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ABSTRACT 

The Mesozoic-Cenozoic volcanic rocks are widely distributed in the interior of the 
East Asia and document the tectonic transition of East Asia. We present new 
geochronology and geochemistry data of late Cretaceous-early Cenozoic basalts in 
Bayantsagaan and Han-Uul volcanic provinces in South Mongolia, in order to 
explore their petrogenesis and geodynamic settings. The volcanic rocks in the 
Bayantsagaan and Han-Uul field yielded K-Ar ages of 90.55±1.93 Ma and 
55.49±1.49 Ma, respectively. The volcanic rocks in South Mongolia subdivided into 
to alkaline basalts and tholeiitic series, and are characterized by ocean island basalts 
(OIB) trace elements features, such as enrichment of light REE relative to heavy 
REE and enrichment in large ion lithophile elements (LILE). Compared with the late 
Cretaceous, the early Cenozoic basalts show an increase of Nb and Ta. Crustal 
contamination and fractional crystallization are insignificant in the genesis of late 
Cretaceous and early Cenozoic basalts South Mongolia. The available Sr-Nd isotope 
results indicate that late Cretaceous volcanic rocks, which derived from magmas 
from the of metasomatized subcontinent lithospheric mantle, whereas the early 
Cenozoic basalts is ascribed to contributions from the asthenospheric mantle. We 
propose that the generation of the late Cretaceous volcanic rocks (114-90 Ma) 
related back arc-extension induced by slab rollback of the westward-subducted 
Pacific Plate and the subduction zone retreat. Whereas Early Cenozoic volcanism 
(50-40 Ma) in Mongolia is related to the shallow mantle upwelling (asthenosphere) 
induced by the edge convection along the northern margin of the North China Craton 
(NCC), triggered by a far-field effect of Indo-Asian collision.  
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INTRODUCTION 
The volcanic rocks of Mesozoic-Cenozoic age 
are distributed over a vast region from the 
coastal area of East Asia continent and in the 
interior of the East Asia continent, such as 
Mongolia as well.   

Mesozoic volcanism in Mongolia is mainly 
emplaced during the late Jurassic-early 
Cretaceous, and late Cretaceous volcanism was 
mainly distributed in East Mongolia and South 
Mongolia. Several studies have been carried out 
for late Mesozoic volcanic rocks in East 
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Mongolia, demonstrated that bimodal series arc 
type volcanic rocks migrates from west to east 
with time. Their origin was linked to the back-
arc extension induced by slab rollback of the 
westward-subducted Pacific Plate (Dash et al., 
2013; Bars et al., 2018).  
In contrast, South Mongolian volcanic rocks 
are isolated in space and have relatively smaller 
outcrop which is erupted both late Cretaceous 
and Early Cenozoic. Despite few studies of 
their geochemistry (Barry and Kent, 1998; 
Yarmolyuk et al., 2015), there is still great 
controversy on the origin of these basalts. It is 
noted that the “Big Mantle Wedge” (BMW) 
model has been widely accepted in interpreting 
the geodynamic setting of the Cenozoic 
volcanism in East Mongolia and East China 
(e.g., Zhao et al., 2009; Kuritani et al., 2011; 
Togtokh et al., 2018; Xu et al., 2012; Zhang et 
al., 2014; Xu and Zheng et al., 2017). 
However, it will be difficult to use the BMW 
model to explain the petrogenesis and 
geodynamic setting of the basalts in Mongolia, 
especially those in South Mongolia, since 
South Mongolia is about 2000 km west of the 
present Pacific trench, which is too far to 
correlate the volcanic rocks there to the Pacific 
subduction. Alternatively, some researchers 
(Barry et al., 2003) believe that OIB-like late 
Cretaceous- Early Cenozoic basalts in South 
Mongolia have the same origin as late 
Cenozoic volcanic rocks in Central Mongolia. 
In this paper, we present new geochemical and 
geochronological data of the Cretaceous -early 
Cenozoic basalts in South Mongolia. Using 
these results, together with previously 
published data, we explore the petrogenesis and 
discuss the geodynamic setting in which the 
late Cretaceous- early Cenozoic volcanism 
occurred in South Mongolia. 
 

