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A B S T R A C T   

The Mongol-Okhotsk Belt is the youngest segment of the Central Asian Orogenic Belt, which is the venue of the 
massive juvenile crust emplacement, and its formation and evolutions are still pending problems. This paper 
presents the first up-to-date U–Pb zircon ages, Hf-in-zircon isotope, geochemical and whole-rock Nd isotope data 
from igneous rocks of the Khangay-Khentey basin, Central Mongolia. The U–Pb zircon ages indicate three groups 
of magmatism at ~296 Ma, ~280 Ma, and ~230 Ma. The ~296 Ma magmatic rocks are characterized by 
negative εHf(t) and εNd(t) values and old Hf and Nd model ages suggesting their derivation by the melting of the 
crustal source. The ~280 Ma rocks are A2-type monzonites, granitoids, and rhyolites show positive εHf(t) and 
εNd(t) values and Neoproterozoic Hf and Nd model ages. The geochemical and isotope data suggest that ~280 Ma 
magmatism derived by the melting of a crustal source, induced by mantle upwelling. The ~230 Ma rock 
assemblage includes granitoids and volcanic rocks. The I-type calc-alkaline granitoids are enriched in K, Rb, U, 
and Th. The geochemical characteristics suggest that they have formed by the melting of a hornblende-bearing 
crustal source with the participation of fluids separated from the subducting slab. The positive εHf(t) and εNd(t) 
~230 Ma rocks suggest partial melting of a depleted lower crustal material with the contribution of ancient 
crustal material. The ~296 Ma granitoids possess coherent/coupled Nd–Hf isotopic compositions supporting 
their origin from the ancient crust. Although the number of ~296 Ma samples are small, we suggest that they 
were probably emplaced at an active continental setting, ~280 Ma samples could have formed in a setting of 
local extension environment, ~230 Ma granitoids were also formed at an active continental margin. These 
magmatic rocks formed during the subduction of the Mongol-Okhotsk oceanic plate beneath the Central 
Mongolia-Erguna Block.   

1. Introduction 

The continental crust of the Earth is unique by the presence of 

granites, compared to other planets of the solar system. Its origin and 
evolution have been a matter of debate among Earth scientists for a long 
time (Taylor and McLennan, 1995; Chen and Grapes, 2007; Pastor-Galán 
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et al., 2021). Granites are essential for deciphering crustal growth, tec-
tonic evolution of the Earth and for assessing related mineral deposits (e. 
g., Clemens et al., 2020; Ganbat et al., 2021a). Granites and their 
associated volcano-plutonic suites can provide critical information 
about orogeny-related igneous petrogenesis and geodynamic framework 
(e.g., Barnes et al., 2016; Kemp et al., 2006; Pearce and Peate, 1995). 
The Central Asian Orogenic Belt (Fig. 1a; CAOB or Altaids) is the world 
largest accretionary orogenic belt sandwiched between the Siberian, 
Kazakhstan, Tarim, and North China continental blocks and represents 
the most significant juvenile crustal growth on the Earth during the 
Phanerozoic (e.g., Şengör et al., 1993; Kovalenko et al., 1996, 2004; 
Jahn, 2004; Windley et al., 2007; Xiao et al., 2010; Safonova et al., 2011, 

2017; Kröner et al., 2014). Evidence for the dominantly juvenile char-
acter of the CAOB crust comes from low whole-rock initial Sr and high 
Nd and high Hf-in-zircon isotopic values of the CAOB igneous rocks and 
from the Pacific-type nature of the CAOB constituting local orogenic 
belts (e.g., Jahn, 2004; Safonova et al., 2011, 2017; Wilhem et al., 
2012). However, the proportions of juvenile and recycled crust in the 
CAOB, hosting numerous volcano-plutonic complexes/suites (Fig. 1b), 
are still a matter of debate as many formations still lack up-to-date 
analytical data and many areas lack reliable tectonic models (e.g., 
Jahn, 2004; Kröner et al., 2014; Safonova, 2017). The solution to these 
problems requires reconstructing tectonic frameworks in different seg-
ments of the CAOB. 

Fig. 1.  
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The CAOB grew through the evolution and suturing of the Paleo- 
Asian Ocean and its related oceanic realms or branches, e.g., Turke-
stan or South Tienshan Ocean in the west and Mongol-Okhotsk Ocean 
(MOO) in the east. The closure of the MOO by approaching Siberian and 
Central Mongolia-Erguna blocks in the Late Paleozoic–Mesozoic time led 
to the formation of the Mongol-Okhotsk Belt in the northeastern CAOB 
(e.g., Donskaya et al., 2013; Yi and Meert, 2020). The Mongol-Okhotsk 
Belt hosting numerous volcano-plutonic series is the youngest and one of 
the most critical segments of the CAOB (Fig. 1b). Despite the extensive 
research during the last three decades, whether these volcano-plutonic 
series are related to the evolution of the MOO is still an issue of hot 
debate. One viewpoint is that they formed in a within plate setting 
without any link with the MOO (Yarmolyuk et al., 2002). Several models 
assumed that they were related to the subduction of MOO. These models 
include uncertainty whether this ocean closed with bi-directional sub-
duction (Tomurtogoo et al., 2005) or whether there was subduction 
along the northern margin beneath the Siberian craton (e.g., Donskaya 
et al., 2013; Munkhtsengel et al., 2007), or southern margin beneath the 
Central Mongolia-Erguna Block which is also referred to as Amur or 
Amurian Superterrane (e.g., Sorokin et al., 2020; Zhao et al., 2017; Zhu 
et al., 2016). 

We need to point out that previous studies of the Mongol-Okhotsk 
Belt were mostly within the territories of China (e.g., Liu et al., 2018; 
Sun et al., 2013) and Russia (e.g., Kovach et al., 2012). The amount of 
up-to-date geochronological and geochemical data from granitic plutons 
and volcano-plutonic belts in the Mongolian part of the belt remains 
limited to solve confidently the problem of their origin and subduction 
evolution of the MOO. In this paper, we present U–Pb zircon ages, major 
and trace element geochemical data, whole-rock Nd and in-situ zircon 
Hf isotopic compositions for the granitic plutons in the central part of the 
Khangay-Khentey basin (Fig. 1b, c), in an attempt to constrain the for-
mation time of the granitic plutons and the volcano-plutonic series, to 
understand their petrogenesis, and to reconstruct geodynamic settings of 
their formation. The new results will shed light on the Late Paleo-
zoic–Early Mesozoic evolution of the Mongol-Okhotsk Belt, as well as 
the nature of continental crust growth in the eastern CAOB. 

2. Regional and local geology 

The territory of Mongolia occupies a central position within the 
CAOB (Fig. 1b) and has been subdivided into two tectonic domains by 
the Main Mongolian Lineament (MML), to the north and the south 

Fig. 2. Simplified geological map of the Delgerkhaan area (modified after the 1:200000 State Geological Map), showing sample locations.  
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(Badarch et al., 2002; Wilhem et al., 2012). The northern domain 
comprises cratonic fragments, Neoproterozoic ophiolites, Precambrian 
and Early Paleozoic metamorphic rocks, and Early Paleozoic basins with 
clastic rock, island arcs, and associated volcanoclastic sediments 
(Badarch et al., 2002). The southern domain consists of Paleozoic island 
arcs, ophiolite fragments, and late Carboniferous to Permian volcanic 
rocks, which have been linked to the evolution of the Paleo-Asian Ocean 
(Kozakov et al., 2007; Lamb et al., 2001). These two domains are 
bounded by the Khangay-Khentey basin, part of the Mongol-Okhotsk 
Belt. 

