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ABSTRACT

The Late Paleozoic–Mesozoic Mongol-
Okhotsk orogenic belt marks the final aggre-
gation of East Asia. The geodynamics of the 
Mongol-Okhotsk oceanic plate subduction 
are still poorly understood due to its curved 
orogenic architecture, complex kinematics, 
and the protracted active continent margin 
that developed during oceanic subduction. 
Here, we report the discovery of an ophiol-
ite within the southern paleo-active margin 
of the Mongol-Okhotsk orogenic belt. The 
ophiolitic slices are composed of serpenti-
nites, metagabbros, and metabasalts, and in-
terleaved with deformed volcaniclastic rocks. 
Using zircon U-Pb dating, we determined an 
age of 253 ± 2 Ma for the metagabbro, which
suggests that the ophiolite formed during the 
Late Permian. Geochemical data and geo-
logic relationships indicate that this ophiolite 
formed in a back-arc setting. The contempo-
raneous granitic dikes (ca. 255 Ma) intruding 
the basalts of the ophiolite were likely formed 
by crustal anatexis during the back-arc exten-
sion. Detrital zircon in sandstone associated 
with the ophiolite shows a prominent peak 
age of ca. 273 Ma that probably represents the 
sediments of the back-arc basin. Combining 
our discovery with the available data from the 
literature, we suggest that a >5000-km-long
back-arc extension belt existed in the south-
western segment of the Mongol-Okhotsk belt, 
which indicates a probable Western Pacific-

type active margin rather than the previously 
proposed Andean-type margin that formed 
during the Permo-Triassic period.

INTRODUCTION

Active continental margins are the places 
where oceanic crust recycles into the mantle; 
they serve as the loci of continental crust growth 
(Stern, 2002; Kearey et al., 2009). There are two 
endmember types of active continental margins: 
the Western Pacific type and the Andean type 
(Uyeda, 1982; Stern, 2002; Li et al., 2012). The 
Western Pacific-type margins show steep-angled 
subducting slabs, weak coupling between the 
slab and overlying plate, and significant exten-
sions in the back-arc and/or island arc regions 
(Stern, 2010; Zheng et al., 2015). In contrast, the 
Andean-type margins have gentle-angled sub-
duction slabs with strong coupling between them 
and overlying plate, and intensive compression 
of the overriding plate (Ramos and Folguera, 
2009; Capaldi et al., 2017). Active margins can 
evolve from one endmember to the other follow-
ing the kinematic changes in plate convergence 
and/or slab rollback rates (Dilek and Sandvol, 
2009; Li et al., 2012; Zhang et al., 2017). Identi-
fying significant back-arc extensions in ancient 
orogens is crucial for discriminating the type of 
active margin that developed during oceanic sub-
duction at a given time.

The Central Asian Orogenic Belt is possibly 
the largest preserved accretionary orogen world-
wide. It formed through multiple convergence 
and collision events involving various arcs, 
terranes, and continental blocks (e.g., Windley 
et al., 2007; Xiao et al., 2015). The Mongol-

Okhotsk orogenic belt is the youngest segment 
of the Central Asian Orogenic Belt and extends 
more than 3000 km to the northeast from cen-
tral Mongolia to the Uda Gulf in the Okhotsk 
Sea (Fig. 1; Zorin, 1999; Bussien et al., 2011). 
The Mongol-Okhotsk orogenic belt has a 180° 
curved architecture that likely formed during the 
closure of the Mongol-Okhotsk Ocean (Zorin, 
1999; Xiao et al., 2015), which led to the colli-
sion of the Siberian Craton and the Amur Block 
during the Middle Jurassic–Early Cretaceous 
(Van der Voo et al., 2015; Sorokin et al., 2020; 
Yi and Meert, 2020). Thus, the Mongol-Okhotsk 
orogenic belt played a crucial role in the forma-
tion and tectonic evolution of East Asia during 
the Mesozoic (Parfenov et al., 2001; Xu et al., 
2013; Tang et al., 2016; Sorokin et al., 2020). 
Some authors have suggested that the Mongol-
Okhotsk Ocean plate subducted northward, 
beneath the Siberian Craton, and southward, 
beneath the Amur Block (Metelkin et al., 2007; 
Donskaya et al., 2013; Tang et al., 2016; Zhao 
et al., 2017; Li et al., 2017). In most of these 
proposals, both convergent margins are consid-
ered to be Andean-type active margins through-
out the long period of subduction (Tomurtogoo 
et al., 2005; Yarmolyuk et al., 2008; Reichow 
et al., 2010; Tang et al., 2016; Li et al., 2018). In 
contrast, Zhu et al. (2016) and Liu et al. (2018) 
described bimodal volcanic suites and A-type 
granites (216–207 Ma) in central Mongolia and 
Northeast China that were interpreted to have 
formed in back-arc extensional settings at the 
southern margin of the Mongol-Okhotsk Ocean. 
These findings prompted us to reevaluate the 
type and geodynamic evolution of the active 
margins of the Mongol-Okhotsk Ocean.

†Corresponding author: zhumingshuai@mail​.iggcas​
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In this paper, we present petrographic, geo-
chemical, zircon U-Pb geochronologic, and Hf 
isotopic data from a newly identified ophiolitic 
suite, providing insights into the character and 
tectonic setting of the ophiolite and the geody-
namic evolution of the Mongol-Okhotsk oro-
genic belt. After combining our data with other 
data sets, we suggest that a >5000-km-long and 
200–300-km-wide belt of multi-stage, back-arc 
extensions formed in the southwestern segment 
of the Mongol-Okhotsk orogenic belt during the 
Permo-Triassic.

