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Abstract: The Yamaat Uul mafic complex with Cu-Ni mineralization is located in the Khangai Moun-
tains of Western Mongolia. We have received new unique data for mafic rocks of the complex: U-Pb
dating (SHRIMP II), mineralogy (WDS) and geochemistry (XRF, ICP-MS), Sm-Nd and Rb-Sr isotope
data and sulphur isotopes. The Yamaat Uul mafic complex consists of two intrusions: Intrusion 1 is
represented by rocks of plagioclase cumulates and olivine–pyroxene cumulates; Intrusion 2 consists
of monzogabbro. Intrusions 1 and 2 are different in composition of minerals such as olivine, plagio-
clase and biotite. The monzogabbro has higher contents of incompatible elements (REE, K, Ti, P) than
rocks of Intrusion 1. Zircon U-Pb dating of the anorthosite and Bt-Am-Ol gabbronorite shows a Late
Permian age (255.8 ± 2.9 Ma and 262.6 ± 3.1 Ma, respectively) for the Yamaat Uul mafic complex.
All of the rocks of the complex are derived from a unified parental melt due to different amounts of
trapped melts in plagioclase and olivine–pyroxene cumulates and without crustal contamination.
The Cu-Ni mineralization of the complex has a low degree of evolution of the sulphide melt, similar
to PGE-Cu-Ni mafic–ultramafic intrusions of the Khangai Mountains (Nomgon and Oortsog Uul).
The Yamaat Uul mafic complex together with other mafic–ultramafic intrusions of the Khangai
Mountains is related to the Khangai LIP and can be considered as potential for the PGE-Cu-Ni. The
new geological, petrological, geochemical and isotope–geochronological data can later be used to
reconstruct the geotectonics of the Khangai Mountains and the Central Asian orogenic belt as a whole.

Keywords: Khangai Mountains; Permian; mineralogy; petrology; geochemistry; Sr-Nd isotope;
sulphur; Cu-Ni mineralization; LIP

1. Introduction

Mafic–ultramafic rocks derived from picritic and basaltic magmas are widespread in
the orogenic belts of Central and Southeast Asia and are related to large igneous provinces
(LIPs) [1]. Recent study of mafic–ultramafic layered intrusions with sulphide mineralization
has been undertaken in south-eastern Siberia [2–5], Vietnam [6–9], China [10–14] and
Mongolia [15–17]. Such intrusions are derived from mantle magmas and their study
contributes significantly to petrological models and reconstruction of the evolutionary
history of geological structures.

Such intrusions are also of great interest in the search for associated Cu-Ni-PGE
mineralization. Permian large igneous provinces (LIPs) include the Emeishan and Tarim
LIPs [4,18–20] and Siberian Traps [1,21].

Early studies of Khangai batholith metallogeny show the role of the mantle plume
in the formation of the Late Palaeozoic magmatism of Central Asia, including Mongo-
lia [22]. All granitoid and ultramafic–mafic complexes of the Khangai Mountains can
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be considered as fragments of the plutonic part of a large igneous province [23], which
has been proposed as the Permian Khangai LIP [24]. Granitoids of the Khangai batholith
have been studied in detail—divided by age [25,26] and by geochemical and isotopic
characteristics [27–29]. Little information has been accumulated about the mafic–ultramafic
intrusions in the Khangai region, but some of the Permian intrusions have already been
identified (Figure 1) [15,17,30].
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complex in the Khangai region. The purpose of this research was to identify the typo-
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the differentiation process of the parental magma and to better understand the tectonic 
setting of this region during the Permian. In addition, we will consider the sulphide 

Figure 1. A geologic map of the mafic–ultramafic intrusions location within Khangai batholith
(modified after [31,32]). 1—Central Asian orogenic belt (CAOB); 2—volcano–plutonic belt
(SVVPB—Selenga–Vitim volcano–plutonic belt, GAVPB—Gobi–Altay volcano–plutonic belt);
3—Mesozoic–Cenozoic troughs; 4—Late Palaeozoic granitoids of the Khangai batholith; 5—Permian
gabbros of the Khangai Mountains; 6–9—orogens: 6—Middle–Late Palaeozoic (Hercynides),
7—Early–Middle Palaeozoic (late Caledonides), 8—Vend–Early Palaeozoic (early Caledonides),
9—Neoproterozoic; 10—tectonic blocks with the Early Precambrian basement; 11—tectonic blocks
with the Pre-Vend orogenic basement; 12—main tectonic boundaries. Red box—study area.

In this paper, we present new zircon U-Pb ages, Sm-Nd, Rb-Sr isotope data and
detailed petrographic, mineralogical and geochemical study of the large Yamaat Uul
mafic complex in the Khangai region. The purpose of this research was to identify the
typomorphic mineralogical and geochemical features of the Yamaat Uul mafic complex,
define the differentiation process of the parental magma and to better understand the
tectonic setting of this region during the Permian. In addition, we will consider the
sulphide mineralization in the Yamaat Uul complex and the sulphur isotopic composition
in comparison with similar Permian intrusions and discuss its PGE-Cu-Ni potential.
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2. Geological Setting and Geological Occurrence

The Yamaat Uul mafic complex is located in the Khangai Mountains of Western
Mongolia and is part of the CAOB (Figure 1). The Khangai Mountains (Figure 1) are
represented by the Khangai batholith, which is bounded by the Selenga–Vitim volcano–
plutonic belt in the north and the Gobi–Altay volcano–plutonic belt in the south [33].
Together with other mafic–ultramafic intrusions, they are an early phase of the Khangai
batholith [15] according to one of the theories of the Khangai LIP [24].

The CAOB is the largest juvenile Phanerozoic orogenic belt in the world and has
developed over about 800 Ma. It is located between the East European, Siberian, North
China and Tarim cratons and covers a large area of Russia from the Urals through Altai-
Sayan and Transbaikalia to the Sea of Okhotsk, as well as areas of Kazakhstan, Kyrgyzstan,
Uzbekistan, Mongolia, Northwest China and Northeast China [34]. The CAOB is composed
of fragments of Precambrian continental blocks and Palaeozoic island arcs, ophiolites and
volcanic rock assemblages formed by the action of various geodynamic processes [34–38].
The Yamaat Uul complex is located in the southern branch of the Khangai. Structurally and
tectonically, it is located in the Baidrig terrane of the Dzavhan–Orkhon block [39], which in
turn is part of the Central Mongolian terrane [40,41].

The Yamaat Uul mafic complex is the largest layered intrusion in Western Mongolia
with the Cu-Ni mineralization. It is located on the left bank of the Dzavhan River, 25 km
from Guulin Som of the Gobi-Altai aimag and 100 km from Altai City. The complex
consists of outcrops of several large bodies, 20 × 20 km, which extend from north–west to
south–east (Figure 2). The entire complex can be conventionally divided into three parts:
Northwestern, Central and Southeastern. The geological map of Mongolia [L-47-VIII]
shows only the Central part of the Yamaat Uul complex, but we found outcrops in other
parts of the complex during field trips in 2014–2017.
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Figure 2. Simplified geological map of the Yamaat Uul mafic complex showing the distribution of
lithological unites and sample’s location.

The most important part for the reconstruction of the genesis is the Northwestern part
of the complex, where we can observe the rock outcrops from two intrusions. Intrusion 1 is
mainly represented by two groups of rocks:
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(1) leucogabbro and anorthosite (plagioclase cumulate) (Figure 3a–c) and clearly marked
in blue on the magnetic anomalies map (Figure 4a);

(2) biotite–amphibole (Bt-Am) gabbro and olivine (Ol) gabbronorite (olivine–pyroxene
cumulates), located south of the previous (Figure 3d) and highlighted in yellow and
green on the magnetic anomalies map (Figure 4a).

Intrusion 2 is composed of monzogabbro and occurs only in the Northwestern part
of the complex; the samples SH234-14 and SH235-14 are involved (Figure 3e), which are
marked by a red spot in the Eastern part on the magnetic anomalies map (Figure 4 b,c).

The Southeastern part is characterized by rocks of two groups of Intrusion 1: leuco-
gabbro and gabbro and gabbronorite (without forming separate clusters). The gabbro is
characterized by rhythmic layering (Figure 3f,g).