The Mongol-Okhotsk Belt extends over a distance of more than 3000 
km from Central Mongolia to the Uda Bay in the Okhotsk Sea over the 
territories of Mongolia, Russia, and NE China (Fig. 1b). The Silurian to 
Carboniferous oceanic sedimentary sequences of the Khangay-Khentey 
basin (part of the Mongol-Okhotsk Belt) are overlain by Triassic terrig-
enous continental deposits. The Khangay-Khentey basin also includes 
the Adaatsag and Khuhu Davaa ophiolites with crystallization ages from 
325 to 314 Ma, and associated accretionary complexes (Tomurtogoo 
et al., 2005; Zhu et al., 2018) marking the suture zone of the MOO 
(Fig. 2). The accretionary complexes include oceanic basalt (mostly OIB- 
type), Silurian–Devonian radiolarian pelagic chert, hemipelagic sili-
ceous mudstone and siltstone, and trench turbidite, all elements of 
Ocean Plate Stratigraphy (OPS), and fore-arc greywacke sandstone (e.g., 
Dagva-Ochir et al., 2020; Kelty et al., 2008). The U–Pb ages of detrital 
zircons show that the sedimentation in the Khangay-Khentey basin 
began during the early Carboniferous (Kelty et al., 2008; Hara et al., 
2013), and was related to coeval volcanic arc activity (Bussien et al., 
2011; Ruppen et al., 2014). The general geology and the numerous in-
trusions of mafic to felsic igneous rocks, younging from west to east 
along the Mongol-Okhotsk suture (Donskaya et al., 2013), suggest that 
the ocean closed in a scissor-like manner during a period spanning from 
late Carboniferous to the Permian in central Mongolia and/or until the 
Triassic–early Jurassic or Cretaceous in southeastern Transbaikalia and 
NE China. The accurate time of its closure, however, remains uncertain 
(e.g., Sorokin et al., 2020). The subduction of the MOO can be respon-
sible for the paired volcano-plutonic belts that once existed around the 
suture, hosting abundant granitoid intrusions: plutons with various sizes 
and huge batholiths. Among those are Angara-Vitim, Erguna, Khangay, 
and Khentey batholiths (Fig. 1b). The Angara-Vitim batholith developed 
on the heterogeneous basement as its granitoids yielded U–Pb ages 
ranging from 333 to 275 Ma (e.g., Kovach et al., 2012; Litvinovsky et al., 
2011). The Erguna batholith formed in an arc and back-arc settings in 
the Carboniferous time (e.g., Sun et al., 2013), and continued until the 
early–middle Jurassic (Liu et al., 2018). The Khangay batholith is 
located in the western Mongol-Okhotsk Belt (Fig. 1c). It consists of 
several plutonic complexes formed in two phases. The first phase of 
granodiorite, tonalite, plagiogranite, and gabbro-diorite was followed 
by a second phase of biotite-tonalite, leucogranite, and alkaline granite 
(e.g., Yarmolyuk et al., 2016). The available U–Pb zircon, Rb–Sr 
isochron, and Ar/Ar ages from the Khangay batholith range from 273 to 
237 Ma (Jahn, 2004; Yarmolyuk et al., 2019). The Khentey batholith is 
dominated by granodiorite and leucogranite with subordinate gabbro 
and diorite. The U–Pb zircon ages and Rb–Sr isochron ages obtained 
from the Khentey granitoids range from 226 to 186 Ma (Yarmolyuk 
et al., 2002). To the south, the Khentey batholith is bordered by abun-
dant coeval series of bimodal volcanic rocks and alkaline Li–F granites 
(e.g., Yarmolyuk et al., 2002). 

Of special interest is the Selenge volcano-plutonic Belt located in the 
northern Mongol-Okhotsk Belt (Fig. 1c) as it hosts the world-class 
Erdenet copper-porphyry deposit. The Selenge pluton, which is closely 
related to mineralization, is a composite intrusion. The oldest Selenge 
pluton (277–253 Ma) consists of calc-alkaline shoshonite-latite rocks, 
and coeval volcanics (Munkhtsengel et al., 2007). The younger 240 Ma 
quartz-diorite yielded εHf(t) values from +6.9 to +14.8 and tHf(DM) ages 
between 830 and 320 Ma. The Triassic magmatic activity formed alka-
line intrusions and bimodal igneous series different from older 

subduction-related magmas (Morozumi, 2003). The ore-bearing Erdenet 
intrusions yielded ages of 245–235 Ma and Re–Os in molybdenite yiel-
ded an age of 240 Ma (Morozumi, 2003). 

The study area lays in the southern margin of the Khangay-Khentey 
basin, northwest of the Mongol-Okhotsk suture near the Delgerkhaan 
town (Fig. 2). It hosts several granitoid plutons, including undifferen-
tiated bodies namely Batkhaan, Zambalkhudag, Delgerkhaan plutons, 
which are the foci of this paper. They are compositionally variable: 
diorite and granodiorite to subordinate monzogranite and alkaline 
granite (Tumurchudur et al., 2006). The Batkhaan granitoid pluton of 
the Permian age consists of subalkaline granite, syenogranite, quartz 
syenite, quartz diorite, associated with trachyrhyolite, rhyolite, and 
dacite. This association is overlain by the late Permian conglomerate, 
silicified sandstone, and siltstone strata with fauna and flora. The Del-
gerkhaan granitoid pluton occupies a large area and consists of calc- 
alkaline biotite-hornblende granite, granodiorite, monzodiorite, mon-
zogabbro carrying mafic xenoliths (Amar-Amgalan, 2008; Tumurchudur 
et al., 2006). The Delgerkhaan granitoids are cut by numerous NE- 
trending 1–3 m wide mafic to intermediate dykes. Near the granitoid 
body, there are outcrops of mafic to felsic volcanic rocks. Biotite from 
trachyandesite yielded a K–Ar age of 223 Ma (Tumurchudur et al., 
2006). According to the 1:200000 scale State Geological Map (Dag-
vadorj et al., 1993), the Zambalkhudag pluton consists of late Carbon-
iferous calc-alkaline biotite-granite, granodiorite, and leucogranite. An 
undifferentiated smaller body, previously assumed as Cambrian granite- 
granodiorite, is overlain by felsic volcanogenic formations, which lith-
ostratigraphic age is accepted as early Permian (Fig. 2; Dagvadorj et al., 
1993). The igneous rocks intrude Devonian–Carboniferous dark gray 
sandstone, polymictic sandstone, conglomerate, gravel, and chert. In 
addition, there are late Triassic syenite, diorite, monzodiorite, and mafic 
to intermediate volcanic rocks and Cretaceous basaltic andesite–all 
covered by oil-bearing shale-siltstone-sandstone strata (Tumurchudur 
et al., 2006). 

3. Analytical methods 

3.1. Zircon U–Pb geochronology 

Zircon crystals were separated in Tohoku University, using standard 
techniques including conventional rock-crushing, magnetic and heavy 
liquid separation, and handpicking under a binocular microscope. Then, 
zircon crystals were mounted in epoxy discs. Zonation of zircon interiors 
was documented using cathodoluminescence (CL) imaging using a 
Hitachi S-3400 N scanning electron microscope, equipped with a Gatan 
MiniCL. In-situ zircon U–Pb dating was carried out in the Okayama 
University of Science by using a Thermo Fisher Scientific iCAP-RQ sin-
gle-collector Inductively Coupled Plasma Mass Spectrometer (ICPMS) 
quadrupole coupled to a Teledyne Cetac Technologies Analyte G2 ArF 
excimer laser ablation (LA) system equipped with a HelEx 2 volume 
sample chamber. The laser ablation was conducted at the laser spot size 
of 25 μm, the fluence of 1.8 J/cm2, and the repetition rate of 5 Hz (for 
details see Aoki et al., 2020). NIST SRM 612 standard (Jochum et al., 
2011) for instrument optimization. Reference zircon Nancy 91500 was 
used for age calibration (Wiedenbeck et al., 2004). 207Pb/206Pb and 
206Pb/238U ages of Nancy 91500 zircon are 1067 ± 4 (2σ) and 1064 ± 4 
Ma, respectively, which are in agreement with recommended values 
(1065 Ma; Wiedenbeck et al., 2004). Plešovice zircons were measured as 
secondary standards for quality control. Measured weighted means 
206Pb/238U age of 339 ± 4 and 205Pb/235U 337 ± 12 Ma are coincident 
with the reference value of Plešovice zircon (337 Ma; Sláma et al., 
2008). 