REGIONAL GEOLOGY AND SAMPLE 
DESCRIPTION

Mongolia has traditionally been subdivided 
into an early Paleozoic domain to the north and 
a late Paleozoic domain to the south, which 
are separated by the Main Mongolian Linea-
ment (Badarch et al., 2002; Fig. 1). The north-
ern domain is crosscut by the young Mongol-

Okhotsk orogenic belt that formed following the 
subduction and closure of the Mongol-Okhotsk 
Ocean (Bussien et  al., 2011; Donskaya et  al., 
2013). In the southwestern segment, the suture 
zone of the Mongol-Okhotsk orogenic belt 
was represented by the Adaatsag-Dochgol ter-
rane (Fig.  1), which was composed of chert, 
metasandstone, metavolcanic rocks, limestone, 
and ophiolitic mélange (Badarch et  al., 2002; 
Tomurtogoo et  al., 2005; Zhu et  al., 2018). 
According to the terrane division of Badarch 
et al. (2002), the study area is located to the south 
of the suture zone and is part of the Idermeg ter-
rane; the Middle Gobi magmatic belt lies to the 
north (Fig. 1).

The Idermeg terrane is possibly part of the 
Central Mongolia microcontinents (Wilhem 
et  al., 2012), which are thought to correlate 
with the Tuva-Mongolian microcontinent (Sen-
gör and Natal’in, 1996; Windley et al., 2007). 
The crystalline basement rocks of the Idermeg 
terrane mainly consist of gneiss, schist, and 

amphibolites, which were overlain by Neopro-
terozoic to Cambrian conglomerate, sandstone, 
and limestone (Badarch et al., 2002). The Mid-
dle Gobi magmatic belt is probably related to the 
southward subduction of the Mongol-Okhotsk 
Ocean plate (Parfenov et  al., 2001; Badarch 
et  al., 2002; Tomurtogoo et  al., 2005; Zhao 
et  al., 2017). The belt could extend northeast 
to the Erguna massif in NE China, where abun-
dant Permian–Triassic intrusions and coeval 
porphyry-type ore deposits were reported (Sun 
et al., 2013; Xu et al., 2013; Tang et al., 2016; Li 
et al., 2017). According to Badarch et al. (2002), 
the basement of this magmatic belt should be the 
Ereendavaa terrane, which is defined as a cra-
tonic terrane with a Paleoproterozoic basement 
overlain by Neoproterozoic metasedimentary 
and volcanic rocks. However, the new results 
suggest that the ascribed Precambrian gneiss, 
amphibolite, and schist of the Ereendavaa ter-
rane mainly formed during the early–middle 
Paleozoic (512–419 Ma). They are proposed to 

Figure 1. Tectonic map shows the main tectonic units of the Mongol-Okhotsk orogenic belt (modified from Bussien et al., 2011; Xiao et al., 
2015). MML—Main Mongolian Lineament; NCC—North China Craton; SCC—South China Craton; NA plate—North American plate; 
D-C—Devonian-Carboniferous.
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have resulted from the evolution of the Kherlen 
Ocean evidenced by the Kherlen ophiolite (ca. 
566–510 Ma; Miao et  al., 2016; Narantsetseg 
et al., 2019). The final closure of the Kherlen 
Ocean is proposed to have occurred during the 
Silurian, leading to the amalgamation of the 
Ereendavaa and Idermeg continental terranes 
(Miao et al., 2016; Narantsetseg et al., 2019); 
together, they constitute the southern continental 
margin of the Mongol-Okhotsk Ocean.

The newly discovered ophiolite is located 
∼30 km southwest of the city of Monhhan, 
Mongolia. The Monhhan ophiolite crops out 
over an area of 2 km × 3 km as tectonic slices of 
up to 0.5 km in length along-strike and 0.1 km 
in structural thickness and is interleaved with 
the volcano-sedimentary Khukh Ovoot Forma-
tion (Fig. 2). The ophiolitic slices are composed 
of serpentinites, metagabbros and metabasalts 

(Fig.  3). The Khukh Ovoot Formation con-
sists of limestone, metasiltstone, quartzite, and 
metasandstone intruded by Triassic–Jurassic 
granites and has experienced greenschist-facies 
metamorphism and varying degrees of deforma-
tion (Fig. 3F). This formation was assigned to 
the Precambrian (Jamyandorj et al., 1990), but 
actually no isotopic age has ever been reported. 
The harzburgite experienced strong serpenti-
nization (Figs.  4A and 4B). The metagabbro 
shows a poikilitic texture and is composed of 
pyroxene (∼15%), amphibole (∼35%), and pla-
gioclase (∼50%) (Figs. 4C and 4D). The basalt 
experienced variable hydrothermal alteration, 
and most of the pyroxenes have been altered 
to amphibole (Figs. 4E and 4F). Locally, gran-
ite dikes of up to 20 cm wide occur within the 
basaltic lavas and show an exsolution texture 
(Figs. 4G and 4H).