The Central part of the Yamaat Uul complex is composed of leucogabbro, gabbro and
gabbronorite. The gabbro is characterized by rhythmic layering (Figure 3f,g); the Central
part is a series of rhythmically layered rocks from Bt-Am-Ol gabbronorite to Bt-Am gabbro
(Table 1). The layered structure of the mafic complex is clearly visible on the satellite image
and in the photos (Figure 3m,n). The thickness of the layers varies from 5 to 20 m. The
rocks of the Northwestern and Southeastern parts have subvertical bedding, whereas the
Central part lies subhorizontal. Thus, the Yamaat Uul mafic complex is lopolith in plan,
as are the major layered intrusions such as the Bushveld in South Africa and Sudbury in
Canada [42,43].
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Figure 3. Photos of outcrops of the Yamaa-Uul mafic complex. (a–c) Plagioclase cumulates of
Northwestern part; (d) pyroxene cumulates of Northwestern part; (e) monzogabbro of Intrusion
2; (f–h) Bt-Am leucogabbro of Southeastern part; (i) quartz syenite; (j) quartz monzodiorite; (k) Bt
monzogranite; (l–o) gabbroids of Central part. Leucogabbro with fine subvertical layering (c,g).
Names of rocks are in Table 1.
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Table 1. Description of representative rock samples from Yamaat Uul mafic complex and surrounding
rocks.

Sample No. Part of the
Complex Name of Rock Latitude (N) Longitude (E)

Intrusion 1

1 SH100-14 Northwestern Bt-Am-Ol
gabbronorite 46.728381 97.447151

2 SH102-14 Northwestern Bt-Am-Ol
gabbronorite 46.727738 97.447997

3 SH103-14 Northwestern Bt-Am-Ol
gabbronorite 46.727333 97.448625

4 SH105-14 Northwestern Bt-Am-Ol
gabbronorite 46.726724 97.449163

5 SH220-14/2 Northwestern Anorthosite 46.729082 97.445146
6 SH220-14/10 Northwestern Leucogabbro 46.729274 97.444686
7 SH225-14 Northwestern Leucogabbro 46.729533 97.444943
8 SH227-14 Northwestern Anorthosite 46.729367 97.444792
9 SH228-14 Northwestern Am gabbro 46.729347 97.444766

10 SH229-14 Northwestern Bt leucogabbro 46.729296 97.444747

11 SH11-15 Central Bt-Am-Ol
melagabbronorite 46.70177 97.50741

12 SH12-15 Central Bt-Am-Ol
melagabbronorite 46.7058 97.52436

13 SH15-15 Central Bt-Am gabbro 46.71023 97.52673
14 SH16-15/1 Central Bt-Am gabbro 46.71004 97.5284
15 SH79-16 Central Bt-Am gabbro 46.70414 97.54219
16 SH81-16 Central Bt-Am gabbro 46.69661 97.55044

17 SH94-16/6 Central Bt-Am
gabbronorite 46.68693 97.48623

18 SH97-16 Central Bt-Am-Ol
gabbronorite 46.69443 97.49313

19 SH98-16/1 Central Bt-Am-Ol gabbro 46.68999 97.49137
20 SH235-17 Central Bt-Am gabbro 46.679603 97.471888

21 SH2-17 Southeastern Bt-Am
leucogabbro 46.688659 97.605492

22 SH5-17 Southeastern Bt-Am
leucogabbro 46.687670 97.602768

23 SH7-17 Southeastern Bt-Am
leucogabbro 46.687253 97.599314

24 SH14-17 Southeastern Bt-Am
leucogabbro 46.688338 97.596355

25 SH231-17 Southeastern Bt-Am-Ol
gabbronorite 46.686665 97.607608

26 SH232-17 Southeastern Bt-Am gabbro 46.686665 97.607608

Intrusion 2

27 SH234-14 Northwestern Bt-Am-Ol
monzogabbro 46.723678 97.451858

28 SH235-14 Northwestern Bt-Am-Ol
monzogabbro 46.728046 97.453226

Felsic and intermediate rocks

29 SH10-15 Q monzodiorite 46.71689 97.47012
30 SH16-17 Q monzodiorite 46.671505 97.625913
31 SH17-17 Q monzonite 46.683439 97.456712
32 PM30-16 granodiorite 46.716230 97.478799
33 SH80-16 Bt monzonite 46.6971 97.5668
34 SH17-15 Bt-Cpx-Am syenite 46.72047 97.54023
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Figure 4. (a) Magnetic anomalies map and sample’s location of the Northwestern part of the Yamaat
Uul mafic complex; (b,c) shaded-relief magnetic anomaly map of the Northwestern part of the Yamaat
Uul mafic complex: view from above (b), view from the northeast (c).

The boundaries of the Yamaat Uul mafic complex are mostly obscured by Quaternary
sediments; outcrops of single round stones are mostly observed (Figure 3a–k). The com-
plex’s rocks have intrusive contact with later Permo-Triassic granites in the Northwestern
part (Figure 3a); gabbro of the Central part is intensely intruded by granite dikes (Figure 2).
There are outcrops of syenite (Figure 3h) to the north of the Central part—the contact with
which is also sodded. Outcrops of monzonite and monzodiorite (Figure 3j), probably of a
later age than the rocks of the mafic complex, are found in various parts of the complex. In
general, the Yamaat Uul complex is surrounded by granitoids of the Khangai batholith [29]
(Figure 3k).

The Yamaat Uul mafic complex contains sulphides, which are represented by dis-
seminated and schlieren (droplets, globules) types. The Central part of the complex is
characterized by sulphide disseminations only, while in other parts, both sulphide dissemi-
nation and sulphide schlieren are found. The sulphide mineralization represented by the
chalcopyrite–pentlandite–pyrrhotite composition has been previously described [32].

3. Sampling and Analytical Methods

A collection of about 100 samples of mafic rocks was gathered by authors during the
2014–2017 field works on the Khangai region in Mongolia. Twenty-eight mafic samples
of all parts of the Yamaat Uul complex were selected for this study (Table 1). Big-volume
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samples of two rock types (SH105-14, SH220-14) were taken for zircon separation and U-Pb
dating. Based on petrography, less altered samples were chosen for crushing and grounding
to powder for whole-rock analyses. Ten samples were chosen for isotope analyses of Sm-
Nd, Rb-Sr and S—systems. Most analyses were carried out in the Analytical Center for
multi-elemental and isotope research of the Sobolev Institute of Geology and Mineralogy,
Siberian Branch of the Russian Academy of Sciences (IGM SB RAS) in Novosibirsk, Russia.

3.1. Petrography

The Yamaat Uul mafic complex consists of two intrusions. Intrusion 1 is represented
by plagioclase cumulates and olivine–pyroxene cumulates. Intrusion 2 consists of monzo-
gabbro, which occurs only in the Northwestern part of the complex. Plagioclase cumulates
(Figure 5a,b) are represented by leucogabbro and anorthosite with plagioclase contents of
80–95 vol%, and the interstitials contain anhedral grains of clinopyroxene, amphibole and
very rarely biotite. Plagioclase is almost always zoned. Ore mineralization is represented
by rare disseminations of chalcopyrite, pyrrhotite, magnetite and pyrite. The structure
of the rocks is ophitic, subophitic and poikilophitic. The secondary minerals of chlorite,
epidote, actinolite and rutile are common.
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Figure 5. Photos of thin sections of the Yamaat Uul mafic complex: (a,b) plagioclase cumulate of
Intrusion 1; (c–h) pyroxene cumulate of Intrusion 1: (c,d) olivine gabbro, (e,f) Am melagabbronorite,
(g,h) Am gabbro; (i–l) monzogabbro of Intrusion 2. (a,c,e,g,i,k)—PPL; (b,d,f,h,g,l)—XPL. Ol—olivine,
Cpx—monoclinic pyroxene, Opx—rhombic pyroxene, Hbl—hornblende, Bt—biotite, Pl—plagioclase,
Fsp—K-Na feldspar.

Olivine–pyroxene cumulates (Figure 5c–h) are represented by amphibole melagab-
bronorite (Figure 5e,f), amphibole gabbro (Figure 5g,h), olivine gabbro (Figure 5c,d) and
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olivine gabbronorite, in which the basic plagioclase content varies from the first percent
(in melanocratic varieties) to 50 vol%. Olivine forms relatively large crystals, often sur-
rounded by clinopyroxene (Figure 5c,d), amphibole in gabbroides or only amphibole in
hornblende melagabbronorite (Figure 5e,f). The oikocryst of poikilitic clinopyroxene in
gabbroids contains zonal distributed chadacrysts of plagioclase, indicating concomitant
growth of plagioclase and clinopyroxene. In contrast to plagioclase cumulates, the amount
of biotite increases in pyroxene cumulates. Its content is higher in melanocratic rocks than
in mesocratic ones. The ore mineralisation is represented by disseminated, drop-shaped
or schliere sulphide grains (cubanite, chalcopyrite, pyrrhotite, pentlandite) and schliere
titanomagnetite ores. The structure of the rocks is ophitic, subophitic and poikilophitic. The
secondary minerals of saussurite, chlorite, actinolite and iddingsite are locally distributed.