Zircons from samples D0815 and D0817 were analyzed for U–Pb 
ages at the Beijing SHRIMP Center, China, with a SHRIMP II, following 
the standard procedures described in (Jian et al., 2012). Prior to each 
analysis, the rastering of primary beams, was applied to minimize 
contamination by surface Pb. Reference zircon TEMORA (417 Ma; Black 
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et al., 2003) was used for the calibration of U concentrations and U–Pb 
ages, and a weighted mean value was 417 ± 3 Ma (1σ). U–Pb ages and 
concordia diagrams were calculated and plotted using IsoplotR software 
(ver. 3.75; Vermeesch, 2018); the concordia age of each sample in-
corporates errors on decay constants and includes evaluation of the 
concordance of apparent ages. The concordia ages and errors are pre-
sented at the two-sigma level. 

3.2. Whole-rock geochemistry 

Twenty-five samples were selected for whole-rock analysis. Con-
centrations of major and trace elements were measured at Activation 
Laboratories Ltd., Canada, using Code 4Litho Lithogeochemistry Pack-
age with fusion inductively coupled plasma optical emission spectrom-
etry (FUS-ICPOES) and inductively coupled plasma mass spectroscopy 
(FUS-ICPMS), respectively. Thirty-one more samples were analyzed at 
the Key Laboratory of Lithospheric Evolution, Institute of Geology and 
Geophysics, Chinese Academy of Science. Major oxides were obtained 
from X-ray fluorescence (XRF) with the analytical uncertainties ranging 
between 1 and 3%. An Inductively Coupled Plasma Mass Spectrometer 
(ICPMS) was used to determine rare earth elements (REE) and trace 
elements. The measurement error and drift were controlled by regular 
analysis of standard samples with a periodicity of 10%. The analyzed 
uncertainties of ICPMS data at the μg/g level are better than 3–10% for 
the trace elements, and ~ 5–10% for the REE procedure at the Institute 
of Geology and Geophysics, Chinese Academy of Sciences. Analytical 
procedures are described in detail by Chu et al. (2009). Five more 
samples of granitoids were analyzed at the Analytical Center for Multi- 
Element and Isotope Studies of the Institute of Geology and Mineralogy, 
Novosibirsk, Russia. Major oxides were determined by the X-ray fluo-
rescence (XRF) method using an Applied Research Laboratories ARL- 
9900-XP analyzer, following the standard procedure. Trace elements 
were analyzed by mass spectrometry with inductively coupled plasma 
(ICPMS) after fusion with LiBO2. Simultaneous determination of all el-
ements was carried out to low, medium, and high resolution, on a Fin-
nigan Element-II high-resolution mass spectrometer with external 
calibration using BHVO-1 reference samples and an internal standard. 
The method has been validated through the analysis of nine reference 
materials. Relative standard deviations for all elements were < 10% 
within the determined concentration ranges. 

3.3. Hf-in-zircon isotopes 

Zircon Hf isotope analyses were carried out using a Thermo Fisher 
Scientific Neptune Plus multi-collector (MC)-ICPMS in combination 
with a Geolas 2005 excimer ArF laser ablation system (193 nm) at the 
Institute of Geology and Geophysics, Chinese Academy of Science, Bei-
jing. The analyses for zircon grains from the granites were conducted 
with a beam diameter of 63 μm, 6 Hz repetition rate, and an energy of 
15 mJ/cm2. This setting yielded a signal intensity of 10 V at 180Hf for the 
standard zircon GJ-1. The typical ablation time was 26 s, resulting in pits 
20–30 μm deep. The GJ-1 zircon standard yielded an average 
176Hf/177Hf ratio of 0.282000 ± 39 (2σ, n = 10), which was consistent 
with the recommended value of 0.282000 ± 5 (2σ; Morel et al., 2008). 

The initial 176Hf/177Hf ratios for the unknown samples were calcu-
lated, using the measured 176Lu/177Hf ratios, the apparent age of each 
zircon grain, and a 176Lu decay constant of 1.867 × 10− 11 yr− 1 

(Söderlund et al., 2004). The calculations of epsilon Hf were done using 
a present-day chondritic 176Hf/177Hf value of 0.282785 and 176Lu/177Hf 
of 0.0336 (Bouvier et al., 2008) and the present-day felsic crustal ratio of 
176Lu/177Hf = 0.015 (Griffin et al., 2004). 

3.4. Sm–Nd isotopic analysis 

Sm-Nd isotopic analyses were performed at the Institute of Precam-
brian Geology and Geochronology, Russian Academy of Sciences, Sankt- 

Peterburg. About 100 mg of whole-rock powder was dissolved in a 
mixture of HF, HNO3, and HClO4. A 149Sm–150Nd spike solution was 
added to all samples before dissolution. REEs were separated on BioRad 
AGW50-X8 200–400 mesh resin using conventional cation-exchange 
techniques. Sm and Nd were separated by extraction chromatography 
with a LN-Spec (100–150 mesh) resin. The total blank in the laboratory 
was 0.1–0.2 ng for Sm and 0.1–0.5 ng for Nd. Isotopic compositions of 
Sm and Nd were determined on a TRITON Thermal Ionization multi- 
collector mass-spectrometer (TIMS). The precision (2σ) of Sm and Nd 
contents and 147Sm/144Nd ratios were 0.5% and 0.005% for 
143Nd/144Nd ratios. 143Nd/144Nd ratios were adjusted relative to a value 
of 0.512115 for the JNdi-1standard. During the period of analysis, the 
weighted average of 10 JNdi-1 Nd standard runs yielded 0.512108 ± 7 
(2σ) for 143Nd/144Nd, normalized against 146Nd/144Nd = 0.7219. The 
εNd(t) values were calculated using the present-day values for a chon-
dritic uniform reservoir (CHUR) 143Nd/144Nd = 0.512638 and 
147Sm/144Nd = 0.1967 (Jacobsen and Wasserburg, 1984). Whole-rock 
Nd model ages tHf(DM) were calculated using the model of Goldstein 
and Jacobsen (1988) according to which the Nd isotopic composition of 
the depleted mantle evolved linearly since 4.56 Ga ago and has a 
present-day value εNd(0) of +10 (143Nd/144Nd = 0.513151 and 
147Sm/144Nd = 0.21365). Two-stage (crustal) Nd model ages tHf(C) were 
calculated using a mean crustal ratio 147Sm/144Nd of 0.12. 

4. Results 

4.1. Petrography 

The most abundant igneous rock types in the study area are granite, 
granodiorite, syenogranite, quartz monzonite andesite, and trachyan-
desite (Fig. 3). Mineral assemblages of representative samples are given 
in Table 1. The major constituent minerals in undifferentiated grano-
diorite (sample D0925) are plagioclase (~49 vol.%), quartz (~25%), K- 
feldspar (~25%) (Fig. 3a). The accessory minerals are magnetite, 
apatite, and zircon (~1%). Batkhaan inequigranular syenogranite 
(sample D1710) possesses hypidiomorphic texture with myrmekite in-
tergrowths (Fig. 3b). Major minerals are anhedral quartz (~40%), 
euhedral to subhedral perthitic K-feldspar (phenocrysts of microcline or 
orthoclase in an amount of ~39%, and subhedral plagioclase (~20%). In 
places, the phenocrysts contain minor fractures filled by quartz and 
partly affected by sericitization. Zircon, apatite, opaque minerals are 
accessories (~1%). Batkhaan rhyolites (sample D1709) are massive and 
porphyritic and contain ~20% subhedral–anhedral quartz ~20% and 
subhedral–anhedral K-feldspar phenocrysts in a groundmass consisting 
of quartz, plagioclase, and K-feldspar (Fig. 3c). Delgerkhaan plutonic 
rocks are dominated by granite, granodiorite, and quartz monzonite. 
Hypidiomorphic monzogranite (sample D1742) consists of euhedral to 
subhedral plagioclase (~30%), subhedral K-feldspar (~30%), euhedral 
quartz (~20%), biotite (~13%), and hornblende (~5%), (Fig. 3d) plus 
accessory zircon, apatite, and titanite (~2%). Hypidiomorphic grano-
diorite (sample D0815) consists of plagioclase (~45%), K-feldspar 
(~20%), subhedral quartz (~15%), hornblende (~10%) and biotite 
(~8%) (Fig. 3e, f) plus accessory zircon and opaque minerals and sec-
ondary sericite and chlorite (~2%). The Zambalkhudag coarse-grained 
granodiorite (sample D1726) consists of subhedral plagioclase 
(~39%), euhedral to subhedral K-feldspar (~20%) and anhedral quartz 
(~20%), hornblende (~10%) and biotite (~10%) plus secondary chlo-
rite (Fig. 3g, h). In places, plagioclase and K-feldspar form myrmekite 
textures. Accessory minerals are zircon and apatite (~1%). The volcanic 
rocks associated with the Delgerkhaan pluton are dominated by por-
phyry andesite and trachyandesite. Andesite (Sample D1737) contains 
0.2–1 mm long subhedral phenocrysts of plagioclase (~50%) partly 
replaced by sericite (Fig. 3i). The groundmass (~50%) consists of K- 
feldspar, plagioclase laths, biotite, and secondary chlorite, and horn-
blende (Fig. 3i). 
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4.2. U-–Pb geochronology 