ANALYTICAL METHODS

Geochemistry

Whole-rock major and trace element com-
positions were determined at the Wuhan 
Sample Solution Analytical Technology Co., 
Ltd., Wuhan, China, by X-ray fluorescence 
(XRF) and inductively coupled plasma–mass 
spectrometry (ICP-MS). The precision of the 
XRF analyses is within ±2% for the oxides 
greater than 0.5 wt% and within ±5% for the 
oxides greater than 0.1 wt%. Analytical results 
for U.S. Geological Survey standards indicated 
that the data are accurate within ±5% for the 
trace elements.

Zircon U-Pb Geochronology

Zircon crystals were extracted from samples 
by conventional heavy liquid and magnetic sep-
aration techniques and were then hand-picked 
under a binocular microscope. The zircon grains 
were mounted in epoxy and polished so that the 
zircon interiors were exposed. Optical photo-
graphs and cathodoluminescence (CL) images 
were prepared to study the internal textures and 
origins of the zircons and to select optimal sites 
for analysis.

Zircon U-Pb dating by laser ablation–induc-
tively coupled plasma–mass spectrometry (LA-
ICP-MS) was conducted at Key Laboratory of 
Regional Geology and Mineralization, Hebei 
GEO University, Shijiazhuang, China. For the 
present work, laser spot size was set to 29 μm 
for most analyses, laser energy density at 3 J/
cm2, and the repetition rate at 8 Hz. Calibrations 
for the zircon analyses were carried out using 
NIST 610 glass as an external standard and Si as 
the internal standard. Zircon 91500 was used as 
primary reference material, whereas zircon GJ-1 
(609 Ma; Jackson et  al., 2004) and Plešovice 
(337 Ma; Sláma et al., 2008) were used to check 
accuracy. Isotopic ratios and element concen-
trations of zircons were calculated using Iolite 
software (Paton et  al., 2010). Concordia ages 
and diagrams were obtained using ISOPLOT 3.0 
(Ludwig, 2003). The analyses for standards GJ-1 
and Plešovice yielded weighted mean 206Pb/238U 
ages of 606 ± 5 Ma and 336.5 ± 2 Ma, respec-
tively, which are in agreement with their respec-
tive reference values.

Zircon Hf Analysis

In situ zircon Lu-Hf isotopes were carried out 
by the inductively coupled plasma–multicollec-
tor–mass spectrometer (ICP-MC-MS) at the Cre-
atech Testing Technology Co., Ltd., in Beijing, 
China. The laser ablation beam spot was 40 μm Figure 2. Geological map and cross section of the Monhhan ophiolite are shown.
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in diameter, and the analyzed pulse frequency of 
the laser beam was 8 Hz. Detailed analytical pro-
cedures are described in Wu et al. (2006). In the 
calculation of the εHf(t) values, the 176Hf/177Hf 
and 176Lu/177Hf ratios of present-day chondrite 
and the depleted mantle were (0.0332, 0.282772) 
and (0.0384, 0.28325), respectively (Blichert-
Toft and Albarède, 1997; Griffin et al., 2000). 
The two-stage Hf model ages (TDM2) were cal-
culated assuming a value of 76Lu/177Hf = 0.015 
for the average continental crust (Griffin et al., 
2004). The 176Hf/177Hf value of the standard 
zircon Plešovice tested in this experiment was 
0.282480 ± 0.000016 (2σ), which is consistent 
with the value of the predecessor (Sláma et al., 
2008) and within the error range.

RESULTS

Geochemistry

Typical whole-rock geochemistry of dif-
ferent lithologies from the ophiolite is given 
in Supplementary Material Table S11. The 
harzburgites are characterized by low SiO2 
(39.98 wt% and 40.59 wt%) and high MgO 
(38.95 wt% and 39.55 wt%), with Mg# 
[ = molar Mg/(Mg + Fe2+)] of 0.92. The 
gabbros have SiO2 (55.17–58.41 wt%), MgO 
(1.32–2.57 wt%), Na2O (3.46–5.58 wt%), 
and TiO2 (0.64–1.32 wt%). They show light 
rare earth element (LREE) enrichment, Nb-Ta 
and Ti negative anomalies, and slightly ele-
vated large-ion lithophile elements (LILEs) 
(Figs. 5A and 5B). The basalts have SiO2 con-
tents of 46.81–51.13 wt%, and Al2O3, MgO, 
Na2O, K2O, and TiO2 contents of 14.30–
18.58 wt%, 4.49–7.61 wt%, 2.40–4.43 wt%, 
1.13–1.89 wt%, and 1.51–2.85 wt%, respec-
tively. They exhibit high LREE/HREE ratios 
[(La/Yb)N of 2.88–14.0] and enrichment in 
LILEs and moderate negative anomalies in 
Nb, Ta, and Ti (Figs. 5C and 5D). The gran-
ite dikes intruding the basalts have high SiO2 
(77.14–77.72 wt%), Na2O (3.33–3.36 wt%), 
and K2O (4.93–4.94 wt%) contents, but low 
MgO (0.10–0.11 wt%), CaO (0.39–0.40 wt%), 
and Fe2O3

T (0.59–0.60 wt%) contents.

