (3y31y) (pouu) (oJep) (3y31y) (pou) (31rep) T
red red red red red Areq PON red redg iEig | [y [910D 310D rury [210D 310D ’
66IHWN  6LIHN LOHIN I¥CHN 60IHN  COIHIN  ¥#¥IHIN  87IHIN 8CHN LTHN YIHN €IHN  CIHW ECHIN ICHN  CCHIN siskjeuy
adAy [-1e3shio dmpedy ad&y z-1e3sh1o dmyedy adKy ¢-1eyshio amedy odA 1 amyedy
EITIEIN JUOZ J}1jeU0qIe)) quoz dedy QUOZ SYIZBUOIA woiy ojdwreg

*9JIUSAS pUR ‘QuoZ 1jeu0qied ‘Quoz onede ‘Ouoz o)izeuow oy} Woyy Anede YoL-FHY T JO uonisodwod [eo1wayd aAneIuasaiday] ‘| 9jqe |



D. Enkhbayar et al.

90

50 50  \-------1

Cl i
50

Monazite zone
Apatite zone

Carbonatite zone

JRoN N 2

Host rock (syenite)

60% OH

Figure 2. Apatite is showing solid solution among F-OH-CI end-members, (after Pan and Fleet, 1995). The apatite re-
presents fluorapatite and hydroxyl-bearing fluorapatite.

in Table 2. The monazite associated with fluorapatite or hydroxyl-bearing fluorapatite. The apatites show idio-
morphic crystal grains, and compositional zoning texture. They have commonly LREE-poor core2 (dark area),
LREE-rich corel (moderate), rim1 (light areas). The apatites in the syenites, apatite zone and carbonatite zone
have a high content of phosphate and calcium with depletion in Si, Na, and LREE, whereas apatite from mona-
zite zone has a low content of P and Ca with increasing of Si, Na, and LREE (Figure 4).

The substitution of Si and/or Na from the apatite structure without coupled removal of (Y + REE)** the re-
sulting charge imbalance, due to the coupled substitution reactions in apatite from Monazite zone namely:

Si* +(Y +REE)™ =P* +Ca* 1)

Na* +(Y + REE)™ =2Ca** )

As pointed by Harlov (2013) and Pan (1997), the substitutions encouraged the removal of Ca** and the sub-
sequent growth of monazite and/or xenotime inclusions within the apatite grain body via dissolution-precipita-
tion from the P°* available in the immediate vicinity of the growing crystal and (Y + REE)** transported in from
over a much broader area [4] [6] [13].

The intensive coupled substitutions with (Y + REE)** contributed the nucleation of the individual sulfur-rich
monazite between the rim1 and the rim 2 area in the apatite from Monazite zone (Figure 3(d)).

Principally, in the monazite structure, rare earth elements are charge balanced by substitution scheme: 2Ce** =
Ca®*(Sr**) + Th* that known as Th-bearing barbantite and Th, Ca, Sr-bearing strontiobrabantite [11] [14] [15].

This substitution scheme is not applicable for monazite from the Mushgai khudag, Mongolia, because relative
depletion of Th content. Th was not detected due to below detection limit. Nevertheless, samples from the mo-
nazite-bearing apatite at the Monazite zone demonstrate Th content around (300 - 400) ppm in XRF data [1].
Therefore another mechanism of substitution as inferred by Chakhmouradain (1999) may account for the mona-
zite from the Mushgai khudag complex, that Ce** + P>* = Ca?*(Sr?*) + S®* [9] [16].