Monzogabbro of Intrusion 2 (Figure 5i,j) is leucocratic rocks consisting of plagioclase
(60 vol%), olivine (10 vol%), clinopyroxene (5 vol%) and orthopyroxene (5 vol%), amphibole
(5 vol%), biotite (10 vol%) and K-Na feldspar (5 vol%). Olivine and plagioclase are euhedral;
clinopyroxene and biotite are anhedral. Orthopyroxene forms rims around olivine, and
amphibole usually forms rims around clinopyroxene. Feldspar is located between euhedral
plagioclase grains (Figure 5k,l). The structure of the rocks is ophitic, gabbro-ophytic
and crowned. Monzogabbro contains disseminated oxide mineralization: magnetite and
ilmenite.

3.2. Mineral Chemistry

The mineral composition of the Yamaat Uul mafic complex was determined in 24 thin
sections previously prepared and polished at the laboratory of the IGM SB RAS. In total,
600 mineral chemistry analyses were conducted with wavelength-dispersive spectroscopy
(WDS) in the Analytical Center of multi-elemental and isotope research of SB RAS under a
JEOL JXA-8230 electron microprobe with five WDS detectors with LDE, TAP, PET-J, PET-H
and LIF-L crystals. The analyses were determined with a current of 20 kV and 30 nA
(100 nA for olivine) and 3 µm beam aperture. The analysis time ranged from 20 to 60 s per
element, according to the expected abundance.

3.3. Zircon Separation and Analysis

Zircon separation was conducted in the IGM SB RAS with a standard procedure of
crushing, panning, heavy-liquid and magnetic separation techniques. Zircon grains were
handpicked under a binocular and then mounted in a 6 mm epoxy resin disc. All grains
were half-polished to observe the internal structure using cathodoluminescence (CL) and
transmitted light. The CL imaging was conducted at the Centre of Isotopic Research of the
Russian Geological Research Institute (VSEGEI) using the scanning electron microscope
MX2500 S (CamScan, Great Britain, Cambridge) and operated at an accelerating voltage
of 12 kV and working distance of 30 mm. The locations for the spot analysis on zircon
grains were selected using CL images (Figure 6a,b) and photomicrographs (transmitted
light) to avoid mineral inclusions and cracks. Zircons from the samples SH220-14/2
and SH105-14 were analysed for U–Pb ages at the VSEGEI, Russia, with a SHRIMP II,
following the standard procedures described in [44]. Prior to each analysis, the rastering
of primary beams was applied to minimize contamination by surface Pb. U–Pb ages and
concordia diagrams were calculated and plotted using IsoplotR software (ver. 3.75; [45]),
respectively; the concordia age of each sample incorporates errors on decay constants and
includes evaluation of the concordance of apparent ages. The concordia ages and errors are
presented at the two-sigma level. All analyses of zircons are given in Table 2.
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(sample SH220-14/2) (a) and Bt-Am-Ol gabbronorite (SH105-14) (b). Concordia diagram for zircons
from anorthosite (sample SH220-14/2) (c) and Bt-Am-Ol gabbronorite (SH105-14) (d).

3.4. Whole-Rock Major and Trace Elements

Whole-rock major element oxides were determined with XRF using an ARL 9900
(Thermo Scientific, Basel, Switzerland) according to the method in [46]. Trace elements
were analysed with inductively coupled plasma emission-mass spectroscopy (ICP-MS)
using an Element-I MAT (Finnigan, Germany) according to the method in [47]. The element
abundances and ratios were normalized to chondritic CI and primitive mantle (PM) values,
with reference to [48,49], respectively. Representative analyses of major and trace element
contents (in wt.% and ppm, respectively) are given in Table 3.

3.5. Whole-Rock Sm-Nd, Rb-Sr and S Isotopic Analyses

Nd isotope compositions were determined at the Institute of Geology and Geo-
chemistry of the Ural Division of the Russian Academy of Sciences in Yekaterinburg.
Prepared samples were decomposed with 3% CH3COOH in a Teflon beaker at room tem-
perature. Neodymium was separated during two stages: in the first stage, total REE was
isolated with stepwise elution on cationite AG-50× 8 (200–400 mesh), and then with extrac-
tion chromatography on columns filled with KEL-F powder coated with ionite (HDEHP).
The isotopic composition was measured on a Finnigan MAT-262 multicollector solid-phase
mass spectrometer in the static regime. The measured 143Nd/144Nd ratios were normalized
to 146Nd/144Nd = 0.7219. External uncertainty and reproducibility were controlled using
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systematic measurements of the JNdi-1 = 0.512115 [50] international standards. The blank
contamination for Nd was as low as 90 pg.

Table 2. Isotope parameters and ages of zircons from rocks of the Yamaat Uul mafic complex.

Spot
U Th 232Th

238U

206Pbt,
%

206Pb*,
ppm

Isotope Parameters
Rho

Age, Ma

ppm
207Pb*

206Pb* ±%
207Pb*

235U
±%

206Pb*

238U
±%

206Pb
238U

207Pb
206Pb

Anorthosite (SH220-14/2)

1.1 314 411 1.35 0.28 11.20 0.0518 4.8 0.295 5.1 0.04141 1.8 0.352 261.5 ±4.6 274 ±110
2.1 139 149 1.11 0.00 4.92 0.0516 6.1 0.293 6.5 0.04121 2.1 0.330 260.3 ±5.5 269 ±140
3.1 419 604 1.49 0.35 14.40 0.0507 4.9 0.278 5.2 0.03978 1.7 0.337 251.5 ±4.3 226 ±110
4.1 273 318 1.20 0.00 9.28 0.0523 4.3 0.286 4.8 0.03964 2.0 0.419 250.6 ±4.9 300 ± 99
5.1 211 264 1.29 0.00 7.42 0.0506 5.0 0.285 5.4 0.0409 1.9 0.360 258.4 ±4.9 221 ±120
6.1 253 374 1.53 0.00 8.87 0.0535 4.4 0.301 4.8 0.0408 1.9 0.393 257.8 ±4.7 352 ± 99
7.1 424 592 1.44 0.21 14.60 0.0523 4.0 0.288 4.4 0.03994 1.7 0.396 252.4 ±4.3 298 ± 91
8.1 258 314 1.26 0.58 8.93 0.0501 7.4 0.277 7.6 0.04008 1.9 0.250 253.3 ±4.7 198 ±170
9.1 577 606 1.09 0.00 20.20 0.0522 2.9 0.293 3.3 0.04077 1.7 0.497 257.6 ±4.2 294 ± 66
10.1 615 887 1.49 0.29 21.50 0.0508 3.9 0.284 4.2 0.04059 1.7 0.395 256.5 ±4.2 230 ± 89

Bt-Am-Ol gabbronorite (SH105-14)

1.1 233 274 1.21 0.00 8.36 0.0500 3.4 0.288 3.9 0.04167 2.0 0.511 263.6 ±5.2 197 ± 78
2.1 356 689 2.00 0.00 12.50 0.0518 2.7 0.293 3.3 0.041 1.8 0.560 258.9 ±4.7 278 ± 63
3.1 404 670 1.72 0.00 14.70 0.0517 2.6 0.301 3.2 0.04225 1.8 0.581 266.7 ±4.8 272 ± 59
4.1 699 2082 3.07 0.25 24.80 0.0510 3.0 0.290 3.5 0.04119 1.8 0.507 260.4 ±4.6 240 ± 70
5.1 352 241 0.71 0.00 12.70 0.0511 2.8 0.296 3.4 0.04202 1.9 0.548 265.5 ±4.9 246 ± 65
6.1 393 456 1.20 0.30 14.10 0.0494 4.0 0.284 4.4 0.0417 1.9 0.422 264.1 ±4.8 164 ± 93
7.1 269 357 1.37 0.00 9.77 0.0525 3.2 0.305 3.8 0.04222 2.0 0.531 266.3 ±5.3 306 ± 73
8.1 482 483 1.04 0.24 17.10 0.0511 3.3 0.290 3.8 0.04108 1.8 0.482 259.6 ±4.7 246 ± 77
9.1 220 358 1.68 0.00 7.76 0.0503 4.2 0.285 4.6 0.04111 1.9 0.424 260.1 ±5.0 208 ± 97
10.1 209 359 1.77 0.30 7.57 0.0501 4.7 0.290 5.1 0.04196 2.0 0.386 265.4 ±5.2 197 ±110

Note. The errors are at the 1σ level. Pbt and Pb *—total and radiogenic Pb, respectively. The error of standard
calibration is no more than 0.51%. Correction for total Pb was made with the measured 204Pb. Rho—correlation
coefficient for 207Pb*/235U and 206Pb*/238U.