Zircon U-Pb Geochronology and Hf Isotope 
Composition

One gabbro sample from the ophiolite, one 
sample from the granite dike, and one sand-
stone sample from the Khukh Ovoot Forma-
tion were selected for LA-ICP-MS U-Pb zircon 
dating and Hf isotope analysis (analytical data 
in Tables S2 and S3; see footnote 1). Zircons 
from the gabbro sample MOE-325 are euhe-
dral to subhedral prisms that are 100–300 μm 
long and show oscillatory zoning (Fig.  6A). 
The measured U and Th concentrations vary 
from 173 ppm to 643 ppm and from 110 ppm 
to 565 ppm, respectively, with Th/U ratios 

between 0.22 and 1.22, which indicates an 
origin of igneous zircon (e.g., Rubatto, 2002). 
Twenty-five analyses yielded a weighted mean 
206Pb/238U age of 253 ± 2 Ma (MSWD = 1.9; 
Fig. 6B), which is considered to be the time of 
zircon crystallization. Eleven spots analyses 
yielded older ages of ca. 444–597 Ma, which 
are interpreted to represent zircon inheritance. 
The zircons with young ages (249–259 Ma) 
have positive εHf(t) values (+4.28 to +7.28), 
and the inherited zircons have negative εHf(t) 
values (−4.72 to −0.85; Fig. 6C).

Zircons from sample MOE-321, which is 
composed of granite that intrudes the basalts of 
the Monhhan ophiolite, are 80–200 μm in size. 

1Supplemental Material. Figure S1: Discrimination 
diagrams for the granite dikes in the Monhhan 
ophiolite. Table S1: Major and trace element 
compositions of the Monhhan ophiolite and intruding 
granite. Table S2: LA-ICP-MS zircon U-Pb analytical 
data for the gabbro, intruding granite, and associated 
sandstone in the Monhhan ophiolite. Table S3: Lu–
Hf data for zircons from the gabbro and intruding 
granite in the Monhhan ophiolite. Please visit 
https://doi​.org​/10​.1130​/GSAB​.S.21448209 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.
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Figure 3. Field photographs of the Monhhan ophiolite and associated Khukh Ovoot Forma-
tion are shown. (A) Serpentinized ultramafic rocks. (B) Serpentinized harzburgite shows 
deformation fabric and orthopyroxene pseudomorph. (C) Metagabbro tectonic slice of the 
Monhhan ophiolite in tectonic contact with the limestone of the Khukh Ovoot Formation. 
(D) Layered gabbro of the Monhhan ophiolite. (E) Granite dikes intruded the basaltic rocks 
of Monhhan. (F) Deformed sandstone of the Khukh Ovoot Formation.
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Most zircons show typical oscillatory zoning 
(Fig. 6A) with Th/U ratios ranging from 0.66 
to 1.43, which indicates a magmatic origin 
for the zircons. Twenty-one analyses yielded 

a concordia weighted mean 206Pb/238U age of 
255 ± 2 Ma (MSWD = 2.3; Fig.  6D), which 
is interpreted to record the time of zircon crys-
tallization. Eighteen spot analyses yielded high 

initial 176Hf/177Hf ratios and positive εHf(t) val-
ues (+2.81 to +10.59), and model ages of TDM2 
(599–1094 Ma) similar to those of the young 
zircons of the gabbro (Fig. 6C).

Figure 4. Photomicrographs of 
different rocks from the Mon-
hhan ophiolite are shown. (A, 
B) Medium- to coarse-grained 
harzburgite shows strong 
serpentinization. (C, D) The 
metagabbro from the Monhhan 
ophiolite shows a poikilitic 
texture. (E, F) Basaltic rocks 
show alteration. (G, H) Gran-
ite shows an exsolution texture. 
Ser—serpentine; Mt—magne-
tite; Cpx—clinopyroxene; Pl—
plagioclase; Amp—amphibole; 
Qz—quartz.
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Zircons from sandstone sample MOE-338, 
collected from the Khukh Ovoot Formation, 
are euhedral to subhedral and 50–150 μm 
long. Most zircons display oscillatory zoning 
(Fig. 6A). A total of 45 zircon grains were ana-
lyzed and yielded apparent ages ranging from ca. 
234–449 Ma, with the most evident age peak at 
ca. 273 Ma (Figs. 6E and 6F).

DISCUSSION

Age and Tectonic Setting of the Monhhan 
Ophiolite

This study was the first to identify ophiolite 
within the southern active paleomargin of the 
Mongol-Okhotsk Ocean rather than in the Mon-
gol-Okhotsk suture zone. The gabbro from the 
Monhhan ophiolite yielded a zircon U-Pb age of 
253 ± 2 Ma, which suggests that the ophiolite 
formed during the Late Permian. The inherited 
zircon grains (444–597 Ma) from the gabbro 
sample were possibly derived from the early 
Paleozoic orogeny related to the evolution of 

the Kherlen Ocean between the Ereendavaa and 
Idermeg terrane (e.g., Miao et al., 2016).