The monazite in the Mushgai khudag complex contains high S in nature (1.5 - 14.72 wt.% SOs), and enriched
in Sr and Ca (up to 7.21 and <8.25 wt.% oxides, respectively). Our data show S and P, S, and LREE moderate
negative trend (Figure 5(a), Figure 5(c)), whereas S and Ca®*, Sr** divalent cations represent weak positive
pattern (Figure 5(b)), implying that Ce** + P> = Ca®*(Sr?*) + S®* scheme of substitution should be a major me-
chanism of incorporation of Ca, Sr and S in the composition of monazite from the Mushgai khudag complex,

South Mongolia.
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Figure 3. (a) Euhedral apatite crystal-1 from apatite zone and celestine inclusions associated with apatite crystal; (b) Subhe-
dral apatite crystal-2 from apatite zone and celestine. Apatite crystal-2 can be discern to dark and light areas; (c) Euhedral
apatite crystal-3 associated with monazite grains; (d) Apatite crystal-3 can be discern to corel (c1) moderate, core2 (c2) dark,
and rim1 (ry), rim2 (r,) light areas. Monazite grain occurs between rim1 (r;) and rim2 (r,); (e) Subhedral very fine-grained
monazites associated with Celestine; (f) Elongated euhedral very fine grained two monazite grains associated with celestine.
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Table 2. Representative chemical composition of monaztite from the Mushgai khudag complex.

Sample from Monazite zone Carbonatite zone Apatite zone
Analysis MH5 MH204 MH24 MH25 MH93 MH96 MH117
location Grain Rim Rim Rim Grain Grain Grain

Na,O - 0.27 - - - - -
CaO 5.25 11.94 8.09 8.26 0.54 0.52 0.52
SrO 0 251 2.68 2.26 0 0 0
Nd,0s 5.55 6.57 7.54 7.05 6.08 7.37 9.16
Ce,03 31.97 22.78 25.32 25.42 34.89 35.97 33.97
Pr,05 1.86 221 2.56 2.67 211 3.08 2.45
La,04 21.31 17.77 20.5 20.45 25.6 24.05 22.7
SiO, 0 0 0 0 0.64 1.01 0
SO; 0.93 4.06 3.16 29 0.56 1.26 15
P,0s 24.97 26.64 27.77 27.98 30.25 27.15 28.99
FeO 153 0.47 0 0 0.85 0 0
Total 93.37 95.22 97.62 96.99 101.52 100.41 103
LREE,O4 60.69 49.33 55.92 55.59 68.68 70.47 68.28
Na 0.00 0.02 0.00 0.00 0 0.00 0.00
Ca 0.23 0.47 0.32 0.33 0.02 0.02 0.02
Sr 0.00 0.05 0.06 0.05 0 0.00 0.00
Nd 0.08 0.09 0.10 0.09 0.08 0.10 0.12
Ce 0.49 0.31 0.35 0.35 0.48 0.52 0.47
Pr 0.03 0.03 0.03 0.04 0.03 0.04 0.03
La 0.33 0.24 0.28 0.28 0.36 0.35 0.32
Si 0.00 0.00 0.00 0.00 0.02 0.04 0.00
S 0.03 0.11 0.09 0.08 0.02 0.04 0.04
P 0.87 0.83 0.88 0.89 0.96 0.91 0.93
Fe 0.05 0.01 0.00 0.00 0.03 0.00 0.00
LREE 0.92 0.67 0.76 0.76 0.95 1.02 0.95

Note: Cations in crystal-chemical formulae normalized to 4 oxygen atoms.

4. Discussion

The mobility of the rare earth elements in hydrothermal fluid is strongly depend on the relative concentrations of
possible ligands, such as F, CI", OH, SO ,and COZ, and the pH of the solution. Also, hydrothermal fluid’s
temperature and pressure are important [17].

It has been reported that (ZREE = 200 ppb) concentrations, in acid waters at Yellowstone hydrothermal
system (USA) [18]. REE content tends to be increased in Low-pH waters than neutral or alkaline solutions.
Low-pH, sulfate-rich fluids with the highest REE concentrations in hydrothermal fluids have been found at the
Valles-caldera (D_REE =339 ppb), [19].