The whole-rock Rb-Sr isotope composition was determined in the Analytical Cen-
ter for multi-elemental and isotope research of IGM SB RAS (Novosibirsk, Russia). The
strontium isotopic ratio was measured using the multiple-collector mass-spectrometer
MI-1201AT through the double Re-Re tapes. Rb and Sr were extracted with ion chro-
matography on quartz columns filled with Dowex AG W50x8 resin, the eluent being
2N HCl. The correctness of the 87Sr/86Sr ratio was ensured using parallel measure-
ments of each series of water samples according to the VNIIM isotope standard with
87Sr/86Sr = 0.70800 ± 7 (2σ, n = 6). The isotope composition of Sr in all of the measured
samples was normalized per 0.710248 [51].

Two samples of sulphides (pyrrhotite, chalcopyrite) were analysed for sulphur iso-
topes. Sulphides were handpicked under a binocular. The separation of SO2 from the
sulphide mineral for the sulphur isotopic analysis followed the method described in [52].
The sulphur isotopic ratios were determined using a mass spectrometer (Finnigan MAT
Delta dual inlet mode) at the Analytical Center for multi-elemental and isotope research
of IGM SB RAS in Novosibirsk, Russia. The sulphur isotopic composition is expressed
as δ34S (‰) relative to the Canyon Diablo Troilite standard, and its analytical precision is
about ±0.2‰.

4. Results
4.1. U-Pb Zircon Dating

The zircons in anorthosite (SH220-14/2) and Bt-Am-Ol gabbronorite (SH105-14) have
mostly short prismatic morphologies and euhedral to subhedral crystals. Clear oscillatory
zoning, a lack of metamorphic rims and high Th/U ratios indicate a magmatic origin. The
locations of the U-Pb spot are shown in Figure 6. The zircons in different samples are
similar: the size ranging from 40 to 200 µm, colourless to light yellow or brownish and
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transparent to translucent. Isotope parameters and ages of zircons for each sample are
shown in Table 2.

Ten zircon grains from SH220-14/2 and ten zircon grains from SH105-14 were analysed
with SHRIMP II. These zircons have high U, Th and radiogenic Pb contents of 139–699 ppm,
149–2082 ppm and 5–25 ppm, respectively, with high Th/U ratios of 0.71–3.07. Such Th/U
ratios are typical for magmatic rocks [53,54]. SH220-14/2 and SH105-14 yield a mean
206U/238Pb age of 255.8 ± 2.9 Ma (MSWD = 0.33) and 262.6 ± 3.1 Ma (MSWD = 0.53),
respectively (Figure 6). These zircon U–Pb ages indicate that the mafic rock of the Yamaat
Uul complex formed in the Late Permian.

4.2. Mineral Compositions

Olivine occurs in all parts of the Yamaat Uul mafic complex. Its Mg number (Mg#)
varies from 68 to 77 in the Central part, from 71 to 72.3 in the Southeastern part and 71–73.6
in the Northwestern part of the complex. Olivine from Intrusion 2 monzogabbro has
a lower Mg number of 46–50.3 and higher MnO content than olivine from Intrusion 1
(Figure 7a, Table S1). The CaO and NiO content was rather low: 0.06 to 0.12 wt.% in all rock
types.
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Clinopyroxenes of all parts of the Yamaat Uul complex show similar compositions in
the range En40–45Fs8–16Wo41–49 and can be classified as diopside and augite according to
the pyroxene nomenclature [55] (Figure 7b, Table S2). Their Mg numbers vary from 73 to 85.
Clinopyroxenes are characterized by low TiO2 (0.28–1 wt.%) and very low Cr2O3 (0–0.04%)
contents. Al2O3 and Na2O contents vary from 0.7 to 5.0 wt.% and 0.15 to 0.65 wt.%, respec-
tively (Table S2). Clinopyroxenes from Intrusion 2 monzogabbro have the composition
range En39–43Fs14–21Wo38–44 and are augite [55] (Figure 7b, Table S2). They have a lower
Mg number (Mg#, 66–75) and slightly less Al2O3 content (0.6–2.8 wt.%) compared with
clinopyroxenes of gabbroides from Intrusion 1. The compositions of orthopyroxene from all
parts of the intrusion fall in the range En71–79Fs20–27Wo0–2 and are classified as enstatite [55]
with a Mg# of 72–80 and Al2O3 (0.9–2.33 wt.%) (Figure 7b, Table S3).

Brown amphibole of Intrusion 1 rocks ranges from magnesiohornblende to tscher-
makite [56] (Figure 7c). Its Mg number varies from 57 to 75. The composition of this
amphibole usually varies within individual samples, particularly in terms of the Mg num-
ber and TiO2 (0.7–4.6 wt.%) and K2O (0.3–1.2 wt.%) contents (Table S4).
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Plagioclase composition of Intrusion 1 of the Yamaat Uul mafic complex varies within a
similar range. It is normally zoned, with An-rich cores gradually passing into An-poor rims
(Figure 7d). Cores of plagioclases are generally anorthite–bytownite (An71–94) with very
low K2O content (up to 0.09 wt.%). The maximum of An content (An91–94) is observed in
gabbroides of the Central part. Plagioclase rims show An content varying from labradorite
to andesite (An35–66) with K2O up to 0.27 wt.%. Plagioclases from monzogabbro of Intrusion
2 have lower An content and correspond to labradorite–bytownite in cores (An67–83) and
andesite (An33–53) in rims. K2O content in plagioclase rims is higher than in plagioclase
rims from gabbroides and ranges from 0.26 to 0.69 wt.% (Figure 7d, Table S5).

Biotite was observed in all rock types but had different composition in different parts of
the complex. In the Central part, it showed a Mg number of 79–85, low T2O (0.68–2 wt.%), F
(0–0.07 wt.%), high Na2O (1.3–2.62 wt.%) and a high N/K ratio (0.3–0.7), with the exception
of a few points. Biotites from Southeastern and Northwestern parts have a wide range in
the Mg number from 51 to 81, higher TiO2 (2.4–5 wt.%) content and slightly higher F (up
to 0.16 wt.%) content. More magnesian biotite has high Na2O (1.55–2.17 wt.%) and a high
Na/K ratio (0.3–0.5) like in the Central part; less magnesian minerals have a low Na/K
ratio (0.01–0.07) and are richer in K2O (7.8–9.7 wt.%) (Supplementary Materials Table S5).
Biotite from monzogabbro of Intrusion 2 is characterized by the lowest Mg number varying
from 46 to 55 and highest K2O (8.9–9.5 wt.%), TiO2 (5–6.7 wt.%) and F (0.25–0.43 wt.%)
contents (Figure 7e,f and Table S6).

4.3. Whole-Rock Geochemistry

Twenty-eight samples of mafic rocks from the Yamaat Uul complex were selected for
detailed description (Table 3). The rocks are characterized by a wide range of MgO at vari-
able SiO2 (Table 3; Figures 8 and 9): SiO2 spans 39–52 wt.% and MgO from 0.5 to 24.6 wt.%.
The ranges of K2O, TiO2 and P2O5 are 0.14–1.87, 0.17–2.01 and 0.03–0.43 wt.%, respec-
tively. The concentrations of Al2O3 and CaO vary in relatively wide ranges of 8.7–30.7 and
4.15–17.1 wt.%, respectively. According to SiO2 and total alkali (Na2O + K2O) contents, i.e.,
the traditional TAS diagram [57], the Yamaat Uul mafic rocks are dominated by gabbro
(Figure 8a). The felsic and intermediate surrounding rocks of the Yamaat Uul mafic complex
are dominated by monzonite and granite.
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The rocks of the Northwestern part form two groups on the binary diagrams (Figure 9).
The first group is low-K and high-Sr gabbroides (MgO, 0.51–6.41 wt.%; K2O, 0.12–0.28 wt.%;
Sr up to 1831 ppm) represented by leucogabbro and anorthosite (Figure 5c,h). The second
group is high-K and low-Sr gabbroides (MgO, 12.53–15.83 wt.%; K2O, 0.33–0.56 wt.%;
1061–1236 ppm) that are Bt-Am-Ol gabbros and gabbronorites (Figure 5c,h). The rocks of
the Southeastern part from the complex are similar in composition to the first group of the
Northeastern part, but with less variability.