GEOLOGICAL BACKGROUND  
Mongolia is located within the central part of 
the CAOB (Jahn et al., 2004). The basement 
geology of Mongolia records a complex history 
of Paleozoic terrane accretion and arc 
magmatism of the Central Asian Orogenic Belt 
(CAOB), with a general southward migration 
to the Sulinkheer suture, which marks the final 
closure of the Paleo-Asian Ocean in the late 

Permian to the Early Mesozoic (Sengor and 
Natal’in, 1996; Miao et al., 2008; Xiao et al., 
2010). The Mongol-Okhosk belt (MOB) 
extends from the central Mongolia in the west 
to Uda Golf in the east, result of a scissor-style 
closure of the Mongol-Okhotsk Ocean during 
Middle Jurassic in the Mongolian segment 
(e.g., Tomurtogoo et al., 2005; Miao et al., 
2017). The Indo-Asian collision and/or the 
western Pacific subduction likely influenced 
the Central-Eastern Mongolia in a manner of 
the far-field stress during Cenozoic, leading to 
the present geography and formation/
reactivation of NE- to NNE-trending faults and 
rifting basins (e.g., Yin, 2010). Mesozoic to 
Cenozoic basalts are widely distributed in east 
and central Mongolia (Fig. 1). Mesozoic 
volcanic rocks in East Mongolia erupted during 
late Jurassic-Early Cretaceous (ages ranging 
from ca. 155 to 99 Ma), essentially coeval with 
those of the adjacent Great Xing'an Range of 
NE China continent (e.g., Pei et al., 2008; Dash 
et al., 2013; Bars et al., 2018), whereas other 
basalts were formed in South Mongolia during 
114 to 90 Ma. In contrast to the Mesozoic 
basalts of East Mongolian, the late Cretaceous 
volcanism in south Mongolia relatively are 
scattered over large area, where the early 
Cenozoic volcanic complex of 60-50 Ma were 
also distributed (Enkhtuvshin et al., 1995; 
Barry et al., 2003; Yarmolyuk et al., 2015). 
Except for the “old” field above mentioned, the 
Cenozoic volcanic rocks in Mongolia with ages 
younger than 30 Ma are more widespread.  
 

SAMPLING AND PETROGRAPHY 
In this study, 14 fresh samples were collected 
from two localities in South Mongolia. 
Detailed localities of samples are shown in Fig. 
1. 
Bayantsagaan volcanic fields are located at 
southern edge of Gobi-Altai ranges and overlie 
the middle Jurassic Saihan Formation (Fm) 
(Fig. 2a). Volcanic rocks mainly consist of 
black and massive trachybasalts. The lavas 
thickness is 250–300 m in total. Lavas have 
oxidized upper surface, with ropey texture or 
columnar jointing in thicker lavas (Fig. 2b). 
Bayantsagaan trachybasalts are porphyritic and 
contain phenocrysts of predominant 
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Fig. 1. Simplified tectonic outline and distribution of Mesozoic-Cenozoic volcanic rocks in Mongolia (modified after 
Yarmolyuk et al., 2011, Barry, 1999). Sample localities and numbers of this study also showed. MOS: Mongol-Okhotsk 
suture; MML: Main Mongolian Linement. Abbreviation names are as follows: Arg-Argalant; Bts-Bayantsagaan; IB-Ikh 
bogd; ZB-Zuunbogd; AB-Ajbogd; Mush-Mushgai; Kh-Han-Uul; GS-Gurvansaikhan; TA-Taatsiin gol  

plagioclase and subordinate actinolite, which 
scatter in a groundmass, composed of acicular 
plagioclase and minor amount clinopyroxene 
(Fig. 3a). Plagioclase phenocrystal (Pl) is 
euhedral to subhedral, and 0.5-1.5 mm in size. 
Actinolite (Hb) occur as elongated acicular, 
subhedral grains of up to 0.5 mm in size (Fig. 
3b). 
The Han-Uul volcanic field is located at the 
eastern termination of the Gobi Tien Shan 
ranges. The Cenozoic basaltic lava in this 

volcanic field occurs as a plateau overlying the 
lower Cretaceous Sainshand Fm (Fig. 2c). There 
are at least three lava flows, with each 8-28 m 
thick. These lava flows are similar in lithology 
and consist mainly of pale gray, black massive 
basalt and trachybasalt. They show massive, 
horizontally bedded layers (Fig. 2d). No 
volcanic craters were identified as the conduit of 
these lavas. The Cenozoic volcanic rocks in this 
field were designated as Eocene in age but no 
age data available. Consequently, besides the 
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Fig. 2. Field photo (a) basaltic lava flow over lying sediments with a bedding structure in the 
Bayantsagaan volcanic field, (b) vertical columnar joints in lava Bayantsagaan volcanic field, (c) lava flows 
forming a plateau unconformably overlying the Upper Cretaceous Sainshand Fm, and (d) massive blocky 
surface of the basaltic lava at the Han-Uul area  