The separated zircon grains are stubby to elongated and euhedral to 
subhedral. Their sizes range from 50 to 300 μm and the aspect ratio 
varies from 1.5 to 3. The grains are transparent, mostly colorless or 
yellowish to brownish. In CL images most grains exhibit fine to coarse 
banded oscillatory zoning (Fig. 4), although there are also zircons with 
patchy or sectorial zoning. Sample D0925 was collected from an un-
differentiated granitoid body. It yielded one zircon grain with an age of 
498 Ma, while the rest zircons are 296 ± 3 Ma (Fig. 5). Samples D1710 
and D1709 were collected from the Batkhaan suite and carry zircons 
with U–Pb concordia ages of 274 ± 3 to 282 ± 2 Ma. Samples D1742, 
D0815, D0817, D1718, and D1726 were taken from the Delgerkhaan 
and Zambalkhudag plutons, and their zircon concordia ages are brack-
eted between 220 ± 2 Ma and 240 ± 3 Ma. Table 2 presents zircon 
features of each sample and their yielded ages. Zircon dating results are 
shown in Supplementary Table 2. Our new U–Pb age results allow us to 
highlight three groups of magmatism in the Delgerkhaan area from the 
early Permian until the late Triassic at ~296, ~280, and ~230 Ma. 

4.3. Whole-rock geochemistry 

4.3.1. ~296 Ma granitoids 
The major and trace element geochemical data of the studied sam-

ples are given in Supplementary Table 3. The undifferentiated granitoids 
of the study area are characterized by medium SiO2 (65.7–66.7 wt%), 
Al2O3 (15.0–16.7 wt%), and low TiO2 (0.39–0.61 wt%). The contents of 
MgO and FeOT range from 0.61 to 1.29 and from 2.58 to 3.94 wt%, 
respectively, resulting in Fe numbers of 0.75 to 0.83 [Fe# = FeOT/ 
(FeOT + MgO)] and Mg numbers of 44 to 56 [Mg# = molar 100 × Mg/ 
(Mg + Fe)]. The total alkalis (Na2O + K2O) are high (7.9–8.3 wt%), in 
the TAS diagram they plot in the field of quartz monzonite (Fig. 6a). The 
rocks are ferroan to magnesian (Fig. 6c) and high-K calc-alkaline 
(Fig. 6d). They belong to I-type granites, and the ratio of A/CNK [molar 
Al2O3/(CaO + K2O + Na2O)] ranges from 0.94 to 1.04 indicating their 
metaluminous to the weakly peraluminous character (Fig. 7c). The rocks 
exhibit high concentrations of Sr and low concentrations of Y and Yb. In 
addition, they have low Cr, and Ni. The degree of LREE and HREE dif-
ferentiation is moderate to high with (La/Yb)CN = 11–32 (Fig. 8a). The 
REE patterns show weak negative to zero Eu anomalies. The primitive 
mantle-normalized multi-element patterns show enrichment in incom-
patible elements and positive Nb, Ta anomalies relative to Th and La 
(Fig. 8b). 

4.3.2. ~280 Ma volcanoplutonic rocks 
The ~280 Ma pluton consist of granites and monzonites (Fig. 6a). 

The SiO2 content of the Batkhaan granitoids span between 72.9 and 
77.2 wt%, and total alkalis are 7.46–9.77 wt%. The rocks have low 
Al2O3 (11.3–14.9 wt%), Mg# (14–39), and CaO (0.08–0.78 wt%), but 
high Fe# (0.86–0.96 wt%), i.e., they represent ferroan rocks and normal 
to high-K calc-alkaline (Fig. 6c, d). Compared to the granites, the 
monzonites have lower SiO2 (59.5–61.4 wt%) and total alkalis 
(6.86–7.72 wt%), but higher Al2O3 (16.6–19.7 wt%) and Mg# (26–36) 
and CaO (3.4–5.9 wt%). The volcanic rocks are dominantly rhyolite 
except for one sample of dacite (Fig. 6b). They belong to A-type granites 
(Fig. 7a, b) and their A/CNK values range from 0.95 to 1.13, indicating 
peralkaline, metaluminous, and peraluminous transition character 
(Fig. 7c). They have high SiO2 = 67.9–77.6 wt%, and total alkalis =
6.5–8.8 wt%, but low Al2O3 (11.2–13.6 wt%), Mg# (10–39), and CaO 
(0.05–1.75 wt%). All ~280 Ma rocks, both plutonic and volcanic, have 
slightly LREE enriched [(La/Yb)CN = 2.8–6.6, except D1721 = 23.5] 
with clear Eu troughs (Fig. 8c). They are enriched in Nb, Zr, Y, and U, but 
depleted in Sr (17–263 μg/g in granites and 245–456 μg/g in monzo-
nites). The primitive mantle normalized spidergrams of the ~280 Ma 
rocks show deep troughs at Ba, Sr, P, Eu, and Ti and shallower troughs at 
Nb, Ta (Fig. 8d). 

4.3.3. ~230 Ma volcanoplutonic rocks 
Previous researchers considered the Delgerkhaan and Zambalkhudag 

plutons as different bodies (Tumurchudur et al., 2006). In this paper, we 
characterize them together since they possess similar geochemical fea-
tures. These ~230 Ma rocks of the Delgerkhaan and Zambalkhudag 
plutons span wide ranges of SiO2 (61.4–75 wt%) and total alkalis (Na2O 
+ K2O = 6.3–9.4 wt%), a restricted range of Al2O3 (12.9–16.60 wt%). 
Most of the samples are characterized by high TiO2 (0.03–0.82 wt%), 
moderate FeOT (1.0–5.3 wt%), and high Mg# (44–73) except for three 
samples with lower Mg# (2.85–24). In the TAS diagram, the granitoids 
fall in the fields of granodiorite, quartz monzonite, and granite (Fig. 6a). 
As Fe# ranges from 0.53 to 0.99, the granitoids belong to the magnesian 
type and high-K calc-alkaline series granites (Fig. 6c, d). The samples 
plot on the I-type granite field (Fig. 7a, b) and in the A/CNK versus A/NK 
diagram, the samples plot in the metaluminous and I-type fields (Fig. 7c, 
d). The chondrite normalized REE patterns show less fractionated HREE, 
and weak to zero negative or positive Eu anomalies (Fig. 8e). The spi-
dergrams show enrichment in LILEs and depletion in HFSEs. They 
display lower contents of Nb, Zr, Y, and U, but higher Sr and Pb (Fig. 8f). 
The samples are characterized by high Sr, and low Y, and Yb. The vol-
canic rocks associated with the Delgerkhaan pluton have SiO2 =

58.5–68.1, MgO = 0.50–7.4, Al2O3 = 13.6–16.2, TiO2 = 0.6–1 wt%, 

Table 1 
Mineral assemblage and contents of studied samples of the Khangay-Khentey basin.  