Monzogabbro is characterized by a high concentration of K2O, P2O5 and ∑REE: up to
1.87, 0.43 wt.% and 180 ppm, respectively, with 5 wt.% MgO content (Figure 9c,e,f). This
is due to the accumulation of incompatible elements during the formation of the mafic
complex and the appearance of K-Na feldspar in monzogabbro.

The chondrite-normalized rare-earth element (REE) patterns of the Yamaat Uul com-
plex (Figure 10a,c,e) are flat to moderately enriched in the light REE (LREE): Lan = 5.9–44.6,
La/Smn = 0.9–4.8 and La/Ybn = 3.9–16.1 (Table 3). All samples are characterized by
medium-fractionated REE patterns that are slightly depleted in heavy REE (HREE):
Gd/Ybn = 1.7–3.0. The level of REE concentrations in the monzogabbro of Intrusion
2 (Figure 10a) is higher than that in the rocks of Intrusion 1 (Figure 10a,c,e) in all parts of
the complex. The REE patterns of leucogabbro and anorthosite samples of the Northwest-
ern and Southeastern parts show small positive Eu anomalies (Figure 10a,e), suggesting
fractionation of plagioclase.
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Table 3. Representative whole-rock major (wt.%) and trace element (ppm) data for the Yamaat Uul
mafic complex.

Intrusion 1

№ 1 2 3 4 5 6 7 8 9 10
Part NW NW NW NW NW NW NW NW NW NW

Sample SH100-
14

SH102-
14

SH103-
14

SH105-
14

SH220-
14/2

SH220-
14/10

SH225-
14

SH227-
14 SH228-14 SH229-14

SiO2 44.69 44.01 45.50 43.48 47.14 46.00 43.22 44.72 44.23 46.16
TiO2 0.54 0.57 0.25 0.45 0.17 0.30 1.14 0.36 0.53 0.41
Al2O3 24.81 18.16 17.50 16.18 29.61 29.94 19.14 30.19 26.83 24.54
Fe2O3 7.37 12.12 10.85 13.33 2.96 4.29 10.91 3.27 5.40 4.24
MnO 0.09 0.16 0.18 0.17 0.02 0.03 0.12 0.06 0.08 0.09
MgO 5.53 12.53 13.20 15.21 0.51 0.84 6.41 1.59 2.91 4.44
CaO 13.70 9.87 8.49 7.90 14.83 14.67 16.02 15.53 13.64 16.69
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Table 3. Cont.

Intrusion 1

Na2O 1.57 1.80 2.08 1.72 2.31 2.29 1.14 2.24 2.40 1.66
K2O 0.28 0.33 0.29 0.46 0.40 0.28 0.28 0.33 0.31 0.23
P2O5 0.06 0.10 0.07 0.18 0.07 0.09 0.06 0.10 0.17 0.09
LOI 1.07 0.65 1.36 0.86 1.32 1.09 1.05 1.45 2.13 1.54
Total 99.91 100.59 100.02 100.43 99.55 100.05 99.84 100.05 99.11 100.38
Rb 3.04 5.38 4.44 8.47 6.18 5.26 2.93 5.65 4.72 4.03
Cs 0.18 1.00 0.47 0.36 0.32 0.25 0.29 0.29 0.36 0.25
Ba 138.06 210.14 228.01 267.42 270.44 199.34 134.94 424.08 406.26 259.02
Sr 1178.36 1181.03 1235.58 955.03 1699.40 1831.18 1060.63 1863.81 1810.73 1620.54
Th 0.62 0.64 0.38 0.78 1.34 1.02 0.30 0.78 1.24 1.61
U 0.11 0.16 0.11 0.24 0.39 0.35 0.08 0.24 0.40 0.48
La 4.26 6.55 4.98 8.61 6.46 5.75 4.09 7.67 9.95 8.98
Ce 9.32 13.04 9.77 17.76 12.42 10.46 9.76 15.01 20.20 17.74
Pr 1.45 1.93 1.37 2.23 1.40 1.42 1.61 1.87 2.72 2.31
Nd 6.72 7.81 5.41 9.04 5.31 4.95 7.85 7.76 11.48 9.46
Sm 1.47 1.58 0.94 1.88 0.91 0.89 2.07 1.81 2.46 2.18
Eu 0.67 0.71 0.63 0.67 0.48 0.51 0.81 0.68 0.90 0.82
Gd 1.41 1.34 0.83 1.53 0.79 0.74 2.02 1.24 1.99 1.81
Tb 0.21 0.21 0.13 0.21 0.09 0.11 0.30 0.18 0.25 0.26
Dy 1.23 1.10 0.78 1.04 0.57 0.62 1.77 1.00 1.53 1.49
Ho 0.22 0.21 0.16 0.21 0.11 0.13 0.32 0.18 0.32 0.30
Er 0.59 0.54 0.40 0.56 0.34 0.35 0.78 0.40 0.76 0.79
Tm 0.08 0.08 0.06 0.09 0.05 0.05 0.11 0.06 0.11 0.11
Yb 0.46 0.54 0.38 0.48 0.34 0.28 0.67 0.34 0.65 0.71
Lu 0.07 0.08 0.06 0.07 0.05 0.04 0.10 0.05 0.10 0.11
Zr 17.32 20.69 12.72 35.99 27.48 18.18 17.18 23.01 37.16 21.96
Hf 0.67 0.72 0.42 0.87 0.77 0.62 0.81 0.67 0.99 0.81
Nb 0.57 0.82 0.50 1.23 0.83 0.79 0.47 1.25 1.19 0.64
Ta <0.05 0.06 <0.05 0.08 0.05 0.06 <0.05 0.05 0.08 <0.05
Y 5.79 5.54 3.95 6.15 3.19 3.22 8.18 4.93 7.43 7.77

Intrusion 1

№ 11 12 13 14 15 16 17 18 19 20 21 22
Part Central Central Central Central Central Central Central Central Central Central SE SE

Sample SH11-
15

SH12-
15

SH15-
15

SH16-
15/1

SH79-
16

SH81-
16

SH94-
16/6

SH97-
16

SH98-
16/1

SH235-
17 SH2-17 SH5-17

SiO2 43.67 41.50 48.07 43.80 47.49 46.90 41.80 42.66 43.79 46.83 47.88 40.20
TiO2 0.67 0.59 0.63 1.44 0.87 1.15 0.64 1.72 0.83 1.30 0.49 1.69
Al2O3 13.33 8.67 22.98 19.34 19.92 19.29 24.19 18.22 17.55 16.72 25.45 17.36
Fe2O3 14.50 15.46 5.95 14.54 8.71 10.44 10.69 15.60 12.43 12.88 6.06 17.74
MnO 0.18 0.20 0.07 0.19 0.12 0.12 0.13 0.14 0.16 0.15 0.07 0.16
MgO 16.39 24.63 4.80 4.45 5.87 5.94 7.44 5.85 10.40 7.32 1.78 6.94
CaO 7.10 4.29 10.64 9.52 10.59 10.24 11.52 11.65 10.87 9.65 13.39 12.84
Na2O 1.77 1.24 3.35 3.56 2.86 2.83 1.61 2.00 2.21 2.41 2.50 1.44
K2O 0.66 0.71 0.92 0.84 0.97 1.15 0.39 0.71 0.26 1.25 0.78 0.49
P2O5 0.17 0.18 0.26 - 0.26 0.27 0.06 0.16 - 0.17 0.07 0.11
LOI 0.76 1.82 1.69 0.56 1.26 0.99 1.03 1.09 0.61 0.54 0.52 0.48
Total 99.48 99.64 99.47 99.50 99.05 99.46 99.59 99.96 99.79 99.42 99.08 99.64
Rb 12.59 16.26 17.86 14.58 20.70 27.90 16.20 15.90 4.10 46.90 16.00 11.00
Cs 0.22 1.57 0.67 0.48 1.00 1.80 6.40 1.20 0.30 7.70 0.90 1.00
Ba 295.34 263.56 327.25 673.34 470.00 550.00 210.00 310.00 220.00 410.00 360.00 200.00
Sr 751.59 484.82 490.26 1807.09 1170.00 1300.00 1520.00 1100.00 1320.00 800.00 1800.00 1120.00
Th 0.95 1.04 1.73 0.95 1.40 1.80 10.40 1.20 0.30 5.40 3.00 4.10
U 0.30 0.30 0.39 0.30 0.35 0.42 0.10 0.38 0.14 1.15 0.60 0.46
La 9.40 8.02 9.92 30.95 14.80 14.20 4.50 9.10 7.50 14.00 9.00 6.30
Ce 19.66 17.06 18.72 69.11 30.60 28.90 8.20 18.70 16.90 28.90 19.00 13.70
Pr 2.58 2.41 2.35 10.18 4.10 3.91 1.01 2.59 2.52 3.98 1.90 2.00
Nd 10.26 9.84 8.79 44.10 17.30 17.20 4.20 11.40 11.70 15.60 7.00 8.90
Sm 1.82 1.94 1.52 8.66 3.70 3.40 0.80 2.80 2.80 3.80 1.20 2.30
Eu 0.59 0.56 0.47 2.38 1.19 1.26 0.62 1.01 1.14 1.12 0.60 0.88
Gd 1.78 1.88 1.27 7.64 3.32 3.38 0.68 2.46 2.84 3.45 1.00 2.25
Tb 0.27 0.27 0.18 1.13 0.47 0.46 0.08 0.42 0.36 0.53 0.12 0.31
Dy 1.34 1.40 1.10 5.45 2.51 2.49 0.44 2.08 1.83 2.80 0.70 1.61
Ho 0.24 0.27 0.21 0.95 0.47 0.45 0.06 0.37 0.35 0.48 0.14 0.30
Er 0.63 0.69 0.56 2.60 1.39 1.10 0.28 0.97 0.77 1.35 0.39 0.73
Tm 0.09 0.10 0.09 0.36 0.16 0.16 0.05 0.13 0.12 0.20 0.05 0.10
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Table 3. Cont.