Fig. 3. Photomicrograph (cross-polarizers) showing: (a) clinopyroxene phenocrysts surrounded by plagioclase 
laths in basaltic andesite from the Bayantsagaan volcanic field (sample BA-01), (b) subhedral acicular Actinolite 
cryst in the basaltic andesite from the Bayantsagaan volcanic field (sample BA-19), (c) Foliation structure in basalt 
from Han-Uul volcanic field (UG-03). Abbreviations: Pl – plagioclase; Cpx – clinopyroxene; Hb-hornblende  

samples for geochemical analysis, one sample 
(UG-02) from the lower part of the volcanic 
sequence was collected for age dating in this 
study. The basalts from the Han-Uul volcanic 
field are vesicular and porphyritic. Olivine (Ol) 
is the most common phenocryst phase; although 
clinopyroxene phenocrysts are, also present. 
Olivine phenocrysts are euhedral to subhedral 

prisms of 0.4-2 mm in size. The groundmass 
consists of olivine, clinopyroxene, plagioclase 
microlites and volcanic class. The Han-Uul 
basaltic lavas display magmatic foliation 
structure, which is characterized by alignment 
and orientation of tiny plagioclase laths in the 
groundmass, as well as by the variation of the 
foliation surrounding the clinopyroxene 



Khasmaral et al.  Mongolian Geoscientist 49 (2019) 3-21 

7 

phenocrysts (Fig. 3c). This suggests that the 
foliation records primitive magma flowing. 
 

ANALYTICAL METHODS 
Whole-rock K-Ar dating 
Whole rock K-Ar dating was carried out at the 
State Key Laboratory of Earthquake Dynamics, 
Institute of Geology, Chinese Earthquake 
Administration (IGCEA, Beijing, China). Rocks 
were crushed and sieved through 20-80 mesh in 
size, cleaned with distilled water, ethanol and 
acetone, and baked at low temperature. After 
cleaning and baking, samples were enclosed in 
a “Christmas tree” shaped holder and heated at 
about 200°C for 12 hour for degassing. 
Afterward samples were separated and placed in 
individual molybdenum crucibles surrounded 
by a titanium crucible for electron 
bombardment heating. Argon was measured 
using the isotope dilution method with a 
99.98% pure 38Ar spike on a MM120 mass 
spectrometer connected to a purification and 
extraction system. The spike was calibrated and 
corrected with standard samples. Detailed 
analytical procedures were described by Zhu et 
al. (2001).  

 
Whole-rock major and trace element analysis 
Major and trace element analyses were carried 
out at the Institute of Geology and Geophysics, 
Chinese Academy of Sciences in Beijing, 
China. Fresh rock samples crushed and milled 
to 200 mesh. 0.5 g whole-rock powders were 
accurately weighed and then ignited at 1000°C 
for about 60 min. Loss on ignition (LOI) was 
measured as the weight loss after ignition. 
Samples were then grinded and mixed with 5 g 
of lithium tetraborate (Li2B4O7) in an agate 
mortar, and melted to make glass discs using an 
automatic flame fusion machine. Major 
elements were determined on fused glass discs 
by X-ray fluorescence spectroscopy (XRF) 
using an Axios-Minerals instrument. The 
analysis has a relative standard deviation (RSD) 
of 0.1–1.0%. For trace elements, sample 
powders were digested using a hot mixture of 
HF and HNO3 in the high pressure Teflon 
bombs for 7 days. The concentrations of trace 
elements were determined by using an 
inductively coupled plasma mass spectrometry 

(ICP-MS) of Finnigan MAT Element-II system. 
Detailed analytical procedures were described in 
(Guo et al., 2006).  