Mantle-derived magmas are often contami-
nated by continental crust during magma ascent. 
However, no correlation of Nb/La and Th/La 
with SiO2, the very low Th/Ce (0.01–0.05), 
and Th/La (0.03–0.12) ratios rule out signifi-
cant crustal contamination for the basalts of the 
Monhhan ophiolite, because continental crust 
has relatively high Th/Ce (∼0.15; Taylor and 
McLennan, 1995) and Th/La (∼0.30; Plank, 
2005). Similarly, the Th/Ta ratios of the basalts 
range from 1.38 to 5.28, which are close to the 
primitive mantle value (Th/Ta = 2.3) but differ-
ent from the continental crust value (Th/Ta = 10; 
Sun and McDonough, 1989) and also indicate 
insignificant crustal contamination. The basalts 
show LREE and LILE enrichment and depletion 
of Nb–Ta–Ti, which, combined with the positive 
εHf(t) values of the gabbro, indicates that they 
may have been derived from a depleted mantle 
source metasomatized by subduction-derived 
components (e.g., Stern, 2002). This hypoth-
esis is further supported by most samples fall-

ing above the mid-oceanic-ridge basalt–oceanic 
island basalt (MORB-OIB) array in the Th/Yb 
versus Nb/Yb diagram (Fig. 7A; Pearce, 2008), 
which suggests that the Monhhan mafic-ultra-
mafic rocks represent an SSZ-type ophiolite. 
Such ophiolite can form in back-arc and forearc 
basin settings (e.g., Dilek and Furnes, 2011). The 
Monhhan basaltic rocks have enriched LREEs, 
unlike the forearc basin basalts with depleted 
LREEs (Dilek and Furnes, 2011). Mafic magma 
in back-arc settings could show a wide range 
of compositions: arc-like basalt, MORB, and 
back-arc basin basalts (BABBs; e.g., Gribble 
et al., 1998; Pearce, 2008). All of the Monhhan 
basaltic rocks plot in the BABB fields on the 
Th/Yb versus Nb/Yb diagram (Pearce, 2008; 
Fig. 7A) and Hf/3–Yb–Nb/16 diagram (Wood, 
1980; Fig. 7B). On the NbN versus ThN diagram 
(Saccani, 2015), the basalt samples plot in the 
BABB field and continental margin volcanic-arc 
field (Fig. 7C). On the Nb/Y versus Zr/Y dia-
gram (Condie, 2005), the basalt samples fall in 
the arc field (Fig. 7D). Hence, we infer that the 
Monhhan ophiolite formed in a back-arc tectonic 

A B

C D

Figure 5. Chondrite-normalized rare earth element patterns and primitive mantle-normalized diagrams for the (A, B) gabbro and (C, D) 
basalt of the Monhhan ophiolite. Normalizing values for both chondrite and primitive mantle are from Sun and McDonough (1989).
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setting. The basalts from different tectonic slices 
show different geochemical characteristics 
(Figs.  5C and 5D), which indicates that they 
probably document different stages of back-arc 
evolution as the subduction continues (Saunders 
and Tarney, 1984).

The granite dikes show very high K2O and 
low CaO contents distinct from the mafic rocks 
of the ophiolite, which indicates that they neither 
formed through extreme fractional crystalliza-
tion of a mantle-derived melt nor partial melt-
ing of hydrated mafic crust (e.g., Koepke et al., 
2007; Brophy, 2009; Furnes and Dilek, 2017). 
They have A/CNK values ranging from 1.06 to 
1.07, which demonstrate a peraluminous feature 

(Fig. S1A; see footnote 1). The positive correla-
tion between P2O5 and SiO2 (Fig. S1B) indicates 
that they are S-type granites (Dan et al., 2014), as 
evidenced by how they plot in the ACF diagram 
(Fig. S1C). S-type granites are usually gener-
ated by partial melting of metasediments in the 
middle and lower crust (Gao et al., 2017; Hop-
kinson et al., 2017). In the Rb versus (Y + Nb) 
discrimination diagram (Pearce et al., 1984), the 
granitic samples fall into the volcanic arc field 
(Fig. S1D). Considering their ages are similar 
to those of the ophiolite, we suggest that the 
granites were probably formed by partial melt-
ing of crust as a result of magma underplating 
during back-arc extension, similar to the S-type 

granites in circum-Pacific orogens (Collins and 
Richards, 2008).

The youngest zircon age of the sandstone 
indicates that the Khukh Ovoot Formation has 
a maximum depositional age of Late Triassic 
rather than Precambrian as previously thought 
(Figs. 6E and 6F). During this period, a number 
of depressions and grabens filled with bimodal 
volcanic suites, A-type granites, and clastic 
sedimentary rocks developed in this region 
(Yarmolyuk et  al., 2002; Dostal et  al., 2015; 
Zhu et al., 2016). Geochemical evidence indi-
cates that the bimodal volcanic rocks and the 
coeval A-type granites (213–207 Ma) were 
generated in an intra-continental back-arc basin 

Figure 6. Zircon cathodolumi-
nescence (CL) images, εHf(t), 
and U-Pb concordia diagrams 
of the Monhhan ophiolite are 
shown. (A) Representative CL 
images of zircons from this 
study. Red circles represent 
sites of analytical spots, and 
the numbers around the circles 
are the spot numbers and ages 
(with 2σ error). The scale bar 
is 50 µm. (B) U-Pb concordia 
diagram of the gabbro. (C) 
Zircon U-Pb age versus εHf(t) 
diagram for the gabbro and 
granite. (D) U-Pb concordia 
diagram of the plagiogranite. 
(E, F) Detrital zircon U-Pb con-
cordia and relative probability 
diagrams for the sandstone of 
the Khukh Ovoot Formation. 
CHUR—Chondritic uniform 
reservoir; MSWD—mean 
square of weighted deviates.
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(Zhu et al., 2016). Most importantly, the Late 
Permian Monhhan ophiolite and associated 
Khukh Ovoot Formation are located at the back 
of the Middle Gobi Permo-Triassic arc-related 
magmatic front (Fig.  1). Thus, we argue that 
the Monhhan ophiolite and the Khukh Ovoot 
Formation represent a relict back-arc basin that 
developed at the southern active margin of the 
Mongol-Okhotsk Ocean.