Intrusion 1

Yb 0.57 0.63 0.54 2.26 1.00 1.00 0.20 0.80 0.70 1.30 0.40 0.60
Lu 0.09 0.09 0.08 0.33 0.15 0.21 0.12 0.13 0.10 0.18 0.05 0.14
Zr 50.73 36.49 44.32 37.95 73.00 84.00 85.00 96.00 93.00 98.00 15.00 117.00
Hf 1.15 0.87 1.07 1.33 2.00 1.00 5.00 <1 <1 2.00 0.50 2.00
Nb 1.86 1.36 1.50 3.04 2.00 2.00 1.00 1.00 1.00 3.00 1.70 1.00
Ta 0.10 0.08 0.09 0.15 <0.5 <0.5 1.80 <0.5 <0.5 <0.5 0.60 <0.5
Y 7.62 8.27 6.27 28.31 12.20 11.90 2.20 10.00 8.80 12.80 4.00 7.20

Intrusion 1 Intrusion 2 Felsic and Intermediate Rocks

№ 23 24 25 26 27 28 29 30 31 32 33 34
Part SE SE SE SE NW NW

Sample SH7-17 SH14-
17

SH231-
17

SH232-
17

SH234-
14

SH235-
14

SH10-
15

SH16-
17

SH17-
17

PM30-
16

SH80-
16

SH17-
15

SiO2 43.45 43.96 40.91 44.19 51.70 51.50 58.76 60.31 59.95 65.85 69.89 61.45
TiO2 1.15 1.51 0.81 0.82 1.08 1.18 0.97 0.79 0.81 0.49 0.33 0.76
Al2O3 20.21 14.66 18.73 21.17 18.14 17.77 16.76 16.65 16.75 16.44 14.84 17.53
Fe2O3 11.60 15.07 15.81 9.83 9.41 9.96 6.57 6.17 5.87 3.47 2.57 4.79
MnO 0.12 0.21 0.16 0.11 0.14 0.15 0.11 0.10 0.09 0.06 0.05 0.10
MgO 6.04 7.36 12.19 5.92 5.09 4.98 2.44 2.38 2.46 1.02 0.64 1.68
CaO 14.20 13.73 8.62 12.80 7.92 7.82 4.39 4.23 4.26 2.58 1.66 3.31
Na2O 1.56 1.74 1.51 1.60 3.75 3.73 3.99 3.91 4.02 4.45 4.01 4.80
K2O 0.57 0.65 0.60 0.86 1.80 1.87 4.23 4.39 4.44 4.18 4.69 4.37
P2O5 0.07 0.13 0.14 0.09 0.38 0.43 0.31 0.33 0.33 0.16 0.10 0.30
LOI 0.41 0.36 0.07 1.65 0.00 -0.25 0.44 0.26 0.23 0.51 0.52 0.19
Total 99.55 99.59 99.77 99.30 99.63 99.32 99.16 99.68 99.35 99.42 99.47 99.52
Rb 16.00 19.60 14.60 33.80 69.61 41.05 127.14 198.00 226.00 - - 105.88
Cs 0.80 0.90 1.10 3.50 3.27 1.31 2.58 8.60 9.90 - - 2.43
Ba 220.00 240.00 270.00 290.00 1283.86 898.84 1231.56 840.00 820.00 - - 1497.41
Sr 1140.00 750.00 1260.00 1360.00 1023.55 1047.67 697.31 680.00 670.00 - - 579.05
Th 3.00 1.80 1.20 0.80 5.98 5.65 13.74 25.90 32.00 - - 13.34
U 0.45 0.89 0.26 0.32 1.37 1.33 1.40 3.85 4.05 - - 2.39
La 7.40 12.20 7.90 8.80 27.90 30.62 37.00 39.30 43.30 - - 41.64
Ce 16.20 26.20 14.90 18.20 55.61 62.54 71.89 74.60 84.40 - - 79.83
Pr 2.36 3.57 1.78 2.38 7.62 8.72 8.99 9.26 10.10 - - 9.78
Nd 10.00 15.40 7.10 10.00 27.85 33.27 32.28 33.60 36.60 - - 35.56
Sm 2.50 3.90 1.30 2.30 4.96 6.27 5.41 6.60 6.70 - - 5.95
Eu 0.76 1.22 0.51 0.82 1.57 1.59 1.20 1.41 1.50 - - 1.55
Gd 2.28 3.63 0.99 1.92 4.24 5.46 4.85 5.23 5.44 - - 5.03
Tb 0.29 0.53 0.13 0.30 0.70 0.77 0.72 0.73 0.81 - - 0.75
Dy 1.71 2.71 0.63 1.37 3.69 4.03 3.97 3.68 3.99 - - 4.10
Ho 0.34 0.53 0.11 0.26 0.75 0.79 0.72 0.69 0.74 - - 0.74
Er 0.84 1.51 0.30 0.67 1.99 2.10 2.09 2.02 2.06 - - 2.27
Tm 0.13 0.19 0.05 0.11 0.32 0.30 0.33 0.30 0.35 - - 0.36
Yb 0.70 1.20 0.40 0.60 2.02 1.90 1.94 2.10 2.30 - - 2.15
Lu 0.12 1.19 0.07 0.10 0.31 0.28 0.29 0.34 0.36 - - 0.33
Zr 70.00 97.00 94.00 60.00 138.36 152.81 213.71 62.00 57.00 - - 319.27
Hf 1.00 2.00 <1 <1 4.28 4.03 4.90 8.00 8.00 - - 7.68
Nb 1.00 1.00 1.00 1.00 5.85 4.98 8.82 10.00 13.00 - - 7.93
Ta <0.5 <0.5 <0.5 <0.5 0.48 0.28 0.55 <0.5 0.70 - - 0.51
Y 8.40 13.00 2.90 6.00 20.31 21.32 23.84 19.80 20.40 - - 22.74

The primitive mantle normalized multi-element patterns for all samples (Figure 10 b,d,f)
show a clear Nb, Zr and Hf depletion (Table 3). The presence of the Nb and Hf minimums
is a typical feature of rocks formed in a subduction-related setting. All samples are char-
acterized by enrichment in LREE and Sr of varying intensity. The Sr maximum shows
fractionation of plagioclase. Generally, the level of the trace element in the monzogabbro of
Intrusion 2 (Figure 10b) is higher than that in the rocks of Intrusion 1 (Figure 10b,d,f) in all
parts of the complex.