 
Whole-rock Sr-Nd isotope analysis 
Rb–Sr and Sm–Nd isotopic compositions were 
determined by thermal ionization mass 
spectrometry (TIMS) using a Finnigan MAT262 
at the Institute of Geology and Geophysics, 
Chinese Academy of Sciences in Beijing, China. 
System following the procedures are described 
in Guo et al. (2006) and Li et al. (2012a). Whole
-rock powders for Sr–Nd isotope analyses were 
dissolved in Savillex Teflon screw-top capsule 
after being spiked with the mixed 87Rb –84Sr and 
149Sm –150Nd tracers prior to HF + HNO3 + 
HClO4 dissolution. Rb, Sr, Sm and Nd were 
separated using the classical two-step ion 
exchange chromatographic method before 
determination by the TIMS technique. The blank 
was lower than 250 pg for Rb–Sr and 100 pg for 
Sm–Nd, respectively. International standards 
NBS-987 and JNdi-1 of USGS were employed 
to evaluate instrument stability during the period 
of data collection.  
 

RESULTS  
Whole-rock K-Ar ages  
K-Ar dating results of two samples are presented 
in Table 1. Sample 2014BA-23 from 
Bayantsagaan gave an age of 90.55±1.93 Ma, 
and the Han-Uul (2014UG-02) yielded an age of 
55.49±1.49 Ma. 
 
Major and trace element composition  
Major and trace element compositions of 
analyzed samples are presented in Table 2. In 
total alkali vs. silica (TAS) diagram, the 
Bayantsagaan volcanic rocks plot in the field of 
basaltic andesite. Following the classification of 
Irvine and Baragar (1971), these samples are 
subdivided into alkaline and tholeiitic groups. 
Volcanic rocks from Han-Uul fall in fields of 
basalt and trachybasalt, belonging to alkaline 
(Fig. 4).  
Volcanic rocks from Han-Uul fields have the 
higher MgO contents of 6.11-9.90 wt % (on 
water-free basis, hereinafter), whereas those 
from Bayantsagaan have lower MgO contentsof 
3.36-4.86 wt%. Han-Uul volcanic rocks have 
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             Table 1. Whole rock K-Ar dating result of Bayantsagaan and Han-Uul volcanic rocks from South Mongolia  

Sample No. Location 40Ar K% Age±σ（Ma） 
40Ar% 40Ar(mol/g) 

2014UG-02 Han-Uul 3.21316 1.27 55.49 ± 1.49 80.32 1.2412E-10 

2014BA-23 Bayantsagaan 3.53169 1.13 90.55 ± 1.93 88.93 1.8198E-10 

Fig. 4. Total alkalis (Na2O+K2O) versus SiO2 (Le Bas et al., 
1986) plot for analyzed samples from the Bayantsagaan and 
Han-Uul areas. Boundary line for alkaline and subalkaline 
series in figure (a) is from Irvine and Baragar (1971).  

slightly higher Fe2O3
t (10.42-11.35 wt%), TiO2 

(1.95-2.12 wt%), CaO (9-10.45 wt%), K2O 
(1.42-2.01 wt%) than those from Bayantsagaan 
Fe2O3

t (8.59-11.03 wt%), TiO2 (1.39-1.81 wt%), 
CaO (6.47-8.07 wt%), K2O (0.32-1.11). The 
Bayantsagaan basalts show higher SiO2 (54.71-
55.92 wt%),  Al2O3 (15.0-18.43 wt%) contents  
than Han-Uul basalts (SiO2 of 47.40-50.89; 
Al2O3 of 14.48-14.95 wt%). The Ni 
concentrations are variable.  
In MgO variation diagrams (Fig. 5), the Han-
Uul samples show weak negative correlation of 
SiO2, TiO2, and slightly positive correlation of 
Cr, Ni and Fe2O3