Andean-Type versus Western Pacific-Type 
Active Margin

Southward subduction of the Mongol-Okhotsk 
Ocean plate is represented by subduction-related 
Permian–Jurassic magmatic rocks in the Amur 
Block (e.g., Tang et al., 2016; Zhao et al., 2017). 
Northward subduction of the Mongol-Okhotsk 
Ocean plate was documented by the middle 
Carboniferous to Triassic Selenge arc and the 
Angar-Vitim granitoids in Transbaikalia (Fig. 1; 

Mazukabzov et al., 2010; Donskaya et al., 2013). 
Andean-type active margins were proposed to 
have developed throughout the entire period 
of Mongol-Okhotsk Ocean plate subduction 
(Tomurtogoo et al., 2005; Reichow et al., 2010; 
Tang et al., 2016; Li et al., 2018). However, the 
newly defined Monhhan Late Permian back-arc 
ophiolite and coeval Middle Gobi magmatic arc 
suggest that an arc–back–arc system developed 
in the southern margin of the Mongol-Okhotsk 
Ocean. Moreover, as shown by the presence of 
inherited zircons in the ophiolite, the back-arc 
basin would have probably opened in the con-
tinental domain, similar to the Okinawa trough 
from a 2-D perspective (Shinjo et  al., 1999). 
These results indicate that a Western Pacific-type 
active margin probably formed in some regions 
during the southward subduction of the Mongol-
Okhotsk Ocean.

The most prominent records of back-arc 
extensions of the Mongol-Okhotsk Ocean 

show the development of several parallel rift 
zones filled with bimodal volcanic suite and 
A-type alkaline granite (Yarmolyuk et al., 2013; 
Li et al., 2022). In the southern margin of the 
Mongol-Okhotsk Ocean, the NE-trending North 
Gobi rift consists of a number of depressions and 
grabens filled by the Late Permian–Late Trias-
sic clastic sedimentary rocks, which are inter-
calated with and overlain by bimodal volcanic 
suites (Yarmolyuk et  al., 2002; Dostal et  al., 
2015). The geochronological data demonstrate 
that the bimodal volcanic rocks and A-type gran-
ites in the rift zone formed during the Late Trias-
sic (221–207 Ma; Yarmolyuk et al., 2002; Zhu 
et al., 2016). This rift zone probably extended to 
the Erguna-Xing’an massif in NE China, where 
the ca. 225 Ma bimodal igneous rock associa-
tion and ca. 216 Ma A-type granite occur (Tang 
et al., 2016; Liu et al., 2018). The Gobi-Altai 
rift zone extends for more than 800 km along 
the northern face of the Gobi Altai Range and 

Figure 7. Geochemical plots of 
mafic rocks from the Monhhan 
ophiolite as well as the Perm-
ian–Triassic rifts are shown. 
(A) Nb/Yb versus Th/Yb dis-
crimination diagram (Pearce, 
2008). (B) Hf/3–Th–Nb/16 dia-
gram (Wood, 1980). (C) NbN 
versus ThN diagram (Saccani, 
2015). (D) Zr/Y versus Nb/Y 
diagram (Condie, 2005). Nor-
malizing values are from Sun 
and McDonough (1989). Data 
for the Okinawa back-arc ba-
sin basalts (BABBs) in panel 
A are from Shinjo et al. (1999).
The field for the BABB in panel 
B is from plots of 2340 BABB 
samples by Yang et  al. (2016). 
Western Trans-Baikalian rift 
data are from Berzina et  al. 
(2009), Jahn et  al. (2009), 
Donskaya et  al. (2012), and 
Yarmolyuk et al. (2014); Gobi-
Altai rift (GAR) data are from 
Kozlovsky et  al. (2005) and 
Yarmolyuk et al. (2014); north-
ern Mongolian rift (NMR) 
data are from Yarmolyuk et al. 
(2014, 2016); North Gobi Rift 
(NGR) data are from Yar-
molyuk et  al. (2014) and Zhu 
et al. (2016). ARC—arc-related 

