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Abstract 
Late Mesozoic volcanic rocks in East Mongolia exhibit high-K calc-alkaline and shoshonitic series and 

display features of bimodal-like volcanic with a mafic and felsic members. The mafic member is composed 
mainly of trachybasalt and basaltic trachyandesite, with a minor amount of trachyandesite. The mafic rocks have 
elevated incompatible trace element concentrations and significantly negative Nb-Ta and Ti anomalies, features 
of typical subduction-related magmas, distinguished from OIBs. The mafic magmas have undergone fractional 
crystallization dominated by pyroxene and/or olivine and crustal contamination. The mafic magma was derived 
from low-degree partial melting of an enriched lithospheric mantle source that might have been metasomatized 
by subduction-derived fluids. The felsic member consists of trachydacite and rhyolite. The geochemical data 
indicate they produced from partial melting of a crustal source that is dominated by juvenile mafic rocks. Our 
new K-Ar dating and previous age data demonstrated that the late Mesozoic volcanism in East Mongolia took 
place during Late Jurassic-Early Cretaceous at between 156-99 Ma. The model of the arc‒back-arc extension 
possibly induced by slab roll-back of the westward (paleo) Pacific-subduction can explain the geodynamic setting 
and the eastward young trend of the late Mesozoic volcanism in East Mongolia and its adjacent NE China. 
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1. Introduction 
In NE Asia, Late Mesozoic volcanic 

rocks are mainly distributed in Eastern Central 
Asian Orogenic Belt (CAOB), which includes 
areas of Russian Far East, eastern side of NE 
China, Great Xing’an Range and East 
Mongolia (Fig. 1). The Sikhote-Alin terrane in 
Russian Far East is a typical subduction-
accretionary complex produced by the western 
Pacific subduction beneath the NE Asian 
continent. This terrane consists of accretionary 
prisms, turbidites, and island arc formations. 
The accretionary prisms are Jurassic and early 

Cretaceous in age, but the arc formations are 
mainly Early Cretaceous, which are considered 
to be a result of subduction of the Paleo-Pacific 
(Grebennikov et al., 2016). Jahn et al. (2015) 
suggested that the Sikhote-Alin terrane was 
tectonically emplaced in two major periods: 
Early Cretaceous (132-98 Ma) and Eocene (46-
45 Ma).  

Compared with the late Mesozoic 
volcanic rocks along the eastern margin of the 
NE Asian continent (e.g. Russian Far East and 
east of NE China), those in East Mongolia and 
Great Xing’an Range are spatially distributed 
relatively far west from the continental margin, 
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meaning that they are in the interior of the 
continent. This leads to intensive debates 
regarding the origin and geodynamic setting of 
the volcanism. The models proposed for this 
include: (1) mantle plume hypothesis (Kojima, 
1989; Zhou, Y et al., 2011); (2) back-arc 
lithosphere extension due to roll back of the 
subduction of Paleo-Pacific plate (Faure and 
Natal'in, 1992; Li and Shu, 2002; Zhang et al., 
2011; Sun et al., 2013); (3) Post-orogenic 
diffuse extension following the subduction of 
Mongol-Okhotsk Ocean (Fan et al., 2003; Guo 
et al., 2010; Zhou et al., 2011; Li et al., 2014); 
and (4) westward subduction of the Paleo-
Pacific Oceanic plate, leading to large scale 
delamination (Wu, G et al., 2005; Wang et al., 
2006; Zhang et al., 2010;; Guo et al., 2013; 
Miao et al., 2015).  

East Mongolia constitutes the westmost 
part of the vast late Mesozoic volcanic 
province in NE Asia. Contrasting to well-
studied late Mesozoic volcanic rocks in NE 
China, those in East Mongolia are poorly-
investigated. The Mongolian volcanic rocks 
were mapped as Cretaceous in age (Geological 
Map of Mongolia; 1:500 000 scale), but this 
age assignment lacks support of reliable age 
data and is also different from those in NE 
China, where the volcanic rocks are considered 
to be late Jurassic to early Cretaceous in age 
(Fan et al., 2003; Wang et al., 2006; Zhang 
L.C., et al., 2008). On the other hand, 
geochemical data of the Mongolian volcanic 
rocks are considerably limited although four 
possible models have been suggested for the 
Cretaceous volcanism in East Mongolia, 
including: (1) bi-directional delamination of a 
previously thickened mantle lithosphere, (2) 
back-arc extension due to collapse of a flat 
subduction slab, and (3) mantle avalanche of a 

thick pile of trapped cold mantle materials from 
the subducted Paleo-Asian oceanic plate (Dash 
et al., 2013); and (4) the stretching and breakoff 
of the subducted Mongol-Okhotsk oceanic 
slab, conjunction with gravitational collapse 
and spreading, as driver for late Mesozoic 
extension tectonism in the north China-
Mongolian tract (Meng, 2003). These 
discrepancies give rise to the question: Did the 
late Mesozoic volcanic rocks in East Mongolia 
and NE China formed simultaneously under 
same geodynamic setting?  

This paper presents new 
geochronological and geochemical data of the 
late Mesozoic volcanic rocks in East Mongolia, 
with aims: (1) to determine the eruption age of 
the volcanic rocks, (2) to discuss the 
petrogenesis of the rocks, and (3) to constrain 
the geodynamic setting in which they formed.  

 
2. Geology 
Eastern Mongolia and its adjacent 

northeastern (NE) China is an area that has 
been affected by at least three orogenic 
systems: the Central Asian Orogenic Belt 
(CAOB), the Mongol-Okhotsk orogenic belt 
and the Pacific subduction beneath the East 
Asian continent. The CAOB resulted from 
closure of the Paleo-Asian Ocean between the 
Siberian (-Baltica) craton in the north and 
North China (-Tarim) craton (NCC) in the 
south (Fig. 1a) at about the end of Permian to 
the earliest Triassic (Şengör et al., 1993; 
Şengör and Natal’in, 1996; Maruyama et al., 
1997; Xiao et al., 2003; Miao et al., 2008). The 
CAOB is also considered as the largest region 
of Phanerozoic crustal growth in the world 
(Jahn et al., 2000, 2004, 2009; Safonova et al., 
Zhan 2015; Windley et al., 2007; Xiao et al., 
2010). 
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Fig. 1. (a) Simplified tectonic sketch map showing the main units of the central and eastern Asia (modified 

after Ge et al., 2015); (b) Distribution of late Mesozoic volcanic rocks in eastern CAOB (modified after Meng, 
2003). 