T, no correlation of CaO and 
CaO/Al2O3, with MgO. In contrast, 
Bayantsagaan basalts show no correlations of 
these oxides and trace elements with MgO.   
All samples from Han-Uul and Bayantsagaan 
volcanic fields display similar chondrite-
normalized REE and primitive mantle (PM-) 
normalized trace elements patterns (Fig. 6a, b) 

that resemble those of OIBs. In details, REE 
patterns characterized by sub parallel smooth 
curves from La to Lu displaying steep slopes 
with absence of Eu anomaly, indicating a 
significant enrichment of light rare earth 
elements (LREEs) relative to heavy rare earth 
elements (HREEs) (Fig. 6c, d). The degree of 
fractionation between LREE and HREE for the 
Han-Uul samples, with (La/Yb)N ratios of 9.25-
11.38, was relatively higher than  those of the 
Bayantsagaan samples with La/Yb)N ratios of 
5.61-8.51. In primitive mantle normalized trace 
element diagrams, trace elements pattern exhibit 
distinct enrichment large ion lithophile elements 
(LILE; e.g. Rb, K, Sr, U), negative Ti and Y 
anomalies. Other distinctive features are noted 
that no depletion Nb, Ta exists in samples from 
Han-Uul in East Mongolia, whereas those from 
the Bayantsagaan show negative Nb and Ta 
anomaly. 
 
Whole-rock Sr-Nd isotope 
Sr –Nd isotopic compositions results of basalts 
are listed in Table 3. These results, together with 
published data for the late Mesozoic-Cenozoic 
basalts from Mongolia are plotted in Fig.7. 
87Sr/86Sr and 143Nd/144Nd isotopic ratios for the 
Han-Uul basalts range from 0.704240 to 
0.704546 and from 0.512903 to 0.513092, 
respectively, plotting within the field of OIB. 
The Bayantsagaan basalt has a relatively low 
87Sr/86Sr ratio from 0.704691 to 0.704992 and 
relatively high 143Nd/144Nd value of 0.512709 to 
0.512722, which are similar to those published 
previously (Yarmolyuk et al., 2015) and plots in 
the OIB field. 
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Fig. 5. Oxides, CaO/Al2O3, and trace elements Ni versus MgO plots for the basalts from 
the Bayantsagaan and Han-Uul volcanic provinces from the Bayantsagaan and Han-
Uul volcanic provinces  

Fig. 6. Chondrite-normalized REE patterns and primitive mantle-normalized diagram for rocks of 
Early Cenozoic basalts from Han-Uul (a, c) late Cretaceous basalts from the Bayantsagaan (b, d) 
Normalizing values are from Sun and McDonough (1989) both chondrite and primitive mantle. For 
comparison, the ocean island basalt (OIB) (Sun and McDonough, 1989) is also plotted.  
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Fig. 7.  143Nd/144Nd versus 87Sr/86Sr plot for the late 
Cretaceous-early Cenozoic basalts from South Mongolia. 
Previously published Sr-Nd isotopic data for the late 
Mesozoic-Cenozoic basalts are also plotted for comparison. 
Data sources are Rasskazov et al. (2002), Yarmolyuk et al. 
(2003), Barry et al. (2003), Togtokh et al. (2018), Xu and 
Zheng (2017).  Reference fields for DM (depleted mantle), 
EM1 and EM2 (enriched mantle), MORB (mid-ocean range 
basalt) and OIB (oceanic island basalt) are from Stracke et 
al. (2003, 2005). Abbreviation CM-Central Mongolia, NEC-
North East China, SM-South Mongolia  

Sample No BA-22 BA-03 UG-01 UG-14 

Rock type BA BA B B 

Rb[μg/g] 20.1 8.2 31.3 36.6 

Sr[μg/g] 627 483 622 622 

87Rb/86Sr 0.0928 0.0491 0.145 0.175 

87Sr/86Sr 0.704992 0.704691 0.704240 0.704546 

Error 0.00001 0.000011 0.000012 0.000011 

Sm[μg/g] 5.14 5.43 6.0 5.6 

Nd[μg/g] 23.1 21.7 26.5 23.5 

147Sm/144Nd 0.1345 0.154 0.1359 0.1440 

143Nd/144Nd 0.512722 0.512709 0.512903 0.513092 

Error 0.000005 0.000009 0.000008 0.000012 

eNd(t) 2.40 2.00 5.17 8.86 

Table 3. Sr-Nd isotopes results of the late Cretaceous-
early Cenozoic volcanic rocks  

DISCUSSION 
The late Cretaceous-early Cenozoic volcanic 
rocks in South Mongolia essentially have 
similar geochemical features although there are 
some variations in elements content. These 
similarities and variations might be due to 
mixture of factors, including post-magma 
alteration, crustal contamination, fractional 
crystallization, mantle source, and partial 
melting degree. Therefore, the effects of these 
parameters should be evaluated before the data 
can be used for constraining natures of the 
magma source. 
 