4.4. Whole-Rock Nd, Sr and S Isotopes

Whole-rock Sr-Nd isotopic compositions for selected samples from the mafic rocks of
the Yamaat Uul complex and monzodiorite are given in Table 4. The initial 87Sr/86Sr ratios
(ISr) and εNd(t) values were calculated on the basis of the zircon U-Pb ages for these rocks
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(~260 Ma). The εNd(t) values for the mafic rocks range from −0.05 to +1.79. Their ISr values
range from 0.70458 to 0.70500. In contrast, the εNd(t) values for the quartz monzodiorites
range from 0.41 to +5.72, apparently higher than those of mafic rocks (Figure 11). Their
ISr values range from 0.70477 to 0.70497.

Table 4. Sr–Nd isotopic data of mafic rocks from the Yamaat Uul mafic complex and environs.

Sample № 87Rb/86Sr 87Sr/86Sr ±2σ ISr
147Sm/144Nd 143Nd/144Nd ±2σ εNd(0) εNd(t)

1 SH220-14/10 0.00794 0.704690 0.00002 0.70466 0.10872 0.512550 0.0003 −1.71 1.21
2 SH105-14 0.02233 0.704660 0.00004 0.70458 0.11756 0.512595 0.0003 −0.84 1.79
3 SH225-14 0.00771 0.704650 0.00002 0.70462 0.16622 0.512660 0.0005 0.42 1.43
4 SH12-15 0.09682 0.705170 0.00004 0.70481 0.12964 0.512563 0.0003 −1.46 0.76
5 SH2-17 0.04698 0.705191 0.00002 0.70502 0.11153 0.512505 0.0003 −2.59 0.24
6 SH7-17 0.05247 0.705196 0.00001 0.70500 0.14538 0.512606 0.0004 −0.62 1.08
7 SH231-17 0.03658 0.705136 0.00001 0.70500 0.10104 0.512473 0.0003 −3.22 -0.05
8 SH235-14 0.10768 0.705370 0.00003 0.70497 0.11845 0.512520 0.0003 −2.30 0.30
9 SH10-15 0.61153 0.707030 0.00002 0.70477 0.11150 0.512514 0.0003 −2.42 0.41
10 SH16-17 0.87250 0.708195 0.00001 0.70497 0.10834 0.512781 0.0003 2.78 5.72

Note: the ISr and εNd(t) values of the Yamaat Uul mafic complex were calculated at the age of 260 Ma.

The sulphide in the rocks of the Yamaat Uul mafic complex have δ34S values rang-
ing from +0.8 (SH222-14) to +1.1 (SH220-14/10), which are within the typical mantle
range [58,59].

Minerals 2023, 13, x FOR PEER REVIEW 18 of 25 
 

 

 
Figure 11. Plot of εNd(t) and initial 87Sr/86Sr values for the mafic rocks and Q monzodiorites of the 
Yamaat Uul mafic complex. DM, depleted mantle; MORB, middle ocean ridge basalt; OIB, ocean 
island basalt; PM, primitive mantle; EM I and EM II, enriched mantle 1 and 2 sources. Data sources: 
fields for DM, PM, MORB and OIB are from [60]; field for regional lithospheric melts is based on the 
data from [61]; Permian Tarim basalt is from [12]; the Precambrian CAOB crust and batholith are 
from [27]. 

Table 4. Sr–Nd isotopic data of mafic rocks from the Yamaat Uul mafic complex and environs. 

 Sample № 87Rb/86Sr 87Sr/86Sr ±2σ ISr 147Sm/144Nd 143Nd/144Nd ±2σ εNd(0) εNd(t) 
1 SH220-14/10 0.00794 0.704690 0.00002 0.70466 0.10872 0.512550 0.0003 −1.71 1.21 
2 SH105-14 0.02233 0.704660 0.00004 0.70458 0.11756 0.512595 0.0003 −0.84 1.79 
3 SH225-14 0.00771 0.704650 0.00002 0.70462 0.16622 0.512660 0.0005 0.42 1.43 
4 SH12-15 0.09682 0.705170 0.00004 0.70481 0.12964 0.512563 0.0003 −1.46 0.76 
5 SH2-17 0.04698 0.705191 0.00002 0.70502 0.11153 0.512505 0.0003 −2.59 0.24 
6 SH7-17 0.05247 0.705196 0.00001 0.70500 0.14538 0.512606 0.0004 −0.62 1.08 
7 SH231-17 0.03658 0.705136 0.00001 0.70500 0.10104 0.512473 0.0003 −3.22 -0.05 
8 SH235-14 0.10768 0.705370 0.00003 0.70497 0.11845 0.512520 0.0003 −2.30 0.30 
9 SH10-15 0.61153 0.707030 0.00002 0.70477 0.11150 0.512514 0.0003 −2.42 0.41 
10 SH16-17 0.87250 0.708195 0.00001 0.70497 0.10834 0.512781 0.0003 2.78 5.72 

Note: the ISr and εNd(t) values of the Yamaat Uul mafic complex were calculated at the age of 260 
Ma. 

5. Discussion 
5.1. Age of Rock Formation 

The geological maps of the Khangai Mountains in previous studies show that all 
mafic–ultramafic intrusions are of an Early Palaeozoic age [62,63]. All isolated zircons 
from the rocks of the Yamaat Uul mafic complex are Permian (255–262 Ma), and all zircons 
are magmatic, while none are xenogenic (Figure 6 and Table 3). 

Thus, the data obtained allow us to date the formation of the Yamaat Uul complex to 
the Permian (255–262 Ma) rather than to the Early Palaeozoic as previously thought 
[62,63]. The following mafic–ultramafic intrusions of the Khangai Mountains formed dur-
ing the same time interval: the Nomgon troctolite–anorthosite–gabbro intrusion (256 ± 2.1 
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Figure 11. Plot of εNd(t) and initial 87Sr/86Sr values for the mafic rocks and Q monzodiorites of the
Yamaat Uul mafic complex. DM, depleted mantle; MORB, middle ocean ridge basalt; OIB, ocean
island basalt; PM, primitive mantle; EM I and EM II, enriched mantle 1 and 2 sources. Data sources:
fields for DM, PM, MORB and OIB are from [60]; field for regional lithospheric melts is based on the
data from [61]; Permian Tarim basalt is from [12]; the Precambrian CAOB crust and batholith are
from [27].

5. Discussion
5.1. Age of Rock Formation

The geological maps of the Khangai Mountains in previous studies show that all
mafic–ultramafic intrusions are of an Early Palaeozoic age [62,63]. All isolated zircons from
the rocks of the Yamaat Uul mafic complex are Permian (255–262 Ma), and all zircons are
magmatic, while none are xenogenic (Figure 6 and Table 3).

Thus, the data obtained allow us to date the formation of the Yamaat Uul complex to
the Permian (255–262 Ma) rather than to the Early Palaeozoic as previously thought [62,63].
The following mafic–ultramafic intrusions of the Khangai Mountains formed during the
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same time interval: the Nomgon troctolite–anorthosite–gabbro intrusion (256 ± 2.1 Ma) [30],
the Oortsog Uul peridotite–troctolite–gabbro intrusion (257–278 Ma) [32], the Dzaraa Uul
monzogabbro intrusion (269 Ma) [15] and the Nariintolburingol intrusion (249–252 Ma) [63].
The rocks of some of them are enriched in PGE [16,32,64]. There is every reason to suggest
that the Yamaat Uul complex together with the forenamed intrusions of Mongolia, localized
in the single CAOB structure, are the products of Permian magmatism belonging to a single
igneous province.

The Yamaat Uul mafic complex is associated with the Early Permian bimodal volcano–
plutonic complex [65]. According to [66], such bimodal complexes are the result of rifto-
genesis initiated by plume activity (Khangai plume), superimposed on the environment
of the active continental margin. Thus, the Yamaat Uul complex, as well as other Permian
mafic–ultramafic intrusions of Western Mongolia, was formed during the formation of the
Khangai batholith (~270–240 Ma) [26], as its earlier intrusion portion [67].