 
The Mongol-Okhotsk Orogenic Belt 

occurs to the north of the East Mongolia and 
NE China. The Mongol-Okhotsk suture, which 
extends for >3000 km from the central 
Mongolia in the west to Uda Golf in the east 
and possibly continues further east into the Sea 
of Okhotsk, is a result of closure of the 
Mongol-Okhotsk Ocean during late Mesozoic 
(Kravchinsky et al., 2002; Dong et al., 2014). 
Subduction of the Mongol-Okhotsk Ocean 
plate was traced to late Devonian as indicated 
by the Devonian-Carboniferous Onon arc 
(Zorin, 1999), but the intensive arc-magmatic 
activities took place during Permian to Late 
Triassic (Donskaya et al., 2013). Additionally, 
the subduction of the Mongol-Okhotsk oceanic 
plate was likely characterized by two-side 
subduction, that is, it subducted northwestward 
beneath the Siberian craton and southeastward 
beneath the East Mongolia-NE China, leading 
to the formations of the Khangai and Middle 
Gobi Permian-Triassic volcanic-plutonic belts, 
which are located in the southeastern and 
northwestern margins of the two blocks (Zorin, 
1999; Van der Voo et al., 1999; Badarch et al., 
2002; Kravchinskyet al., 2002; Donskaya et al., 
2012), respectively. Studies have shown that 
the closure of the Mongol-Okhotsk Ocean was 
characterized by a resistor-shape pattern, 

meaning that it closed earlier in its western 
segment (e.g. Mongolia) during Early to 
Middle Jurassic (Zorin, 1999; Dong et al., 
2014) but in its eastern part (e.g. Russian Far 
East) during Late Jurassic – Early Cretaceous 
(Kravchinsky et al., 2002; Cogné et al., 2005).  

The Pacific subduction beneath the East 
Asia continent has been presumed to begin 
from Triassic (the Paleo-Pacific), and the 
Sikhote-Alin terrene is considered as a result of 
the subduction and/or accretion system 
(Kojima, 1989; Zhou et al., 2014). The late 
Mesozoic large-scale magmatism along the 
eastern margin of the East Asia continent is 
considered to generate under the subduction 
setting (Zhao et al., 1989; Wu, G et al., 2005; 
Li and Li, 2007; Zhang, J.H et al., 2008; 
Safonova et al., 2009; Niu et al., 2015). 

East Mongolia and NE China, which are 
located in the eastern segment of the CAOB 
between the Siberia and North China cratons, 
have long been considered to be composed of a 
series of microcontinental blocks bounded or 
separated by sutures and/or subduction-
accretionary complexes (Şengör et al., 1993; 
Xiao et al., 2003). The microcontinental blocks 
include, from north to south, Ereendavaa-
Erguna, Idermeg-Xing’an, South Mongolia-
Songliao and Jiamusi-Xingkai blocks (Fig. 1a; 
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Zhou et al., 2009, 2011a; Liu et al., 2016). The 
former three blocks generally extends in NEE-
SWW or NE-SW direction, whereas the last 
one in N-S direction in the eastern margin of 
the CAOB (Zhou et al., 2011). The boundaries 
or sutures among these blocks have been 
inferred to be the Mongol-Okhotsk, Xinlin-
Xiguitu (the middle Gobi in Mongolian 
segment), Hegenshan-Heihe, Solunker-

Xilamurun and Mudanjiang sutures/faults (Fig. 
1a). However, recent studies confirmed that 
most of these blocks are actually not 
microcontinents, but Phanerozoic subduction-
accretionary complexes that have been 
metamorphosed during subduction or collision 
(Miao et al., 2004, 2007, 2015). 

 

 
Fig. 2. Simplified map showing the distribution of late Mesozoic volcanic rocks in East Mongolia (after 

Tomurtogoo et al., 2012). The marked ages of late Mesozoic volcanic rocks in East Mongolia are referenced 
from Graham et al. (2001), Dash et al. (2013). Also shown sample locations and K-Ar ages results of this 

study. 
 
Published geochronological data show 

that late Mesozoic volcanic rocks in NE China 
mainly formed during four periods of time: 
163∼160 Ma, 147∼140 Ma, 125∼120 Ma and 
116∼113 Ma. The volcanism appears to 
migrate from west to east with time (Wang et 
al., 2006; Zhang et al., 2010; Wu et al., 2011). 
On the other hand, the Mesozoic volcanism is 
generally coeval with, or slightly younger than, 
the final closure of the Mongol-Okhotsk Ocean 
between 160 Ma and 110 Ma (Zhang, J.H et al., 
2008). Geochemical data suggest that the 
volcanic rocks are dominated by High-K calk-
alkaline series, with rock compositions ranging 
from mafic to felsic (Yarmolyuk et al., 2015). 

In East Mongolia, late Mesozoic volcanic 
rocks cover Paleozoic accretionary complexes 
and turbidities of the CAOB (Badarch et al., 
2002). In East Mongolia and NE China, major 
extensional sedimentary-volcanic basins began 
developing during the late Mesozoic time, 
including the Erlian, Hailar and Songliao 
basins in NE China, and the East Gobi basin in 
the southeastern Mongolia (Wang et al., 2006). 
The volcanic interlayer of the Sharilyn Fm. 
from boreholes at the lower part of the East 
Gobi basin yielded an Ar-Ar age of 155±1 Ma, 
and Ar-Ar ages of 126±1 Ma and 131±1 have 
been reported for the Tsagaantsav Fm. 
(Graham et al., 2001). Two whole-rock Ar-Ar 
ages of ca. 114 and 105 Ma were reported for 
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the basalts in the Tsagaandelger and Dychgol 
areas (Dash et al., 2013), respectively. 
Volcanic rocks in the Erlian basin have Ar-Ar 
and K-Ar ages from 156 to 145 Ma (Chen and 
Chen, 1997; Meng, 2003) whereas those from 
the Hailar basin have zircon U-Pb ages of ca. 
136-125 Ma (Li et al., 2014). These data 
suggest that the volcanic rocks were formed 
during the late Jurassic–early Cretaceous time. 