basalts; CAB—calc-alkaline basalt; CMB—convergent plate settings; DM—depleted mantle; FAB—forearc basalt; IAB—island-arc ba-
salt; IAT—island-arc tholeiites; E-MORB—enriched mid-oceanic-ridge basalt; G-MORB—garnet-influenced mid-oceanic-ridge basalt; 
MORB-OIB—mid-oceanic-ridge basalt–oceanic-island basalt; N-MORB—normal mid-oceanic-ridge basalt; OFB—oceanic-floor basalt; 
PM—primitive mantle; WPA—within-plate alkali basalt; WPT—within-plate tholeiites; VAB—volcanic-arc basalt; WP—within-plate..
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comprises a linear array of grabens filled with a 
bimodal volcanic suite and related alkaline gran-
ites (Yarmolyuk et al., 2013, 2014). The flora 
and fauna imprints found in the sedimentary 
rocks and the ages of the igneous rocks (293–
269 Ma) suggest that the Gobi-Altai rift zone 
formed during the Early–Late Permian (Izokh 
et al., 2011; Yarmolyuk et al., 2014; Kozlovsky 
et al., 2015). Previous studies suggest that the 
formation of this Permian–Triassic, rift-related 
magmatism was related to the activity of man-
tle plumes, and the northeastward migration 
of magmatism resulted from the movement of 
the Siberian continent and Central Asian Oro-
genic Belt above the mantle hotspot (Kuzmin 
et al., 2010; Yarmolyuk et al., 2014). However, 
the distance between the Gobi-Altai rift and the 
coeval Tarim plume (>1600 km) is too great 
even for far-field effects of the mantle plume to 
have played a role in its formation (Kozlovsky 
et al., 2015). In addition, the mafic rocks in these 
rifts are characterized by negative Nb, Ta, and 
Ti anomalies and enrichment in LILEs, which 
indicates that they are influenced by subduction 
processes (Zhu et al., 2016; Tang et al., 2016). 
This is evidenced by the fact that most of the 
mafic rocks plot in the volcanic arc fields in vari-
ous tectonic discrimination diagrams (Fig. 7). 
A-type felsic magmas could occur in various 
extensional tectonic regimes, involving within-
plate, post-collisional, and back-arc extensional 
settings (e.g., Eby, 1990, 1992), and can be 
subdivided into A1- and A2-type granites (Eby, 
1992). The A1-type derives from sources such 
as oceanic-island basalts and were emplaced in 
anorogenic settings (hotspots, plumes, or conti-
nental rift zones), whereas the A2 type possess 
arc-like geochemical features and were likely 
emplaced in post-collisional or back-arc set-
tings. The A-type granitoids and felsic volcanics 
of the Permian–Triassic rifts within the southern 
margin of the Mongol-Okhotsk Ocean plot in 
the A2 field on the Y–Nb–Ce diagram (Fig. 8). 
Late Triassic subduction records (e.g., Zhu et al., 
2016; Li et al., 2018; Ganbat et al., 2021) and 
paleomagnetic data (Cogné et  al., 2005; Ren 
et al., 2018; Yi and meert, 2020) constrain the 
final closure of the Mongol-Okhotsk Ocean to 
the Jurassic–Cretaceous, which indicates that 
these A2-type granites probably documented 
back-arc extensional settings rather than post-
collisional extensional regimes. Permian S-type 
granites (273–254 Ma) have been identified 
along the southern margin of the Middle Gobi 
magmatic arc belt and are thought to have gen-
erated in an active margin related to the south-
ward subduction of the Mongol-Okhotsk Ocean 
(Zhao et al., 2017). In subduction settings, the 
origin of S-type granites has been attributed to 
back-arc extensions associated with slab retreat 

(Collins and Richards, 2008; Xu et  al., 2021) 
or anatexis of the forearc accretionary complex 
(Lytwyn et al., 2000; Cole and Stewart, 2009). 
Apparently, these S-type granites occur far from 
the forearc belt located along the northern mar-
gin of the Ereendavaa terrane (Kelty et al., 2008; 
Bussien et al., 2011), which indicates that the 
S-type granites result from back-arc extensions 
of the Mongol-Okhotsk Ocean. Thus, together 
the back-arc ophiolite, bimodal volcanic suites, 
A2-type granites, and S-type granites outline a 
Permian–Triassic back-arc belt with multistage 
extensions within the southern active margin of 
the Mongol-Okhotsk Ocean. The forearc belt 
along the northern margin of the Ereendavaa ter-
rane near the suture zone, the Permian–Triassic 
Middle Gobi magmatic arc belt in the middle, 
and the back-arc extension belt in the south con-
stitute a trench–arc–backarc basin system that is 
typical of the Western Pacific-type active margin.

In the northern margin of the Mongol-
Okhotsk Ocean, three rift zones have been delin-
eated, namely the Northern Mongolian, Western 
Trans-Baikalian, and Uda-Vitim (Fig.  9). The 
Northern Mongolian rift zone has been traced 
for ca. 600 km along the northern boundary 
of the Khangay batholith and includes alka-
line granite intrusions in the eastern segment 
and a few depressions in the western segment 
(Vorontsov et al., 2007; Yarmolyuk et al., 2013). 
The largest Orkhon depression is filled with 
conglomerates, sandstone, and siltstones in the 
lower part, and basaltic trachyandesites, basalts, 
trachyandesites, and trachytes in the upper part 
(Vorontsov et al., 2007). Some occurrences of 
pillow lavas with hyaloclastic cement in the rift 
indicate submarine eruptions (Vorontsov et al., 
2007). Paleobotanical and geochronological data 
suggest that the rift was generated during the 

Early–Late Permian (249–269 Ma) (Yarmolyuk 
et al., 2013, 2014). The Western Trans-Baika-
lian rift zone stretches for more than 1000 km 
and is composed of bimodal basalt-comendite 
and basalt-pantellerite volcanic complexes and 
alkaline granite intrusions (Kovalenko et  al., 
2003; Vorontsov et al., 2007). The geochrono-
logical data suggest these magmatic rocks were 
formed at 230–210 Ma (e.g., Jahn et al., 2009; 
Yarmolyuk et  al., 2014). The Uda-Vitim rift 
zone hosts numerous gabbro-monzonite, alka-
line granite, granosyenite, syenite massifs, and 
a bimodal volcanic complex with an age range 
of 298–275 Ma (e.g., Jahn et al., 2009; Reichow 
et al., 2010).