No. Sample No. Lithology Sampled unit Texture Mineral content, vol% 

Qz Pl Kfs Bt Hbl Accessory mineral 

1 D0925 Granodiorite Undifferentiated Porphyritic ∽25 ∽49 ∽25   ∽1 
2 D1710–1 Monzonite Batkhaan Medium-grained phaneritic ∽15 ∽59 ∽25   ∽1 
3 D1710 Syenogranite Batkhaan Fine-grained phaneritic ∽40 ∽20 ∽39   ∽1 
4 D1707 Monzogranite Batkhaan Medium-grained phaneritic ∽38 ∽30 ∽26 ∽5  ∽1 
5 D1709 Rhyolite Batkhaan Porphyritic ∽20  ∽20   ∽1 
6 D0808 Granodiorite Delgerkhaan Medium-grained phaneritic ∽22 ∽38 ∽25 ∽9 ∽5 ∽1 
7 D0812 Granodiorite Delgerkhaan Medium-grained phaneritic ∽20 ∽49 ∽20 ∽10  ∽1 
8 D0815 Granodiorite Delgerkhaan Medium-grained phaneritic ∽15 ∽45 ∽20 ∽8 ∽10 ∽2 
9 D0817 Granodiorite Delgerkhaan Porphyritic ∽20 ∽42 ∽20 ∽6 ∽10 ∽2 
10 D0818 Granodiorite Delgerkhaan Porphyritic ∽15 ∽50 ∽20 ∽8 ∽5 ∽2 
11 D0819 Monzodiorite Delgerkhaan Porphyritic ∽10 ∽48 ∽20 ∽10 ∽10 ∽2 
12 D1012 Monzogranite Delgerkhaan Medium-grained phaneritic ∽24 ∽30 ∽24 ∽10 ∽10 ∽2 
13 D1746 Monzogranite Delgerkhaan Medium-grained phaneritic ∽25 ∽40 ∽20 ∽14  ∽1 
14 D1742 Monzogranite Delgerkhaan Medium-grained phaneritic ∽20 ∽30 ∽30 ∽13 ∽5 ∽2 
15 D1718 Monzogranite Delgerkhaan Medium-grained phaneritic ∽25 ∽30 ∽29 ∽5 ∽10 ∽1 
16 D1726 Granodiorite Zambalkhudag Medium-grained phaneritic ∽20 ∽39 ∽20 ∽10 ∽10 ∽1 
17 D1737 Andesite Triassic volcanic Massive  ∽50    ∽1  
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FeOT = 4.16–7.4, (Na2O + K2O) = 5.18–8.6 wt%. The values of Mg# and 
Fe# are bracketed between 22 and 79, 0.5 and 0.93, respectively. The 
volcanic rocks are andesite, trachyandesite, trachydacite, and dacite 
(Fig. 6b). According to A/CNK (0.77–1.07), they represent metal-
uminous to peraluminous varieties (Fig. 7c). The chondrite normalized 
REE patterns (Fig. 7a) show enrichment in LREEs [(La/Yb)CN =

2.88–34.6], and weak negative to positive Eu anomalies. The multi- 
element patterns show negative Nb, Ta, and Ti anomalies (Fig. 8f) and 
significant enrichment in LILE (K, Rb, Ba, Sr) (Fig. 8f). 

4.4. Zircon Hf isotopes 

Seven analyses from ~296 Ma intrusion sample gave initial 
176Hf/177Hf ratios (t = 296 Ma) varying from 0.282488 to 0.282654, 
among which one analysis on an inherited zircon grain with an age of 
~498 Ma yielded initial 176Hf/177Hf ratios (t = 498 Ma) of 0.282488 
(Supplementary Table 4). Their εHf(t) values and two-stage model tHf(C) 
ages range from − 2.3 to +2.6 and from 1168 to 1527 Ma, respectively. 
The initial 176Hf/177Hf ratios for 15 spots of the ~280 Ma volcanoplu-
tonic rocks (samples D1710 and D1709) vary from 0.282664 to 
0.282918, respectively. The corresponding εHf(t) values and two-stage 
model ages tHf(C) vary from +2.1 to +11.2 and 581 to 1159 Ma, 
respectively. Twenty-one analyses of three samples from the ~230 Ma 
volcanoplutonic rocks (samples D1718, D1726, and D1742) yielded 
initial 176Hf/177Hf ratios from 0.282684 to 0.282830, which are trans-
lated into εHf(t) values from +1.9 to +7.1 and tHf(C) between 810 and 
1139 Ma, respectively. 

4.5. Sm–Nd isotopic analysis 

The Sm–Nd isotopic analysis was carried out for 5 selected samples. 
One sample from each granitic massif, and one from the ~280 Ma 
rhyolite. The εNd(t) values are calculated using the zircon U–Pb 
concordant ages of each sample. The sample from ~296 Ma granitoid 
has εNd(t) = − 1.7 and corresponds to tNd(DM) = 1076 Ma (Supplementary 
Table 4). The ~280 Ma volcanic and plutonic rocks have higher εNd(t) 
values varying from +2.7 to +4.1. They have tNd(DM) model ages of 
762–993 Ma. The remained samples exhibit εNd(t) values ranging from 
− 0.7 to +1.7 corresponding to tNd(DM) model ages of 697–1509 Ma. 

5. Discussion 

5.1. Emplacement ages of the Late Paleozoic–Early Mesozoic felsic- 
intermediate magmatism 

Our U–Pb age results allow us to recognize three groups of magma-
tism in the Delgerkhaan area from the late Permian until the late 
Triassic: at ~296, ~280, and ~ 230 Ma. The ~296 Ma intrusion was 
previously considered as late Cambrian (Dagvadorj et al., 1993), but our 
new data show that it has early Permian age. Moreover, the granitoids 
contain late Cambrian (Furongian) inherited zircon (498 Ma), implying 
that melt incorporated zircons that crystallized in the past. The ~280 Ma 
magmatism formed the Batkhaan granites, monzonites, and associated 
rhyolites of 282 ± 3 and 274 ± 2 Ma, respectively (Fig. 5). These ages are 
consistent with the lower precision age of 282 ± 16 Ma previously re-
ported (Amar-Amgalan, 2008). The area of the ~230 Ma plutons in-
cludes the Delgerkhaan pluton emplaced at 230–240 Ma. The 
Zambalkhudag pluton, previously thought to be late Carboniferous, 
since it intrudes Devonian sandstones (Tumurchudur et al., 2006 and 
reference therein), actually formed at 220 ± 2 Ma. We suggest that the 
Zambalkhudag pluton is almost coeval and related to the Delgerkhaan 
pluton as they possess similar geochemical and isotope characteristics 
and show similar ages of crystallization (Table 2; Figs. 5, 8). The ~230 
Ma magmatism also generated the associated ~223 Ma (K–Ar) inter-
mediate volcanics (Dagvadorj et al., 1993). 