 
3. Sampling and petrography 
A total of 60 fresh samples were collected 

from outcrops at seven different provinces in 
East Mongolia. The localities of the samples 
are shown in Fig. 2. Among them, 4 samples 
were selected for K-Ar dating and 56 samples 
for geochemical analysis. Based on field 
observation, the late Mesozoic volcanic rocks 
in East Mongolia can be generally divided into 
two groups: a mafic group and a felsic one. The 
mafic rocks consist of trachybasalt, basaltic 
trachyandesites and trachyandesite.  

Trachybasalts (samples DU-1/1BA to 
DU-9/3BA, KH-18BA, KH-24BA and TU-
97BA) show porphyritic and intergranular or 
intersertal textures (Fig. 3a-b). The phenocrysts 
are mainly plagioclase, with pyroxene and 
magnetite phenocrysts occasionally observed. 
Polysynthetic twining and zoning are common 
in plagioclase phenocrysts and 
Glomerophenocrysts of plagioclase are also 
observed (Fig. 3a). The phenocrysts of 
pyroxene were weakly altered to be epidote and 
chlorite. The groundmass is composed of 
pyroxene, plagioclase and/or olivine. Olivine 
was altered to be iddingsite. Additionally, 
amygdaloidal and crystals of magnetites were 
observed in some samples (Fig. 3b).  

Trachyandesites (samples; KH-21BA, 
SB-51BA and DG-81BA) are massive and 

show a porphyritic texture (Fig. 3c-e). The 
phenocrysts are plagioclase (Fig. 3c) and the 
groundmass is aphanitic containing very tiny 
platy plagioclase. Some phenocrysts have 
darkish rims (Fig. 3e), likely indicating a 
mineral-melt reaction.  

Basaltic trachyandesites (samples KH-
07BA, KH-11BA, KH-14BA, KH-16/1BA, 
KH-27BA, KH-31BA, KH-34BA, KH-39BA, 
SB-42BA, SB-44BA, SB-46BA, SB-55BA, 
SB-57BA, DG-76BA, GS-82BA, GS-87BA, 
GS-89, TU-92BA and TU-95BA) show 
vesicular and massive structures (Fig. 3f-h), 
with variable textures, such as porphyritic, 
intergranular or intersertal (Fig. 3g-h) and 
aphyric textures (Fig. 3f). It comprises 
plagioclase and pyroxene phenocrysts, as well 
as minor olivine (Fig. 3g-h). Phenocrysts of 
pyroxene are in irregular shape and intensively 
altered to be sericite and iddingsite. The 
groundmass is microcrystalline to aphanitic 
and consists of plagioclase, pyroxene, 
magnetite and volcanic glass, with a minor 
amount of secondary epidote and iddingsite. 
Moreover, amygdaloidal and crystals of 
magnetite were observed in some samples. 

The felsic rocks consist of trachydacite 
and rhyolite. Trachydacites (samples KH-
36BA, KH-38BA, KH-40BA, SB-50/1BA, 
SB-50/2BA, SB-60BA, DO-63BA, DG-78BA, 
DG-79BA and DO-67BA) are vesicle-free and 
display flow structure, which is indicated by 
the orientation of plagioclase. The 
trachydacites show conspicuous porphyritic 
and trachytic textures. The phenocrysts are 
plagioclase, orthoclase, biotite, hornblende and 
K-feldspar (Fig. 3i-l). Some K-feldspar 
phenocrysts have rims showing strong 
argillization (Fig. 3i).  
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Fig. 3. Micrographphotos of late Mesozoic volcanic rocks in East Mongolia (Cross polarized light). A-B: 
Trachybasalts (DU1/2BA and DU-3/2BA); C-E: Trachyandesite (KH-21BA and SB-51BA); F-H: Basaltic 
trachyandesite (KH-14BA; GS-87BA and TU-95BA); I-L: Trachydacite (SB-60BA and DO-63BA); M-O: 

Rhyolite (SB-49/5BA; DO-68BA and DG-80BA). Mineral abbreviations: Px–pyroxene; Pl– plagioclase; Q– 
quartz; Bt– biotite; Kspar- K-feldspar; Or- orthoclase; Hbl- Hornblende; Amg– amygdaloidal. 
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Plagioclase phenocrysts locally have K-
feldspar rims (Fig. 3k), likely a result of 
interaction between plagioclase and magma. 
Biotite was partially replaced by chlorite and 
hematite (Fig. 3l). The groundmass is 
composed of orthoclase, plagioclase and 
volcanic glass, with plagioclase locally altered 
to be epidote. 

Rhyolites (samples SB49/1BA-SB-
49/5BA, DO-61BA, DO-64BA, DO-68BA, 
DO-69BA, DG-71BA, DG-74BA, DG-80BA, 
GS-83BA and GS-84BA) have massive and 
flow structures and a typical porphyritic texture 
(Fig. 3m-o). Phenocrysts are plagioclase, 
biotite, and quartz. Plagioclase was strongly 
altered by argillization, and biotite was mostly 
altered with separation of Fe-oxides (Fig. 3m). 
Plagioclase shows narrow darkish rim (Fig. 
3n), similarly indicating a mineral-melt 
reaction. Quartz is irregular in shape and shows 
features of re-melting (Fig. 3m-o). The 
groundmass is aphanitic but tiny feldspar and 
quartz can be observed.  

 
4. Analytical methods 
4.1. Whole-rock K-Ar dating 
Whole-rock K-Ar dating was carried out 

at the State Key Laboratory of Earthquake 
Dynamics, Institute of Geology, China 
Earthquake Administration. The groundmass 
of the volcanic rocks was chosen for K-Ar 
dating because phenocrysts (olivine, pyroxene, 
and plagioclase) could be crystallized earlier in 
the magma chamber and thus enriched in 
excess radiogenic Ar. The dated rock samples 
were firstly crushed and sieved through 0.5-
0.25 mm, purified by hand-picking under a 
binocular microscope (avoid from mantle 
xenoliths and amygdule minerals, if any), held 
in 5% HNO3 for 10-15 minutes, and washed 
with distilled water.  