There are three main hypotheses to explain 
these extension features in the northern margin of 
the Mongol-Okhotsk Ocean. The first hypothesis 
assumes that they are the result of mantle plumes 
(Kuzmin et al., 2010; Yarmolyuk et al., 2014). 
However, the long duration of the Permo-Trias-
sic magmatism is in strong contrast to the short 
pulses (ca. 1–5 Ma) of magmatism related to the 
mantle plume (Bryan and Ernst, 2008). The sec-
ond hypothesis proposes that the Early Permian 
and Late Triassic alkaline magmatic complexes in 
the Uda-Vitim and Western Trans-Baikalian belts 
were linked to post-collisional continental rifting 
of the Central Asian Orogenic Belt or the Mon-
gol-Okhotsk orogenic belt (e.g., Jahn et al., 2009; 
Reichow et al., 2010). However, collisional event 
in this part of the Central Asian Orogenic Belt 
occurred during the Ordovician resulting from the 
Precambrian microcontinents and Neoproterozoic 
to early Paleozoic subduction-accretionary com-
plex being accreted to the Siberian Craton (Wind-
ley et al., 2007; Gladkochub et al., 2008; Rytsk 
et al., 2009). Thus, the Permian–Triassic alkaline 
magmatic complexes are not likely related to the 

Figure 8. Y–Nb–Ce diagram for 
the A-type granitoids and felsic 
volcanics in the Permian–Trias-
sic rifts within the active mar-
gins of the Mongol-Okhotsk 
Ocean is shown. Uda-Vitim rift 
and Western Trans-Baikalian 
rift data are from Yarmolyuk 
et  al. (2001), Litvinovsky et  al. 
(2002), Vorontsov et  al. (2007), 
Jahn et al. (2009), and Reichow 
et  al. (2010); Gobi-Altai rift 
data are from Kozlovsky et  al. 
(2015); North Gobi rift data are 
from Zhu et al. (2016); Xing’an 
Triassic rift data are from Liu 
et  al. (2018). A1 and A2 denote 
the respective subgroup gran-
ites of Eby (1992).
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evolution of the Central Asian Orogenic Belt. 
As mentioned above, the final closure time of 
the Mongol-Okhotsk Ocean is estimated to have 
occurred during the Jurassic–Cretaceous, which 
indicates that the Permian–Triassic alkaline mag-
matic complexes did not likely form during the 
post-collisional setting of the Mongol-Okhotsk 
orogenic belt. The third hypothesis suggests that 
the alkaline granitoids and bimodal magmatism 
formed in a hinterland extensional setting above 
the broken slab of the Mongol-Okhotsk Ocean 
(Donskaya et al., 2013). This conclusion could 
be further supported by a series of tectono-mag-
matic discrimination diagrams in which most of 
the mafic rocks in the rifts plot in the volcanic arc 
fields (Fig. 7). The A-type granitoids and felsic 
volcanics in these Permian–Triassic rifts plot in 
the A2 field (Donskaya et al., 2013), similar to 
those in the rifts of the southern active margin of 
the Mongol-Okhotsk Ocean (Fig. 8). Moreover, 
the rifts are distributed parallel to the long axis of 
the Mongol-Okhotsk suture zone (Fig. 9), which 
indicates that they document multi-stage, back-
arc extensions induced by long-lived subduction 
of the Mongol-Okhotsk Ocean. The Khangay-
Khentey forearc belt near the suture zone of the 
Mongol-Okhotsk orogenic belt (Bussien et  al., 
2011), the Permian–Triassic Selenge magmatic 
arc belt (including Khangay and Khentey calc-
alkaline batholith) (e.g., Badarch et  al., 2002; 
Donskaya et al., 2013), and the back-arc exten-
sion belt in the hinterland demonstrate that a typi-
cal trench-arc-backarc basin system developed 
on the northern active margin of the Mongol-
Okhotsk Ocean.

These records delineate a ∼5000-km-long 
belt of multi-stage, back-arc extensions in the 

southwestern segment of the Mongol-Okhotsk 
orogenic belt (Fig. 9), which indicates that, at 
least during the Permo-Triassic period, the sub-
duction of the Mongol-Okhotsk Ocean plate 
probably formed a Western Pacific-type margin 
rather than an Andean-type margin.

CONCLUSIONS

The Late Permian Monhhan ophiolite is the 
first ophiolite discovered within the southern 
active margin of the Mongol-Okhotsk orogenic 
belt rather than in the suture zone. Field, geo-
chemistry, and geochronology evidence indi-
cate that this ophiolite and associated sandstone 
represent a relict back-arc basin. The contem-
poraneous S-type granitic dikes intruding the 
ophiolite likely formed through partial melting 
of metasediments as a result of magma under-
plating during back-arc extension.

Based on a review of geochronological and 
geochemical data, we suggest that the Permian–
Triassic rift zones around the Mongol-Okhotsk 
orogenic belt document multi-stage, back-arc 
extensions induced by long-lived subduction 
of the Mongol-Okhotsk Ocean. Combining 
our discovery, we argue that there is a back-
arc extension belt extending >5000 km in the 
southwestern segment of the Mongol-Okhotsk 
orogenic belt, which indicates a probable West-
ern Pacific-type active margin during the Permo-
Triassic period rather than an Andean-type mar-
gin as previously thought.
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