5.2. Petrogenesis and sources 

5.2.1. ~296 Ma granitoids 
The ~296 Ma granitoids are metaluminous to peraluminous and 

have an I-type trend in the Th versus Rb diagram (Figs. 6, 7c). Two 
samples have elevated Rb, K, U, and Th concentrations and low MgO, Cr, 
and Ni contents implying crustal compositional affinities. In addition, 
the values of Nb/Ta (9.4–11) and Zr/Hf (38–39) differ from those of the 
primitive mantle (Nb/Ta = 17.8; Zr/Hf = 45; Green, 1995), and closer to 
the crustal values (Nb/Ta = 11; Zr/Hf = 33; Rudnick and Gao, 2003), 

(a) D0925

100 µm 

294 ± 2

286 ± 3
314 ± 2

292 ± 3

498 ± 17

–3.57

(b) D1710
279 ± 3

279 ± 9

276 ± 2 285 ± 2

282 ± 3+ 9.2
100 µm 

(c) D1709
236 ± 6

282 ± 2

237 ± 3

232 ± 3

240 ± 3

100 µm 

(d) D1742
248 ± 2

231 ± 3

236 ± 1

231 ± 1100 µm 

(g) D1718

238 ± 1 244 ± 6

242 ± 3 230 ± 1 240 ± 3

100 µm 

(h) D1726

203 ± 8 228 ± 3

234 ± 3

221 ± 2

221 ± 3

220 ± 1

+4.41

100 µm 

(f) D0817

234 ± 8

246 ± 2
252 ± 1

235 ± 5 246 ± 3

+5.31

100 µm 

(e) D0815

281 ± 2

276 ± 2

263 ± 2 296 ± 1

+8.85

100 µm 

–1.5

+11.22

+2.66

277 ± 1

231 ± 2

+2.75

Fig. 4. Cathodoluminescence (CL) images of representative zircon crystals 
from the studied samples from the Khangay-Khentey basin. White circles show 
individual analysis spots, corresponding U–Pb ages and yellow circles show an 
individual spot of Lu–Hf isotope and their εHf(t) values. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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thereby supporting a crustal source for their parental magma. Their 
chondrite-normalized REE patterns are enriched in the LREEs, depleted 
in the HREEs, and show no Eu and Sr anomalies (Fig. 8a) precluding 
fractionation of plagioclase. The primitive-mantle normalized multi- 
element patterns show pronounced negative anomalies at Nb, and Ti 
(Fig. 8b), which are typical of supra-subduction igneous rocks. Never-
theless, one sample has low K2O, U, Th, and their Nb/Ta (16) and Zr/Hf 
(45) ratios are closer to those of the primitive mantle. Although the 
number of samples is not enough to discuss their petrogenesis in detail, 
we suggest that the ~296 Ma granitoids derived from two types of 
source: felsic (recycled) and mafic (mixed or juvenile). The two samples 
of ~296 Ma granitoids have mostly negative values of εNd(t) (− 1.7) and 
εHf(t) (− 3.5 to +2.3), and Neoproterozoic to Mesoproterozoic model 
ages implying the presence of an older crust material in their source 
(Fig. 9a, b). The coupled and enriched Nd–Hf isotope compositions 
support that these samples are related to the partial melting of crustal 
rocks (Hoffmann et al., 2011). 

5.2.2. ~280 Ma volcanic and plutonic rocks 
We consider that all coeval ~280 Ma granitoids and rhyolites are 

tectonically related due to their similar ages and geochemical features 

(Figs. 6, 7; Supplementary Table 3). The ~280 Ma rock association is 
characterized by high total alkalis, Fe#, Ga/Al, HFSEs (Zr, Nb, and Y) 
and REEs low CaO, Ba, and Sr, and clear negative Eu anomaly (Fig. 8c, 
d). These features suggest that they have characteristics similar to A- 
type granites (Fig. 7a, b). The origin, evolution, and tectonic settings of 
formation/emplacement of A-type granites remain debatable, though (e. 
g., Bonin, 2007). They can be produced by: (1) fractionation of mantle- 
derived magmas with or without interaction with crustal rocks (Turner 
et al., 1992); (2) low degrees of partial melting of lower crustal or 
underplated basaltic magma (Jones et al., 2018); (3) hybrid magma 
from the mantle and crustal derived melts and metasomatism of granitic 
magmas (Taylor and McLennan, 1995). 

The ~280 Ma rocks show no coeval mafic igneous rocks, as should be 
expected for extensive fractional crystallization. Restricted variations of 
zircon εHf(t) values exclude the mixing of mantle-derived and crust- 
derived melts as that would have generate melts with scattered iso-
topic signatures (e.g., Kemp et al., 2007). The low Nb, and Ti and high 
Th, U, and Pb contents, high trace element ratios of Th/Ce (0.18–0.31) 
and Th/La (0.4–0.86) ratios suggesting a significant contribution of the 
continental crust during their generation. The monzonites of ~280 Ma 
rocks show different geochemical characteristics, such as the lack of Eu 

Fig. 5. Concordia diagrams of zircons for samples from the Khangay-Khentey basin, showing U–Pb isotope ratios. Light grayish ellipses indicate discordant data 
excluded from the calculation. Sample D0925 is classified as ~296 Ma, samples D1710 and D1709 are classified as ~280 Ma and samples D1742, D0815, D0817, 
D1718 are classified as ~230 Ma. 
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anomaly, the low contents of K2O, Th and Rb, and Th/Ce (0.11–0.14) 
and (Th/La) (0.24–0.29) ratios lower than those in granites and rhyo-
lites and closer to those of basaltic rocks (Rudnick and Gao, 2003). We 
suggest that the ~280 Ma monzonites were formed through the partial 
melting of a mafic source. 

Experimental data indicate that metaluminous and peraluminous A- 
type magmas like ~280 Ma granites and rhyolite samples can be pro-
duced by the melting of calc-alkaline tonalite and granodiorite at 
shallow depths (4 kbar) and high temperatures (950 ◦C) (Patiño Douce, 
1997). In fact, the low (La/Yb)CN ratios as well as the pronounced 
negative anomalies of Ba, Eu, and Sr (Fig. 8c, d) of ~280 Ma rhyolites 
and granites with metaluminous to peraluminous compositions indicate 
that they formed at shallow crustal depths (Bonin, 2007). ~280 Ma 
rocks exhibit the positive value of εHf(t) (+2.1 to +9.7) and εNd(t) (+2.7 
to +4.1) (Fig. 8b) and corresponding two-stage model ages suggesting 
that these rocks were generated from a Neoproterozoic juvenile source. 
The high temperatures of melting required to produce A-type rocks were 
probably provided by the underplating of juvenile mafic magmas, which 
fed the melting of the monzonites in the lower crust and granites and 
rhyolites at a shallow crustal depth. 

5.2.3. ~230 Ma volcanoplutonic rocks 
The ~230 Ma volcanic and plutonic rocks are calc-alkaline and have 

high-K, Rb, U, and Th (Figs. 6d; 8e, f). However, compared to ~296 Ma 
granitoids, the ~230 Ma samples have higher Mg, Cr, and Ni, suggesting 
a deeper and/or more mafic source of melting. The absence of 
contemporaneous mafic microgranular enclaves excludes extremal 
fractional crystallization of mantle-derived magma. Their high Sr/Y 
ratio and fractionated REE pattern suggest the presence of minerals with 
high partition coefficients for HREE, i.e., garnet or hornblende, in the 

residue. The melts that equilibrate with residual garnet would have 
steep HREE distribution patterns and a high ratio of Yb/Lu (>10; Moyen, 
2009). However, the ~230 Ma rocks show moderately steep REE dis-
tribution patterns (Fig. 8e, f) and relatively low Yb/Lu (5–7) ratios 
excluding the presence of garnet in the residue. The REE patterns of the 
~230 Ma volcanic and plutonic rocks are moderately concave-upward 
between the MREEs and HREEs (Fig. 8e), which is typical for 
hornblende-bearing sources as hornblende preferentially incorporates 
MREEs over HREEs (Macpherson et al., 2006). The low Nb/Ta and SiO2 
(Fig. 10a) can also be explained by the fractionation of hornblende as 
such decreases Nb/Ta ratios in evolved melts (Tiepolo and Vannucci, 
2014). More evidence for the fractionation of hornblende comes from 
the Dy versus Er diagram (Fig. 10b) showing a positive correlation be-
tween these two elements, which implies fractionation of hornblende 
during magmatic evolution because Er and Dy have similar values of 
partition coefficient in felsic magmas (Tiepolo et al., 2007). 