Potassium and argon were measured on 
two separated aliquots of the selected grains. 
Potassium concentration was measured by the 

flame spectrophotometry using optimized 
analytical conditions and the uncertainty is 1.0-
1.5%. The Ar isotopes were determined on the 
MM1200 mass spectrometer, and the MM1200 
mass spectrometer was connected with the 
whole metal extraction system and purification 
system. An extraction system for internal and 
external double vacuum system, using beam 
furnace heating in a vacuum system including 
tube and purification system and the mass 
spectrometer is communicated with the 
vacuum system for the electron bombardment, 
precise temperature control by using the 
compensation method, the error is ±5oC. The 
sample was loaded into the sample tube and 
was heated for 12 hours or more at 250oC. Each 
sample was put with molybdenum tantalum 
lining clamp pot, heating under bombardment 
electronic vacuum system. The gas releases 
through a cold trap to remove water and CO2, 
and through the titanium sponge to remove 
other reactive gasses, and finally through the 
Zr-Al third level getter purification. The 
purified inert gas was introduced into the mass 
spectrometer MM1200 for analyses.  Decay 
constants are those recommended by the ISG 
(Steiger and Jäger, 1977): λ=5.543×10-10/yr, 
λe=0.581×10-10/yr, and λβ=4.962×10-10/yr.  

 
4.2. Major and trace elements 
Samples for geochemical analysis were 

crushed to mm-scale fragments after removal 
of altered rims. The rock fragments were 
washed in distilled water in an ultrasonic bath 
and further crushed in a WC jaw crusher. An 
aliquot of the cleaned material was ground in 
an agate ring mill to <200 mesh, and the 
resulting powder used for major and trace 
element analyses. Both the major and trace 
element analyses were conducted at the 
Institute of Geology and Geophysics, Chinese 
Academy of Sciences (IGGCAS). Major 
element oxides were determined by X-ray 
fluorescence (XRF) spectrometer. Detailed 
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analytical processes and conditions are same as 
described by Guo et al. (2006). Loss on ignition 
(LOI) was determined by weighing about 0.5g 
powder samples baked at 1000oC for 1h. For 
trace element analysis, the powder samples 
were digested in a mixture of HF and HNO3 in 
high-pressure Teflon bombs for 7 days. The 
solutions were analyzed using an Inductively 
Coupled Plasma Mass Spectrometry (ICP-
MS), and analytical error for most elements is 
less than 5%. The accuracy was based on the 
analyses of standards GSR1 and GSR3. 
Detailed ICP-MS analytical procedures follow 
those described by Li et al. (2009). 

5. Results 
5.1. K-Ar dating 
K-Ar dating results of 4 samples are 

presented in Table 1 and are shown in Fig. 2. 
Two trachybasalt samples (DU-1/1BA and 
KH-25BA) yielded ages of 113±2 and 111±2 
Ma, respectively. The basaltic trachyandesite 
sample (DG-75BA) gave an age of 99±2 Ma, 
and the rhyolite sample (DO-70BA) yielded an 
age of 118±5 Ma. These ages are interpreted to 
represent the eruption times of the volcanic 
rocks.  

 
Table.1. K-Ar whole-rock dating results of late Mesozoic volcanic rocks in East Mongolia. 

Sample name Province Coordinate K (%)  40Ar rad 40Ar rad (%) ±1σ, Ma 
DU-1/1BA Dundgobi E106.42 N46.15 1.87  3.7995E-10 96.87 113±2 
KH-25BA Khentii E 110.76 N48.55 1.87  3.7015E-10 95.45 111±2 
DO-70BA Dornod E 115.18 N46.60 0.16  3.3731E-11 53.77 118±5 
DG-75BA Dornogobi E 110.09 N44.78 2.16  3.8271E-10 91.74 99±2 

 
5.2. Major and trace elements  
Analytical results of major and trace 

elements are listed in Table 2. In total alkali 
(Na2O+K2O) vs. SiO2 plot (Fig. 4a) in the fields 
of trachybasalt, trachyandesite, basaltic 
trachyandesite, trachydacite and rhyolite, 
mostly belonging to alkaline series. In K2O vs. 
SiO2 diagram, the Mongolian volcanic rocks 
belong to the high-K calc-alkaline to 
shoshonitic series (Fig. 4b). From the Harker 
variation diagrams (Fig. 5), it is evident that 
most oxides (e. g. TiO2, Al2O3, MgO, MnO and 
P2O5) of the volcanic rocks have no linear 
correlations with SiO2, but they do from 
basaltic to intermediate (called “mafic group” 
hereafter) and from dacitic to rhyolitic magmas 
(called “felsic group” hereafter), respectively. 

The mafic group volcanic rocks have SiO2 
contents of 49.74-59.89 wt.%, with high Al2O3 
(14.26-17.38 wt.%). They have MgO contents 
varying from 1.96 to 5.45 wt.%, K2O contents 
ranging from 1.32 to 3.74 wt.% and K2O/Na2O 

ratios from 0.36 to 0.97 wt.%. The volcanic 
rocks of the felsic group have high SiO2 
contents (63.47-75.69 wt.%) and high K2O 
contents (3.25-5.68 wt.%). Their MgO 
contents range from 0.11 to 1.54 wt.%. They 
have high total alkali contents ranging from 
7.45 to 10.12 wt.%,  with relatively high 
K2O/Na2O ratios of 0.66-2.54, consistent with 
high-K calc-alkaline and shoshonitic rocks. 
Both the mafic and the felsic group rocks have 
relatively low Mg# [=Fe2+/(Fe2++Mg)*100] 
values, ranging from 27.76 to 59.37 and from 
to 10.73 to 49.86, respectively (Table 2). LOI 
values of volcanic rocks have been considered 
as indicators of the presence of hydrous 
mineral phases (e.g., amphibole) and/or 
secondary minerals (e.g., chlorite and 
carbonate). The LOI values of the East 
Mongolian samples of both mafic and felsic 
groups are variable (0.22-3.84 wt.%), but show 
no correlation with La/Sm ratios, suggesting 
that alteration did not create significant 
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modification on REE patterns (Labanieh et al., 
2012). 