Influence of post-magmatic alteration 
The LOI (loss on ignition) value of a whole-
rock analysis is an indicator for presence of 
secondary alteration or hydrous-bearing 
minerals. All studied samples show low LOI 
contents (-0.70-1.78) suggest that post-
magmatic alteration has little influence on those 
volcanic rocks. Alternative, the influence of 
alteration on the major elements can also be 
evaluated by applying the Chemical Index of 
Alteration [CIA=Al2O3/(Al2O3+CaO+Na2O 
+K2O)] (Nesbitt and Young, 1982). The degree 
of influence of alteration can be divided into 
four levels: no influence (fresh rock), slightly 
altered rocks, moderately altered rocks and 
strongly altered rocks, which have CIA values 
of <50, 50-65, 65-85, and >85, respectively. The 
CIA values of the samples range from 57 to 59 
for the Bayantsagaan and 49 to 52 for the Han-

Uul. These suggest that the alteration has just 
negligible effect on the composition of the 
volcanic rocks in this study. 
 
Fractional crystallization  
The Bayantsagaan samples have low MgO 
contents (mostly <8 wt%) and Mg# (47-67). 
They are far from those of expected melts in 
equilibrium with mantle peridotites (Frey et 
al., 1978; Cox, 1980). Major oxides, and 
compatible elements (Ni and Cr) are not 
linerily correlated with MgO contents (Fig. 5). 
These signatures suggest that Bayantsagaan 
basalts did not experience sigificant fractional 
crystallization of olivine and pyroxene. 
Similarly, absence of Eu anomaly 
demonstrates fractional crystallization of 
plagioclase did not occurred for the 
Bayantsagaan basalts. Han-Uul basalts have 
variable MgO contents (6.3-9.9 wt%) and Mg# 
(58-67). SiO2 and Al2O3 contents increase and 
Ni decreases with MgO decrease (Fig. 5), 
apparently indicating fractional crystallization 
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of olivine. Both CaO and CaO/Al2O3 does not 
correlate with MgO, implying clinopyroxene 
fractionation is insignificant. Plagioclase 
appears to be common in the basaltic rocks 
from these two fields, but absence of both 
negative Eu anomaly and no positive Al2O3–
MgO trend excludes the possibility of 
plagioclase fractionation (Fig. 5). 
Additionally, all the basalts show distinct 
negative Ti anomaly in the PM-normalized 
trace element diagram regardless of TiO2 
contents and the volcanic provinces (Fig. 6c, 
d). However, there is no positive correlation 
between TiO2 and MgO, indicating that 
fractional crystallization of Ti-oxide minerals 
can be ruled out. As a result, we conclude that 
the role of fractional crystallization is 
insignificant in the genesis of the basalts in 
both late Cretaceous and early Cenozoic in 
South Mongolia.  

Fig. 8. Diagrams of La/Nb versus Ba/Nb (a), εNd(t) versus Sm/Nd (b), 87Sr/86Sr versus SiO2 (c), εNd(t) versus 
SiO2 (d) for all analyzed basaltic samples from Bayantsagaan and Han-Uul.  Previously published Sr-Nd isotopic 
data (cross) taken from Barry et al. (2003),  Yarmolyuk et al. (2015)  