Moreover, Saline magmatic solutions with high-temperature can effective carry REE. Also, the solutions can
transport a large amount of REE (1290 ppm) in the ancient hydrothermal system [20]. Wood’s (1990) experi-
mental data and theoretical predictions suggest that the sulfate ions form relatively strong complexes with REE.
At the temperatures >200°C and in the absence of other ligands, sulfate complexes will be the dominant form of
REE transport, even at free sulfate environment [21].
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Nevertheless, Brookins (1989) noted that the REE with sulfate complexes is considerably important only in
the absence of other potentially strong ligands. If strong complex-forming ligands such as fluoride, carbonate, or
possibly the phosphate were present, the suggested sulfate complexes with REE would probably not be impor-
tant because of the strong affinity of the hard REE ions for hard ligands such as F, OH", and PO}, especially
at higher temperatures [22]. It has been suggested that the REE cations are classified as hard ions, as ions with a

small size and high charge. Hard cations bind preferentially with hard ligands [23].

Figure 4. Plots of cation values as atoms per formula unit (a.p.f.u) reflecting coupled substitution reaction (a) Si** + LREE®*
= P5* + Ca?', (b) Na" + LREE®" = 2Ca?*, for the apatite from monazite zone, that discern to core2 (dark), corel (moderate),

(2Ca) (a.p.f.u)

riml (light) areas. Apatite from carbonatite zone, apatite zone, and in syenite (after Harlov et al., 2003).
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(Ca?* + Sr®*) versus S*, and (c) LREE®* versus S®* (after Chakhmourdain and Mitchell, 1999).
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In this study, we suggest sulfate ligand, which encouraged the rare earth elements mobility, based on the
chemical characteristics of monazite-bearing apatite in the Mushgai khudag complex. It is no doubt that the hard
ligand phosphate is abundant with a high alkaline condition of the first stage of magmatism in the Mushgai
khudag complex. However, the hard ligands fluoride and carbonate were dominant with the carbonatite mag-
matism. In case, the sulfate ligand complexed with REE in the Mushgai khudag complex, it could be the other
ligands abundance would have been minor. In addition, the pH condition should be low. Thus, the sulfate ligand
complexing with REE may have been related to the last stage of hydrothermal activity (metasomatism) in the
Mushgai khudag complex. Our result show that the monazite in the Mushgai khudag complex. Our result show
that the monazite contains CaSO4 (anhydrite), SrSO, (celestine) component. In other words, the monazite was
formed by sulfate-rich fluid induced metasomatism. The S®* versus LREE®** diagram show the S®* moderate
positive correlation with LREE®*. The S** content is increased with LREE®" increase in the apatite from the
Mushgai khudag complex. Especially the sulfur-rich monazite forming (core2), (corel), (riml) areas are strong-
ly enriched in S content suggesting that the sulfur-rich monazite in the Mushgai khudag complex strongly de-
pends on the sulfate ligand (Figure 6).

5. Conclusion

In the Mushgai khudag deposit, LREE-bearing minerals are dominantly fluorapatite, hydroxyl-bearing fluorapa-
tite, and monazite. Fluorapatite and hydroxyl-bearing fluorapatite can be found in all mineralization zones,
whereas monazite distributed limited area. S and Sr-rich individual monazite grains have been found in the rim
of fluorapatite and hydroxyl-bearing fluorapatite in the samples from the Monazite zone. It can be explained that
the Mushgai khudag rocks were affected by strong REE mineralization due to various stages of magmatic and
hydrothermal segregations. REEs have a strong mobility in the last stage of metasomatism due to sulfate-rich
fluid complexed with REE. Apatite from monazite zone shows diverse zoning texture, and individual high S
content monazite grains are formed along the rim of apatite crystals, and is well described in the present study.
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Figure 6. Plots of cation values as atoms per formula unit (a.p.f.u), S versus LREE®" for the apatite from monazite zone,
discern to core2 (dark), corel (moderate), rim1 (light) areas. Apatite from carbonatite zone, apatite zone, and in syenite.
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Such zonation of apatite with monazite is a relatively rare case in terms of REE mineralization with phosphate.
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