 

 
Fig. 4. (a) TAS classification diagram (Na2O + K2O vs. SiO2; after Maitre et al., 1989) and (b) K2O vs. SiO2 

diagram (after Peccerillo and Taylor, 1976) for late Mesozoic volcanic rocks in East Mongolia. Data of the 
Great Xing’an Range are referred from literature Fan et al. (2003), Meng et al. (2011), Yu et al. (2014) and Li 

et al. (2015). 
 
The REE contents of the volcanic rocks 

of the mafic group range from 149 to 571 and 
those of the felsic group from 120 to 470. The 
two groups have similar chondrite-normalized 
rare earth element (REE) patterns characterized 
by enrichment in light rare earth elements 
(LREEs) relative to heavy rare earth elements 
(HREEs), with (La/Yb)CN ratios of 15.72-43.87 
and 7.59-25.8 respectively, except for that the 
felsic group rocks have stronger negative Eu 
anomalies than the mafic group (Fig. 6a, c). 
The volcanic rocks of the mafic group have 
slightly higher (Gd/Yb)CN ratios-ranging from 
2.9 to 6.71 than those of the felsic group, which 
vary from 1.12 to 3.41 (Fig. 6a, c). Trace 

element concentrations range from several 
times primitive mantle for heavy REE and Ti 
to several hundred times for LILEs, such as Rb, 
Ba, Th and U (Fig. 6b, d). In the primitive 
mantle (PM)-normalized trace element 
diagrams, the East Mongolian volcanic rocks 
display enrichment in large ion lithophile 
elements (LILEs), such as Ba and Rb, but 
depletion in high field strength elements 
(HFSEs, e.g. Nb and Ta) relative to Th and La. 
Comparing with the mafic group, the felsic 
group shows more distinguished negative Eu, 
Sr, and Ti anomalies, with variable Ba 
anomalies (Fig. 6b, d). 
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Fig. 5. Harker diagrams showing the co-variation of major oxides with SiO2 for the late Mesozoic volcanic 

rocks in East Mongolia. 
 

 
Fig. 6. Chondrite-normalized REE patterns and Primitive mantle-normalized trace element spiderdiagrams for 
the late Mesozoic volcanic rocks in East Mongolia. Figures a and b are mafic volcanic rocks; figures c and d 
are felsic volcanic rocks. The volcanic rocks of the Great Xing’an Range, NE China, are also shown in gray 
shadow for comparisons and the data sources are same as those in Fig. 4. The normalized values of both the 

chondrite and the primitive mantle are after Sun and McDonough (1989). 
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6. Discussion 
6.1. Eruption time of the late Mesozoic 

volcanic rocks in East Mongolia 
In East Mongolian, the late Mesozoic 

volcanic rocks were ascribed to be the Early 
Cretaceous of age on the 1:500,000 Geological 
Map of Mongolia (Institute of Geology, 
Ministry of Heavy industry of Mongolia, 
1990), but this assignment lacks support from 
isotopic age data. Our new K-Ar dating results 
demonstrate that the dated volcanic rocks were 
mainly formed during early Cretaceous (118-
99 Ma). In combination with previously 
published and age data aforementioned, it can 
be concluded that the late Mesozoic volcanic 
rocks in East Mongolia likely erupted between 
155 and 99 Ma, belonging to Late Jurassic to 
Early Cretaceous. These data attest that the 
Mesozoic volcanic rocks in East Mongolia are 
essentially coeval with those in the Great 
Xing’an Range, NE China (160-100 Ma; Davis 

et al., 2001; Wang et al., 2006; Ying et al., 
2010; ), but appear some older than those in the 
areas of farther east, such as the Songliao Basin 
(140-106 Ma; Wang et al., 2002; Zhang, H.F et 
al., 2007; Shu et al., 2007; Ding et al., 2007; 
Gao, 2008), Jiamusi (130-80 Ma; Yu et al., 
2009; Xu et al., 2013), Russian Far-East (132-
80 Ma; Cogne et al., 2005; Jahn et al., 2015), 
the southern Korean Peninsula (110-70 Ma; 
Kim et al., 2012, 2014; Koh et al.,2013; Kihm 
et al., 2014) and the southwestern Japan (95-65 
Ma; Li et at., 2007; Sato et al., 2016). 
Generally, the late Mesozoic volcanism in NE 
Asia displays a decreasing trend of eruption 
ages from East Mongolia in the west to Japan 
in the east (Fig. 7). This temporal and spatial 
variation possibly implies that the subduction 
zone of the western Pacific plate migrated from 
west to east or a slab roll-back of the subducted 
plate (see section 6.3 for details). 

 

 
Fig. 7. A sketch showing the spatial and temporal variations of the late Mesozoic volcanism in NE Asia, which 

appears that an eastward migration from East Mongolia – Greater Xing’an Range to the southwestern Japan 
existed (after Wang et al., 2006; age data are from Shuvalov, 1980, 1982; Graham et al., 2001; Dash et al., 

2013; Zhao et al., 1989; Davis et al., 2001; Fan et al., 2003; Meng, 2003; Wang et al., 2006; Chen et al., 2007; 
Guo et al., 2008; Zhang, J.H et al., 2008, 2010; Ying et al., 2010; Xu et al., 2013;  Li et al., 2014; Wang et al., 
2002; Zhang, H.F et al., 2007; Shu et al., 2007; Ding et al., 2007; Gao, 2008; Yu et al., 2009; Xu et al., 2013; 

Cogne et al., 2005; Jahn et al., 2015; Li et at., 2007; Sato et al., 2016). 
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6.2. Petrogenesis of the late Mesozoic 
volcanic rocks in East Mongolia 

As aforementioned, there are no linear 
correlations of most oxides with SiO2 between 
the mafic and felsic groups of volcanic rocks 
(Fig. 5). This indicates that the rocks of the two 
groups were probably derived from different 
source regions. The relatively high LOI 
contents of the mafic samples (0.22–3.84 wt.%; 
Table 2) indicate that the mafic rocks 
experienced variable alternations during post-
eruption processes. This is further supported by 
our thin section observation that widespread 
epidotization and chloritization occurred in the 
basaltic rocks. The post-eruption alteration 
may have changed the contents of some 
incompatible elements (e.g. LILEs) due to their 
high mobilities. Therefore, relatively stable 
elements (e.g. HFSEs and REEs) are used to 
constrain the original geochemical 
characteristics of the magmas in the following 
discussion. 