Crustal contamination 
Continental basalts maybe more likely 
affected by crystal contamination than basalts 
formed in oceans (e.g. MORB and OIB) 
because the continental basaltic magma has to 
pass through the thick continental crust to the 
surface.  
Ba/Nb and La/Nb ratios of the Han-Uul 
samples overlap with global OIB and nearly 
show no crustal contamination, whereas 
samples from Bayantsagaan display the 
positive correlation between Ba/Nb and La/
Nb plotting along the expected contamination 
trend (Fig. 8a). However, if continental crust 
were involved in petrogenesis of the 
Bayantsagaan volcanism, the most 
contaminated sample with the lowest εNd 
would also display the lowest Sm/Nd (Xu et 
al., 2005). Such positive correlation cannot be 
observed in the Bayantsagaan, even in the 
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Han-Uul field. Instead they show flat εNd(t)-
Sm/Nd trend related with fractional 
crystallization and/or partial melting processes 
(Fig. 8b). Moreover, as shown in Fig. 8c, d, 
87Sr/86Sr remain nearly constant with increasing 
SiO2, differing from effects of significant crustal 
contamination.  
Therefore, geochemical data suggest that the 
role of crustal contamination could be negligible 
in the petrogenesis of the basalts from 
Bayantsagaan and Han-Uul. Although 
Bayantsagaan basalts maybe affected by crustal 
contamination, to the effect have been limited 
and has not significantly altered the elemental 
concentrations and isotopic ratios of the erupted 
magmas. Crustal assimilation coupled with 
fractional crystallization (AFC) is also unlikely 
because no progressive decreases in Cr, Ni, Co 
and Mg# with concomitant increase in 87Sr/86Sr 
ratios and decrease in 143Nd/144Nd ratios are 
observed.  

Fig. 9. Diagram of La/Yb versus Sm/Yb (a) Na/Ti cation fraction ratios with MgO (b) FC3MS 
versus Mg# (c) for all analysed basaltic samples from Bayantsagaan and Han-Uul. Batch melting 
curves calculated for garnet peridodite. Partition coefficients are taken from Putirka (1999b).  

Partial melting and mantle source 
The characteristics of the mantle sources can be 
distinguished by plotting La/Yb against Sm/Yb. 
Since Yb is compatible in garnet whereas La 
and Sm are incompatible. Therefore La/Yb and 
Sm/Yb will be strongly fractionated when 
melting degree is low if there are garnets in the 
mantle source; La/Yb is only weakly 
fractionated and Sm/Yb is nearly unfractionated 
during the melting in the spinel stability field. In 
the Sm/Yb vs. La/Yb diagram (Fig. 9a), it is 
evident that variable degrees (9–15%) of batch 
melting of a hypothetical light REE-enriched 
mantle source ([La/Yb]N >1) in the garnet 
stability field can generate the La/Yb–Sm/Yb 
systematics of the basalts studied. Specifically, 
the Han-Uul basalts have a lower degree of 
melting (9–10%) than the Bayantsagaan (11–
15%) and indicative of residual garnet in the 
source region. The Bayantsagaan rocks, which 
are not strongly HREE depleted, are presumed 
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to have little interaction with garnet. Since the 
melting degree is inversely proportional to 
melting pressure/depth (Langmuir et al., 1992), 
it can be inferred that the Han-Uul basalts may 
have been generated at a deeper depth than 
Bayantsagaan volcanic rocks.  
The ratio of Na/Ti (cation) is sensitive to the 
pressure of melts segregation (Putirka, 1999a), 
and it can be used to evaluated the melting 
depth/pressure. Na/Ti of melts decreases with 
increasing mean pressure, because the 
clinopyroxene-melt partition coefficient of Na 
increases with increasing pressure (Blundy et 
al., 1995; Kinzler, 1997), while both the 
clinopyroxene- and garnet-melt partition 
coefficients of Ti remain constant or decrease 
(Kinzler, 1997; Putirka, 1999a). Na/Ti ratio of 
the Bayantsagaan basalts is the high (Fig. 9b), 
ranging from 6.06 to 7.21. The Han-Uul basalts 
have low Na/Ti values (ranging from 4.04-
4.58). These demonstrate that the Bayantsagaan 
basalts maybe formed at the shallower depth 
whereas Han-Uul basalts formed at the deeper 
depth. This conclusion is in accordance with 
that constrained from the La/Yb–Sm/Yb 
systematics of the basalts, as abovementioned. 
Peridotite has been widely accepted to be the 
mantle source of OIB and MORB; however, 
diverse magma sources including pyroxenite, 
hornblendite, and carbonated peridotite, are also 
proposed (e.g., Kogiso and Hirschmann, 2006). 
Whole-rock compositions can be used to 
investigate the lithology of mantle sources of 
basalts. According to the parameter FC3MS, 
which is defined as FeOT/CaO-3MgO/SiO2, 
with FC3MS value of 0.65 as the boundary 
between pyroxentie and peridotite sources (Yan 
and Zhao, 2008), the mantle source of the 
basalts in Han-Uul is dominated by peridotite, 
whereas the sources of the basalts in 
Bayantsagaan is likely the mixing of peridotite-
pyroxenite (Fig. 9c).  
Moreover, the PM-normalized trace element 
distribution patterns of the basalts in this study 
display positive anomalies at Ba, K and Sr (Fig. 
5), suggesting that hydrous phases, such as 
amphibole and phlogopite, exist in the mantle 
sources (Ba from phlogopite and Sr from 
amphibolite). This suggests that the mantle 
sources of the basalts in two fields were 