5.2. Source Mantle Characteristics and Crustal Contamination

The Yamaat Uul mafic complex has some unique chemical (geochemical) characteristics
compared to other mafic complexes in the world. In our opinion, the MgO-K2O diagram
is the most informative. In general, the potassium content in the rocks of the layered
complexes increases monotonously as the magnesium content in the rocks increases, for
example, in the Skye and Skaergaard mafic complexes [68] (Figure 12). The potassium
content in the rocks of the complex does not increase monotonously with decreasing
magnesium content in the rocks, but one has a decrease in the plagioclase cumulates in
the Yamaat Uul complex on the diagram (Figures 9c and 12). The same distribution of
rock compositions is observed in the Oortsog Uul intrusion of the Khangai Mountains [17]
and in the Yoko–Dovyren complex of northern Transbaikalia [69]. This distribution can be
explained by the following: 1. Two melts (as in the case of the Oortsog Uul complex) and 2.
Different contents of trapped melts in plagioclase and olivine–pyroxene cumulates.
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The Yamaat Uul mafic complex is similar to the Oortsog Uul peridotite–troctolite–
gabbro intrusion [17] in terms of age, mineralogy and geochemistry. Primary amphibole
and biotite with high TiO2 contents (Bt—0.68–5.07 and 3.00–3.01 wt.%, Am—0.23–4.60
and 0.65–3.21 wt.% for Yamaat Uul and Oortsog Uul, respectively) occur in rocks of both
intrusions at later stages of formation. Plagioclases have a high An content (75–94%
and 81–97%, respectively), and olivine and clinopyroxene have a similar composition.
The two intrusions are characterised by rocks with high MgO values: 12.59–25.27 wt.%
(Oortsog Uul) and 12.54–25.17 wt.% (Yamaat Uul). These are enriched in K2O (0.20–0.87
and 0.30–0.87 wt.%, respectively). The same pattern is observed for TiO2, P2O5 and Na2O
+ K2O; there is an enrichment in incompatible elements with an increase in MgO. The
rocks of the early intrusions of Oortsog Uul and Yamaat Uul show a gradual increase
in the Eu maximum on REE patterns, HFSE (Ta, Nb, Zr, Hf) depletion and LILE (Ba, K)
enrichment on spidergrams; therefore, they have typomorphic features of mafic magmas
that are subduction-related [70].

Thus, the Permian Yamaat Uul and Oortsog Uul intrusions have similar characteristics.
However, Oortsog Uul consists of two intrusions formed from two different melts with
different contents of incompatible elements: K, Ti, P and REE. It has been shown that
the enriched melt was involved in the formation of Intrusion 1 of the Oortsog Uul, while
the depleted melt was involved in the formation of Intrusion 2 [17]. The Sm-Nd isotope
composition data (Table 4) confirm the single source of rock formation in the Yamaat Uul
complex. The rocks of Intrusions 1 and 2 have close εNd values (0.30 and 1.79, respectively),
while for Intrusions 1 and 2 of Oortsog Uul, they have different εNd values (+11 and
−3.6, respectively) [17]. Spidergrams of rocks from the Yamaat Uul and Oortsog Uul
intrusions show different Sr contents (50.3–88.3 and 1.2–18.6, respectively) at similar MgO
contents. This suggests that the Sr content of the mantle is highly variable; there is mantle
heterogeneity beneath Khangai in the Permian.

The high Sr content in the rocks of the Yamaat Uul complex (Figure 10, Table 3) may be
due to crustal contamination. Since all the zircons are magmatic and xenogenic zircons are
absent (see Figure 6a,b), crustal contamination is not typical for the rocks of the Yamaat Uul
complex. Furthermore, the δ34S values of the sulphide mineralization from Yamaat Uul
are from 0.8 to 1.1‰, which are within the typical mantle range [58]. Similar δ34S values
are typical for disseminated ores of the Gorozubovsky intrusion (2.7‰) [71], and the Zub-
Marksheider intrusion (0.39‰) [72] in the Permian–Triassic Noril’sk Province (Russia).
These values suggest that “mantle-like” S isotopic composition reflects the primary sulphide
assemblage that has not been changed with interaction in a deep-staging chamber, during
passage to the surface, or with in situ assimilation, as is frequently suggested [73,74]. The
lack of evidence for crustal contamination of the parental magma is also supported with
Sr-Nd isotopic data from the Yamaat Uul complex. As shown in Figure 11, the gabbroids
show little variation in the isotopic compositions ISr and εNd(t), and correspond to the field
of the lithospheric mantle under the CAOB [61]. Therefore, crustal contamination is not
characteristic of the rocks of the Yamaat Uul mafic complex.

5.3. PGE Depletion in Parental Magma

Mantle heterogeneity in the Permian may have influenced the development of met-
allogeny in the Khangai region. There are mafic–ultramafic intrusions with PGE-Cu-Ni
mineralization in the Khangai Mountains, Oortsog Uul and Nomgon [32,63], which, to-
gether with the studied intrusion, belong to a single metallogenic province formed above
the Khangai plume [24,32].

The different degrees of sulphide melt fractionation of the Nomgon, Oortsog Uul
and Yamaat Uul intrusions are clearly shown in the diagram (Figure 13a) and are due
to positive correlation or joint enrichment of the melt with copper and PGE (Figure 13b).
The sulphide melt fractionates with enrichment of PGE in the Oortsog Uul and Nomgon
intrusions, reaching high values that lead to the formation of PGE mineralization that has
been detected in these intrusions [32]. On the other hand, no such correlation is found
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in the Yamaat Uul complex: PGE does not accumulate with increasing Cu. Therefore, a
bornite–cubanite–chalcopyrite association of sulphides appears in the complex, but PGMs
are not detected, compared with the Nomgon intrusion.
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Three possible factors contribute to the PGE depletion in the parental magmas: (1) a
PGE-depleted source mantle; (2) a low degree of partial melting of the PGE-undepleted
mantle; or (3) previous sulphide removal in the staging magma chamber prior to the
emplacement of the parental magmas. The sulphide mineralization from Oortsog Uul
and Nomgon shows no obvious PGE depletion [32], suggesting a PGE-undepleted mantle
source in the Khangai region.

The IPGE and Ni are more compatible than the PPGE and Cu during partial melting
of the mantle [77]. Therefore, a high degree of partial melting of the mantle would result
in high Ni/Cu and low Pd/Ir ratios. The sulphide mineralization from the Yamaat Uul
complex has moderate Ni/Cu and Pd/Ir ratios, ranging from 0.9 to 10.8 and from 10.7 to
50.5, respectively, and is related to the field of high-Mg basalts and layered intrusions [32].
Sulphide mineralization from the Yamaat Uul complex is apparently depleted in PGE
relative to Cu (and Ni) (Figure 13b). In addition, compared to the important Ni-Cu (-PGE)
deposits in the LIPs of the Eurasian plate, the sulphide mineralization of the Yamaat Uul
complex (in 100% sulphide) has slightly lower Ni contents and significant PGE depletion
(Figure 13).

Parental magmas with Cu/Pd ratios higher than the mantle value of ~7000 [78] may
reflect the sulphide removal at depth [76,79]. The sulphide mineralization of the Yamaat
Uul intrusion has much higher Cu/Pd ratios (10163–1375726) than the mantle value [32],
further indicating sulphide removal from primary magmas prior to intrusion emplacement.
In conclusion, the PGE depletion of parental magmas in the Yamaat Uul complex may
be due to sulphide removal at a deep staging magma chamber or low degrees of partial
melting of the mantle source of the Yamaat Uul complex.

6. Conclusions

(1) Zircon U-Pb dating (SHRIMP II) of the anorthosite and Bt-Am-Ol gabbronorite of
the Yamaat Uul mafic complex in the Khangai Mountains has a revealed age of
255.8 ± 2.9 Ma and 262.6 ± 3.1 Ma, respectively. Thus, the mafic rocks of the complex
were formed in the Late Permian and, together with other mafic–ultramafic intrusions
of the Khangai Mountains, are early phases of the Khangai batholith.
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(2) The Yamaat Uul mafic complex consists of two intrusions; Intrusion 1 is represented by
plagioclase cumulates and olivine–pyroxene cumulates and Intrusion 2 is composed
of monzogabbro. All of the rocks of the complex are derived from a unified parental
melt due to different amounts of trapped melts in plagioclase and olivine–pyroxene
cumulates.

(3) Magmatic zircons, Sm-Nd, Rb-Sr isotope data and sulphur isotopes indicate that
crustal contamination did not affect the formation of the Yamaat Uul mafic complex.

(4) The Yamaat Uul mafic complex together with other mafic–ultramafic intrusions of the
Khangai Mountains are related to the Khangai LIP and can be considered as potential
for the PGE-Cu-Ni. These intrusions have a low degree of evolution of the sulphide
melt.
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Uul mafic complex; Table S3: Representative orthopyroxene compositions of the Yamaat Uul mafic
complex; Table S4: Representative amphibole compositions of the Yamaat Uul mafic complex; Table S5:
Representative plagioclase compositions of the Yamaat Uul mafic complex; Table S6: Representative
biotite compositions of the Yamaat Uul mafic complex.
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