6.2.1. Petrogenesis of the mafic volcanic 
rocks 

The Mongolian mafic group rocks may 
have experienced some fractional 
crystallization and crustal contamination 
during the magma ascent from its mantle 
source. The mafic rocks show low Mg# values 
of 27.76 to 59.37 and low Cr concentrations 
(31-155.95), and MgO and Cr are negatively 
correlated with SiO2 (Fig. 5), indicating that the 
magma of the mafic group rocks are not 

primitive and likely experienced some 
fractional crystallization of pyroxene, most 
likely of clinopyroxene (Cpx) and olivine. 
Slightly negative Eu anomaly suggests that 
fractionation of plagioclase and Cpx 
contributes little to the petrogenesis of the 
mafic group rocks. This is consistent with the 
observation that Cpx and plagioclase are the 
dominant phenocrysts in the rocks. The 
fractional crystallization trend in La/Yb vs. Yb 
plot (Fig. 8a) also confirms that the mafic 
group rocks experienced fractional 
crystallization. The mafic group rocks are 
enriched in Th (2.1-8.93 ppm), and there is a 
good positive correlation between Nb/Th and 
Nb/La (Fig. 8b), suggesting that a Th-enrich 
component involved in their petrogenesis, 
which is most likely due to crustal 
contamination (Li et al., 2006; Yang et al., 
2016). Studies have shown that continental 
crust is typically depleted in Nb and Ta 
(Rudnick and Fountain, 1995), and the upper 
continental crust is enriched in La and Th 
whereas the lower continental crust is not 
always enriched in Th (Barth et al., 2000). In 
the (Th/Ta)N vs. (La/Ta)N plot, the Mongolian 
mafic samples define an UCC trend (Fig. 9a; 
Ingle et al., 2002), implying that the 
contaminator is the upper continental crust. In 
addition, the La/Ba vs. La/Nb diagram (Fig. 
9b) also shows that crustal contamination has a 
major contribution to the petrogenesis of the 
mafic group rocks.  

 

 
Fig. 8. (a) La/Yb vs. Yb diagram (after Zhu et al., 2009) showing fractional crystallization of the volcanic 

rocks in East Mongolia (the Great Xing’an data are same as in Fig. 4); (b) Nb/Th vs. Nb/La plot showing the 
crustal contamination of the mafic rocks. 
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Fig. 9. (a) (Th/Ta)N vs. (La/Ta)N and (b) La/Ba vs. La/Nb (after Thirlwall et al., 1994) diagrams for late 

Mesozoic mafic volcanic rocks in East Mongolia (The data are same as in Fig. 4). 
 
The volcanic rocks of the mafic group, 

which belong to high-K calk-alkaline to 
shoshonitic series (Fig. 5), have considerable 
high REE contents (from 149 to 571 ppm) and 
OIB-like REE patterns (Fig. 6a, c) reminiscent 
of OIBs. However, they display distinct 
negative anomalies of HFSEs (e.g. Nb, Ta, and 
Ti) in the primitive mantle-normalized diagram 

(Fig. 6b, d), a feature characteristic of 
subduction-related magmas (Yang et al., 
2014). Presented geochemical data define the 
Mongolian mafic volcanic rocks deriving from 
a subcontinental lithospheric mantle source 
(Fig. 10a) that might have metasomatized by a 
subduction-related component (Fig. 10b). 

 

 
Fig. 10. Diagrams for identifying components of the mantle source of the Mongolia mafic volcanic rocks. (a) 

Nb/La vs. La/Yb plot (Smith et al., 1999; modified after Karsli et al., 2014). Average OIB is taken from Fitton 
et al. (1991); average lower crust value is an average of six granulite xenoliths from the lower crust after Chen 

and Arculus (1995); (b) Zr/Nb vs. Nb/Th plot (after Condie, 2005). Arrows indicate effects of batch melting (F) 
and subduction (SUB). UC‒ upper continental crust; PM‒ primitive mantle; DM‒ depleted mantle; HIMU‒ 
high U/Pb mantle; EM1‒ enriched mantle I; EM2‒ enriched mantle II; ARC‒ arc-related basalts; NMORB‒ 

normal ocean ridge basalt; OIB‒ oceanic island basalt; DEP‒  deeply depleted mantle; EN‒ enriched 
component; REC‒ recycled component. Some typical basalts in the world are also shown for comparison and 
the data sources are: NE China: Fan et al., 2003; Ji et al., 2007; Yu et al., 2009; Meng et al., 2011; Guo et al., 
2013; Sun et al., 2013; Xu et al., 2013; Dong et al., 2014; Li, S.C et al., 2014; Li, S.Q et al., 2014; Yang et al., 
2015; Columbian Trap: Nivia et al., 2006; Lara et al., 2012; Ontong Java: Fitton and Godard, 2004; White et 
al., 2004; Siberian Trap: Reichowa et al., 2005; Chuvashova et al., 2016; Svetlitskaya et al., 2016; Emeishan 
Trap: Xiao Long et al., 2003; Zi et al., 2008; Deccan Trap: Sheth et al., 2004; Duraiswami et al., 2013; East 