The values of Fe# in the ~230 Ma rocks are relatively low (average 
= 0.68) compared to other groups of samples (Fig. 6c; Frost et al., 2001). 
Such low Fe# granitoids are common in the Cordilleran batholiths 
(<0.6) and even in the Caledonian post-orogenic granites (~0.5). As 
Fe# is strongly affected by differentiation during magma ascent (Frost 
et al., 2001), and early crystallization of Fe-bearing mineral phases 
would inhibit iron enrichments during differentiation. In case of ~230 
Ma granitoids, we suggest that fractional crystallization of hornblende 
provided the formation of peraluminous I-type granitoids with lower 
Fe# (Chappell et al., 2012). 

Diagrams La/Yb versus La and Zr/Nb versus Zr can be used to 
evaluate the effect and degree of fractional crystallization and partial 
melting on compositional variations in magmas. The samples are 
forming trend parallel to the array of partial melting (Fig. 11a, b) 
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Fig. 6. Major element discrimination diagrams showing the compositions and characteristics of the studied samples from Khangay-Khentey basin, Central Mongolia. 
(a) SiO2 versus (Na2O + K2O) total alkali-silica (TAS) diagram for plutonic rocks (after Irvine and Baragar, 1971), (b) SiO2 versus (Na2O + K2O) total alkali-silica 
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FeOT/(MgO + FeOT) wt% versus SiO2 plot (after Frost et al., 2001), (d) K2O wt% versus SiO2 wt% plot (Peccerillo and Taylor, 1976). 
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suggesting that partial melting played a greater role than fractional 
crystallization. The Nb/Zr versus Th/Zr (Fig. 11c) and Nb/Y versus Rb/Y 
(Fig. 11d) systematics also confirm the participation of subducted slab- 
derived fluids during the magma generation. 

The combination of these features with the enrichment of ~230 Ma 
rocks in LREEs and LILEs and depletions in HREEs and HFSEs (Fig. 8e, f) 
suggests that these rocks resulted from the partial melting of lower 
crustal source with hornblende in residue and participation of 
subduction-related fluids. As the ~230 Ma samples are characterized by 
positive εHf(t) and positive to negative εNd(t) (Fig. 9a, b), and Neo-
proterozoic two-stage model ages, we conclude that their primary 
magma originated by the partial melting of Neoproterozoic depleted 
lower crust (Fig. 12a, b). 

5.3. Tectonic model 

The geochemical and isotope compositions of the three groups of 
igneous rocks of the Khangay-Khentey basin in the Central Mongolia 
suggest different tectonic settings of their emplacement. Although we 
have data from three ~296 Ma samples only, they are plotted in the 
fields of volcanic arc and active continental margin in the Nb versus Y 
(Fig. 13a) and Th/Yb versus Ta/Yb (Fig. 13b) diagrams, respectively. As 
they have non-radiogenic Hf–Nd composition (Fig. 9), we suggest that 
they were emplaced in an active continental margin setting. 

On the tectonic discrimination Nb versus Y and Rb versus Y + Nb 
diagrams, most samples of ~280 Ma volcanoplutonic rocks plot in the 

field of post-collisional granites (Fig. 13a). However, the post-collisional 
setting is an unlikely hypothesis since, so far, no evidence of collision has 
been found in the adjacent areas, e.g., significant crustal thickening, 
abundant S-type granites, etc. Moreover, the amount of outcropped A- 
type granites and rhyolites in the study area is relatively small, although 
post-collisional settings are characterized by compositionally variable, 
and a huge volume of granitoids. The ~280 Ma rocks show high Ce/Nb, 
Y/Nb, and Ga/Nb ratios and therefore represent A2-type granitoids 
(Fig. 14a, b). Felsic igneous rocks formed at convergent margin settings 
may also exhibit A-type signatures. For example, the A-type granites of 
the Lachlan Belt in eastern Australia were emplaced in a back-arc 
extensional setting in response to the slab roll-back of pre-existing 
subduction (e.g., Collins et al., 2020). Although the petrogenesis of 
~280 Ma samples (A2-type) may support such a scenario, we think that 
the magmatism found is not sufficiently important. Usually, such a back- 
arc extension setting is predated by a vast subduction-related granitoid 
batholiths emplacement, like those of the Eastern Sikhote-Alin or the 
Andes (Dahlquist et al., 2010; Grebennikov et al., 2016). The outcrop of 
the ~296 Ma granitoids are small and pre-early Permian granitic bodies 
are scarce in Central Mongolia as well (Fig. 1c). Therefore, we assume 
that the ~280 Ma rocks emplaced in a setting of local extension possibly 
linked with magma underplating and/or asthenosphere upwelling. 

The ~230 Ma high-K calc-alkaline I-type granitoids with low Fe# 
could be emplaced in two tectonic settings: (1) Andean-type active 
continental margin, (2) post-collisional (Frost et al., 2001). The ~230 
Ma granites are compositionally close to andesite and trachyandesite 
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(Fig. 2), and enriched in LREEs and LILEs, but depleted in HFSEs (e.g., 
Nb and Ti) (Figs. 7, 8). In the Nb versus Y (Fig. 13a) and Th/Yb versus 
Ta/Yb (Fig. 13b) diagrams, they plot in the volcanic arc granite field and 
active continental margin field, respectively. These characteristics sug-
gest their emplacement in a subduction-related tectonic setting, 
although post-collisional granites also show arc-like trace element sig-
natures due to the contribution of subduction-related materials from 
previous tectonic events. However, recent studies have shown that the 
Mongol-Okhotsk Ocean remained open until the Middle Triassic. The 
evidences for this comes from: (1) Middle Triassic subduction-related 
magmatism manifested on its both sides, northern (e.g., Donskaya 
et al., 2013) and southern (e.g., Liu et al., 2018; Zhu et al., 2016); (2) 
zircon ages from metasediments (turbiditic and greywacke sandstones) 
in the eastern part of the Mongol-Okhotsk Belt, which peak at ~173 Ma, 
indicating that sedimentation of the Mongol-Okhotsk oceanic basin 
continued until the middle Jurassic (e.g., Sorokin et al., 2020); (3) 
paleomagnetic data from the volcanic rocks of NE Mongolia reveal that 
the Central Mongolia Block was separated from the Siberian Craton by 
the MOO with a ~30◦ latitudinal difference in the early Permian and 

welded in the middle Jurassic (e.g., Yi and Meert, 2020); (4) coexistence 
of Boreal-type realm (northern cold affinity) and Tethyan-type realm 
(southern warm affinity) Anisian (Middle Triassic) ammonoid fauna in 
the Khentey province suggests that a wide ocean still existed during the 
Middle Triassic (Ehiro et al., 2006). The study area lies about 150 km to 
the west from Adaatsag ophiolite–a suture of the Mongol-Okhotsk 
Ocean. Besides, the study area is adjacent to the Central Mongolia- 
Erguna Block from the south (e.g., Wilhem et al., 2012). Therefore, 
present-day data do not support a post-collisional origin for ~230 Ma 
rocks. Consequently, we think that an Andean-type active continental 
margin explains better the characteristics of ~230 Ma volcanoplutonic 
rocks. 

5.4. Geodynamic implications 

The three groups of magmatic felsic rocks that crop out in the 
Khangay-Khentey basin of Central Mongolia formed during the Late 
Paleozoic to the Early Mesozoic in different tectonic settings. The late 
Carboniferous and early Permian tectono-magmatic activity in the 

Fig. 8. CI-chondrite-normalized REE patterns and primitive-mantle-normalized trace element spidergrams for the studied samples from the Khangay-Khentey basin. 
Both chondrite and primitive-mantle normalized values are from Sun and McDonough (1989). 
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central CAOB was very complicated including co-existence of two 
oceanic basins during this time: (1) Paleo-Asian Ocean to in the south (in 
present-day coordinates) (e.g., Windley et al., 2007; Xiao et al., 2004), 
and (2) Mongol-Okhotsk to the north (e.g., Tomurtogoo et al., 2005). We 
suggest that the emplacement of the ~296 Ma granitoids are likely 
related to the evolution of the MOO, because the study area is located 
too far away (>600 km) from the Paleo-Asian suture zone, i.e. the 
Solonker suture (Badarch et al., 2002; Jian et al., 2012). The study area 
is also tectonically isolated from the southern domain by the Main 
Mongolian Lineament and the Central Mongolia-Erguna continental 
block (Fig. 1c). 