Africa: MacDonald et al, 2001). 
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Nb/Yb and/or Ta/Yb ratios can be used to 
constrain relative depletion or enrichment 
nature of the mantle sources of basaltic 
magmas if the degree of partial melting is 
small, even if garnet as a residual phase in the 
source (Pearce and Stern, 2006; Pearce et al., 
2005). Meanwhile, Th/Yb ratio is considered 
as a sensitive indicator for monitoring addition 
of subduction components (Stern et al., 2003; 
Pearce et al., 2005; Pearce and Stern, 2006). In 
the Th/Yb vs. Ta/Yb diagram (Fig. 11a), the 
Mongolian mafic group samples plot in the 
field of active continental margins and straddle 
on the boundary between the EMORB-OIB 
mantle arrays. The relatively high Th/Yb ratios 
that cause a generally vertical deviation from 

the mantle array may reflect the input of 
subduction components into the mantle source. 
Besides, relatively high Ba/Th and low La/Sm 
ratios (Fig. 11b) as well as the positive Ba 
positive anomalies (6b) of the Mongolian 
mafic rocks attest that the magma mantle 
source was predominately metasomatized by 
aqueous fluids derived from slab dehydration, 
rather than by melts of partial melting of the 
subducted sediments (Labanieh et al., 2012) 
because subduction-related fluids are generally 
enriched in elements such as Ba, Rb, and U but 
depleted in Th, Nb, Ta, Ti and REE (Brenan et 
al., 1995; Ayers et al., 1997; Kessel et al., 
2005). 

 

 
Fig. 11. (a) Th/Yb vs. Ta/Yb (Pearce, 1983) and (b) Ba/Th vs. La/Sm (Labanieh et al., 2012) plots showing the 

mantle source nature of the Mongolian mafic rocks (the data are same as those  in Fig. 4). 
 
It is considered that K-rich basaltic rocks 

are usually generated from partial melting of 
amphibole/phlogopite-bearing mantle rocks 
and their K concentrations controlled by the 
amphibole/phlogopite abundance and the 
degree of partial melting (Avanzinelli et al., 
2009; Conticelli et al., 2009a, 2009b; Yang et 
al., 2014). Studies have shown that amphibole 
from mantle xenoliths has relatively high 
abundances of K, LREE, HFSE, and Ba but 
very low abundances of Rb and Th (Ionov and 
Hofmann, 1995; Chazot et al., 1996) and 
phlogopite is rich in K, Ba and Rb, but has very 
low concentrations of REE, HFSE and Th. The 

K/Rb ratios of phlogopites vary from 40 to 400, 
whereas those of amphibole and amphibole-
bearing melt are generally greater than 1100 
(Chakrabarti et al., 2009). The mafic volcanic 
rocks in East Mongolia have relatively high 
K/Rb ratios (165-883), implying that 
amphibole is the dominant hydrous mineral in 
the mantle source. The La/Sm and La/Yb ratios 
of the Mongolian mafic rocks are 3.96-7.64 and 
21.91-61.14, respectively, which illustrates 
that the Mongolian mafic volcanic rocks were 
produced by the batch partial melting of spinel 
and/or garnet peridotite (e.g., Genc and 
Tuysuz, 2010). In terms of the La/Sm vs. La 
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ratios, the partial melting curves that coincide 
with the compositions of the mafic volcanic 

rocks imply a low-degree partial melting 
(<5%) of an enriched mantle source (Fig. 12).  

 

 
Fig. 12. La/Sm vs. La diagram (after Zhu et al., 2009) showing the source and fractionation characteristics of 

mafic volcanic rocks in East Mongolia. 
 
In summary, the geochemical data 

demonstrate that the mafic group volcanic 
rocks in East Mongolia was produced by low-
degree partial melting of an enriched 
lithospheric mantle source that is likely 
dominated by spinel-facies lherzolite and 
might have been metasomatized by 
subduction-related fluids, and experienced 
fractional crystallization dominated by the 
fractionation of pyroxene and/or olivine and 
crustal contamination possibly by upper crustal 
materials. 

6.2.2. Petrogenesis of the felsic group 
volcanic rocks 

It is generally accepted that direct melting 
of the mantle could not have produced the 
felsic members (Campbell et al., 2014 and 
references therein). Furthermore, there are no 
linear correlations of most major oxides 
contents with SiO2 between the mafic and 
felsic group rocks in East Mongolia although a 
rough trend of decrease in Cr and MgO 
concentrations with increasing SiO2 contents 
can be observed (Fig. 5). This precludes the 
possibility that the felsic group rocks were 
derived by fractional crystallization from the 
mafic group rocks. Therefore, we suggest that 

the felsic group rocks in East Mongolia 
probably have different source regions from 
the associated mantle-derived mafic group 
volcanic rocks. This conclusion is consistent 
with the observation that intermediate volcanic 
rocks; if there is any, account for just small 
proportions of the volcanic sequences in East 
Mongolia (Figs. 4 and 5). In other words, the 
late Mesozoic volcanic rocks in East Mongolia 
actually have features of bimodal volcanic 
rocks in terms of lithology and geochemical 
composition. 

The Mongolian felsic group volcanic 
rocks have resembled chondrite-normalized 
REE and PM-normalized trace element 
patterns to those of the mafic group rocks, but 
displays more evidently negative Eu, Sr and Ti 
anomalies and lesser distinctly positive Ba 
anomaly than the mafic rocks (Fig. 6, d), 
indicating fractional crystallization dominated 
by plagioclase and Ti-bearing minerals (e.g. 
rutile) contributes to the petrogenesis of the 
felsic group rocks (Fig. 6d). On the other hand, 
these geochemical features favor an 
explanation that the Mongolian felsic group 
rocks were originated from partial melting of a 
mafic crustal source. However, the uncertainty 
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remains as to whether juvenile or ancient mafic 
materials account for the mafic source of the 
felsic rocks. In this aspect, the Nd-Hf isotope 
signatures of the rhyolite in the Gehe basin in 
the Great Xing’an Range of NE China can give 
some clues because it is geographically 
adjacent to East Mongolia and the late 
Mesozoic volcanic rocks in the two areas are 
contemporaneous and display similar, if not 
identical, major and trace element 
geochemistry (Figs. 4, 5 and 6). In the Gehe 
basin, the felsic volcanic rocks have similar or 
overlapping Nd-Hf isotope compositons to 
those of associated mafic volcanic rocks, with 
εNd(t) and εHf(t) values of 0.86-2.12 and 2.9-3.3 
(Zhang, L.C et al., 2007), respectively. The 
similarities in Nd-Hf isotope composition of 
the mafic and felsic rocks provide compelling 
evidence for the felsic rocks deriving from a 
juvenile mafic source. Consequently, we 
propose that the Mongolian felsic group rocks 
were similarly generated by low-degree partial 
melting of a juvenile crustal source. 
Underplated mafic rocks that are coeval with 
the exposed mafic group rocks and/or juvenile 
mafic materials of the CAOB; are plausible 
candidates for the juvenile crustal source. 

 
6.3. Tectonic implications 
It is commonly accepted that the late 

Mesozoic volcanic rocks in East Mongolia and 
NE China were formed in an extensional 
environment (e.g. Faure and Natal'in, 1992). 
The bimodal-like nature of the late Mesozoic 

volcanic rocks in East Mongolia complies with 
this cogonization. However, the tectonic 
mechanism that generates the extensional 
environment in which the volcanic rocks 
formed is yet an issue of debates. In this regard, 
several models have been proposed, mainly 
including mantle plume (Lin et al., 1998; Ge et 
al., 1999; Zhou, Y et al., 2011), post-orogenic 
extension or lithospheric delamination 
following the Mongol-Okhotsk orogenesis 
(Wang et al., 2002; Fan et al., 2003; Zhou et al., 
2009; Zhou et al., 2011; Li et al., 2014) or the 
CAOB (or called lithospheric mantle avalanche 
model of Dash et al., 2013), and back-arc 
extension of the Pacific subduction (Zhao et al., 
1989; Li and Shu, 2002; Zhang et al., 2011; 
Sun et al., 2013).  

Our new geochemical and 
geochronological results do not support a 
mantle plume origin for the late Mesozoic 
volcanic rocks in East Mongolia. Instead, they 
point to an origin of subduction-related 
magmas (Fig. 12a), similar conclusions 
reached for the late Mesozoic volcanic rocks in 
the Great Xing’an Range (Zhang, J.H et al., 
2008; Zhou et al., 2009). However, these 
authors selected the post-orogenic extension 
following closure of the Mongol-Okhotsk 
Ocean to interpret the geodynamic setting in 
which the volcanic rocks generated because 
they considered that their study areas are too 
far from the Pacific subduction to correlate the 
volcanism with the subduction. 
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Fig. 13. Simplified tectonic model of late Mesozoic volcanic rocks in East Mongolia and Great Xing’an Range, 
NE China (modified after Sun et al., 2013). 

 
Late Mesozoic volcanic rocks are 

distributed in a vast area, including East 
Mongolia, NE China, and the eastern North 
China craton (NCC), which would be difficult 
to interpret the coeval magmatism in the 
southern part of the NE China and eastern NCC 
if interpreting just in terms of post-orogenic 
extension of the Mongol-Okhotsk orogeny 
(Dash et al., 2013).  

The lithospheric mantle avalanche model 
(Dash et al., 2013) suggests that a thick pile of 
subducted oceanic slabs from the Paleo-Asia 
oceans was trapped at the top of the 
endothermic phase boundary at 670 km, and 
the initiation of the Pacific subduction may 
have caused a thermal perturbation, raising the 
temperature and thus reducing the viscosity of 
the upper mantle, which in turn caused rapid 

sinking of the cold pile of lithosphere through 
the 670 km phase boundary, and mantle 
materials filling the gap of the slab pile caused 
upwelling and thus decompression melting. 
This model meets two challenges: one is that it 
cannot explain the eastward young trend of the 
late Mesozoic volcanism in NE Asia if the 
thermal perturbation was from initiation of the 
Pacific subduction, which will lead to a 
reversed age variation pattern; the other is that 
it lacks evidence of large-scale subducted 
paleo-Asian oceanic slab existing at the 670-
km boundary before Cretaceous. 

As a matter of fact, the late Mesozoic 
volcanic rocks are discontinuously distributed, 
and individual volcanic belts generally extend 
in NNE diction, parallel to the Mesozoic 
volcanic-sedimentary basins (e.g. the Hailar 
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and the Songliao basins), both of which are 
conformable to the Pacific subduction zone 
(e.g., Li, 2000; Wu et al., 2005a, b). This 
implies that the volcanism is likely related to 
the Pacific subduction. Therefore, we prefer 
the model of the back-arc extension induced by 
the westward Pacific-subduction, as suggested 
by Sun et al. (2013), to explain the geodynamic 

setting under which the late Mesozoic volcanic 
rocks in East Mongolia and NE China formed. 
This model emphasizes that the slab roll-back 
of the subduction retreat of the Pacific plate 
might have caused the upwelling of the 
asthenospher, which in turn caused the 
extension and melting of the overriding 
lithosphere (Fig. 13). 

 
7. Conclusion 
1) Our new K-Ar dating results, in 

combination with previously published age 
data, demonstrate that the volcanic rocks in 
East Mongolia formed in late Jurassic-early 
Cretaceous, with eruption ages ranging from 
ca. 155 to 99 Ma, essentially coeval with those 
of its adjacent Great Xing’an Range of NE 
China.  

2) The late Mesozoic volcanic rocks in 
East Mongolia are characterized by high-K 
calc-alkaline and shoshonitic series and 
displays features of a bimodal-like volcanic 
suite in lithology and geochemistry. The mafic 
rocks, which are mainly composed of 
trachybasalt and basaltic trachyandesite with 
minor trachyandesite, resulted from low-
degree partial melting of the lithospheric 
mantle that had been metasomatized by 
subduction-related fluids, and experienced 
fractional crystallization and crustal 
contamination; the felsic rocks including 
trachydacite and rhyolite were generating from 
partial melting of juvenile mafic lower crust. 

3) The geochemical data and the 
bimodal-like occurrence of the volcanic rocks 
in East Mongolia indicate an extension 
environment in which they formed.  
Considering evidence of adjacent NE 
China together, we use the model of the 
arc‒back-arc extension, possibly induced 
by slab roll-back, of the westward (paleo) 
Pacific-subduction to explain the 

geodynamic setting and the eastward 
young trend of the volcanism. 
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