The late Carboniferous to early Permian A-type granites and highly 
alkaline igneous rocks are widely distributed south of the Main Mon-
golian Lineament (South Mongolia and Inner Mongolia). Studies pro-
posed a “Central Asian Rift System” as responsible for the emplacement 
of abundant A-type granitic batholiths (Kovalenko et al., 2004; Yarmo-
lyuk et al., 2014). This rift system is linked to a hot-spot or locally, 
perhaps, the Tarim Large Igneous Province (LIP). However, unlike the 

Tarim LIP or other areas of the “Central Asian Rift System”, the study 
area lacks alkaline basalt, comendite, pantellerite, or nepheline syenite 
and A1-type granitoids, and related OIB-basalts which are considered as 
a result of a mantle plume. Therefore, we think that the ~280 Ma 
igneous rocks were emplaced in a setting of weak local extension rather 
than in relation to a plume-induced rifting. By analogy with the ~296 
Ma granitoids, we consider that the ~280 Ma magmatism was unlikely 
related to the evolution of the Paleo-Asian Ocean. We support that the 
subduction of the MOO formed the Late Paleozoic to Early Mesozoic 
granitoids and associated volcanics in the magmatic fields outcropped in 
the Khangay-Khentey region (Fig. 1c) (e.g., Donskaya et al., 2013; Zhao 
et al., 2017). The northward subduction of the MOO lithosphere beneath 
the Siberian Craton (including its accreted southern margin) has been 
well-defined, as indicated by the subduction-related Angara-Vitim 
granitoids and the Permian–Triassic Selenge volcano-plutonic Belt (e.g., 
Donskaya et al., 2013; Kovach et al., 2012). These magmatic belts were 
emplaced in several episodes during a period from the late Carbonif-
erous to the Jurassic. In contrast to the northern part of the Mongol- 

Table 2 
Summary of zircon characteristics of dated samples and corresponding ages.  

No Sample 
No. 

Rock type Technique Geological age Grain 
shape 

Grain 
size, μm 

Grain 
color 

CL feature Th/U 
ratio 

Concordia 
age, Ma 

n MSWD 

1 D0925 Granodiorite LA-ICPMS Late Cambrian stubby up to 200 
light 
brown, 
yellow 

patchy zoning 0.39–1.1 296 ± 3 6 1.3 

2 D1710 Syenogranite LA-ICPMS 
Late 
Permian–Early 
Triassic 

mostly 
stubby 

~150 mostly 
yellow 

faint 
oscillatory 

0.68–1.1 282 ± 3 13 1.1 

3 D1709 Rhyolite LA-ICPMS 
Late 
Permian–Early 
Triassic 

mostly 
stubby ~150 

mostly 
yellow 

faint 
oscillatory 0.84–1.3 274 ± 2 9 5 

4 D1742 Monzogranite LA-ICPMS 
Late 
Permian–Early 
Triassic 

mostly 
elongated 

up to 300 mostly 
clear 

wide 
oscillatory, 
sector 

0.4–0.9 240 ± 3 13 0.81 

5 D0815 Granodiorite SHRIMP 
Late 
Permian–Early 
Triassic 

stubby to 
elongate up to 300 

clear, 
light 
brown 

wide 
oscillatory 0.31–0.8 238 ± 2.5 12 1.4 

6 D0817 Granodiorite SHRIMP 
Late 
Permian–Early 
Triassic 

mostly 
stubby 

up to 200 
clear, 
light 
brown 

wide 
oscillatory 

0.53–0.8 236 ± 2 11 0.4 

7 D1718 Monzogranite LA-ICPMS 
Late 
Permian–Early 
Triassic 

mostly 
elongated 

up to 300 
clear, 
light 
brown 

Oscillatory, 
patchy 

0.44–1.07 230 ± 1.6 27 1.4 

8 D1726 Granodiorite LA-ICPMS Late 
Carboniferous 

mostly 
elongated 

100–300 mostly 
clear 

Oscillatory 0.4–1.2 220 ± 1 28 1.4  

Fig. 9. (a) Correlations between whole-rock εNd(t) and concordia ages; (b) Correlations between εHf(t) and U–Pb ages of zircons for the studied samples from the 
Khangay-Khentey basin. 
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Okhotsk suture zone, the tectonic evolution of the southern part has 
been better reconstructed in the Erguna Belt, NE China (Liu et al., 2018; 
Sun et al., 2013), and to a lesser extent, in the Khangay area (e.g., 
Dolzodmaa et al., 2020). According to the detrital and igneous rock ages, 
the southern subduction of the Mongol-Okhotsk oceanic plate started in 

the Carboniferous and continued until the early–middle Jurassic (e.g., 
Bussien et al., 2011; Kelty et al., 2008; Liu et al., 2018). However, the 
evidence for Late Paleozoic magmatism in the Central Mongolian side 
was very scarce (Fig. 1c). Our new data provide an important piece to 
solve the evolution tectonic evolution puzzle of the MOO plate during 
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the Late Paleozoic in Central Mongolia. The U–Pb ages, geochemical, 
and isotope data from the ~230 Ma granitoids agree with the previous 
data and indicate emplacement of magmatic rocks in early Permian–late 
Triassic time. In addition, there is no systematic WE younging of 
magmatic ages in the southern segment of the Mongol-Okhotsk Belt 
(Fig. 1c). Consequently, the ~230 Ma rocks probably formed during the 
southward subduction of the MOO lithosphere in a tectonic setting of an 
Andean-type active continental margin. Our new data support the idea 
of the subduction of the MOO plate beneath the Central Mongolia- 
Erguna Block during the early Permian–Late Triassic from the Mongo-
lian side. 

6. Conclusions 

Our new U–Pb zircon ages, whole-rock geochemical data, and in situ 
Hf-in-zircon and whole-rock Sm–Nd isotope characteristics obtained 
from Late Paleozoic–Early Mesozoic granitoids of Khangay-Khentey 
basin in Central Mongolia allowed us to conclude the following.  

(1) The Late Paleozoic-Early Mesozoic granitic rocks in the Khangay- 
Khentey basin formed at three different times, which were 

emplaced in early Permian (~296 Ma), Permian (~280 Ma), and 
middle Triassic (~230 Ma), respectively.  

(2) The ~296 Ma granitoids include I-type quartz monzonite and 
granodiorites derived from crustal (recycled) and mantle (mixed 
or juvenile) sources and their Cambrian age is superseded.  

(3) The ~280 Ma volcanic and plutonic rocks are A2-type granites, 
monzonites, and rhyolites. Monzonites were derived from a mafic 
source, whereas granites and rhyolites were derived from a 
source containing Neoproterozoic crustal materials and depleted 
mantle material. The ~280 Ma rocks were emplaced in a local 
extension environment linked with magmatic underplating and/ 
or asthenosphere upwelling.  

(4) The ~230 Ma group includes I-type granitoids and volcanic 
rocks. They were generated from partial melting of a juvenile 
lower crustal source with the contribution of ancient crust. They 
formed at an Andean-type active continental margin related to 
the southward subduction of the Mongol-Okhotsk Ocean beneath 
the Central Mongolia-Erguna Block. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2021.106455. 

Fig. 12. (a) Histogram shows zircon U-–Pb age, two-stage crustal Hf, and Nd model ages; (b) Plots of whole-rock εNd(t) versus zircon εHf(t) of the studied samples 
from the Khangay-Khentey basin. The terrestrial array is from Vervoort et al. (1999). 

Fig. 13. Tectonic discrimination diagrams for the studied samples from the Khangay-Khentey basin in Central Mongolia: (a) Nb versus Y (Pearce et al., 1984); (b) Th/ 
Yb versus Ta/Yb (after Pearce, 1983). Syn-COLG–syn-collision granite; VAG–volcanic arc granite, WPG–within plate granite, Post-COLG–post-collisional granite; 
ACM–active continental margin; DM–depleted mantle; EM–Enriched mantle. 
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