metasomatized before their eruption. It is 
needed to point out that Nb is highly 
compatible in Ti-oxide minerals (e.g. rutile), 
and the complete consumption of Ti-oxide 
minerals during partial melting of the sources 
will cause positive Nb anomaly, but the 
negative Ti anomaly of Han-Uul basalts (Fig. 
6) attests that the Nb enrichment would be 
mainly caused by the hydrous phases (e.g. 
amphibole).  
 
Magma genesis 
Numerous studies have suggested that the 
Mesozoic-Cenozoic continental basalts in NE 
Asia including Mongolia were formed by 
partial melting of mantle sources characterized 
by mixing of DM and EM1, resembling the 
OIBs (e.g., Barry and Kent, 1998, 2003; Hunt 
et al., 2012;  Yarmolyuk et al., 2015; Xu et al., 
2005; Xu and Zheng, 2017 more).  
Late Cretaceous Bayantsagaan volcanic rocks 
show high 87Sr/86Sr and low 143Nd/144Nd, and 
are depleted in HFSEs. Combining the 
published Sr-Nd isotope data point to slightly 
depleted and PM-like mantle source (Fig. 7) 
which is likely to be lithospheric mantle of 
CAOB (Zhang et al., 2007; Zhou et al., 2009). 
Therefore, metasomatized lithospheric mantle 
will account for the genesis of the late 
Cretaceous basalts in South Mongolia. 
Compared with the late Mesozoic volcanism in 
East Mongolia which is characterized by the co
-existence of mafic and silicic magmas, like 
bimodal series (Dash et al., 2013, Bars et al., 
2018) suggest negative eNd(t) and might have 
been derived from the metasomatized 
lithospheric mantle which incorporated 
significant amount of continental crust 
components. 
Whereas Early Cenozoic basalts in South 
Mongolia display a depleted isotopic 
composition without HFSE anomalies. The 
Han-Uul basalts are characterized by relatively 
high 87Sr/86Sr and 143Nd/144Nd, with the latter 
close to that of N-MORB. These suggest that 
the early Cenozoic basalts originated from an 
asthenospheric mantle source that might have 
been metasomatized by an agent that is 
relatively high in 143Nd/144Nd. Besides, the late 
Cenozoic Central-Northern Mongolia basalts 
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show some Sr-Nd isotope differences from the 
DM-EMI mixing trend for the typical OIB (Fig. 
7), and these basalts can be explained by 
asthenosphere-derived melt reacts with the 
metasomatized SCLM, or mix melts originating 
from the SCLM (Barry et al., 2007, Togtokh et 
al., 2018).  
 
Geodynamic implications 
It is commonly accepted that the Late Mesozoic 
volcanic rocks in Mongolia and NE China were 
formed in an extensional environment (e.g., 
Faure and Natal'in, 1992). 
Back arc extension model related to the 
subduction and stagnant of the Pacific Plate in 
East Asia continent has been widely accepted 
for explaining the geodynamic setting of the late 

Fig. 10. Simplified map showing the temporal-spatial distribution of the Cenozoic OIB-like volcanic rocks in 
NE Asia. The numbers in brown, blue, red, and green colors in rectangles denote available K-Ar or Ar-Ar ages of 
the volcanic rocks that are approximately between 60-40, 35-20, 15-5, and <5 Ma, respectively. MOS: Mongol-
Okhotsk suture; MML: Main Mongolian Lineation; DTGL: Daxing’anling-Taihangshang gravity lineation; 
CAOB: central Asian orogenic belt. Data sources are from Höck et al. (1997), Liu et al. (2001), Devyatkin 
(2002), Tang et al. (2006), Chashchin et al. (2007), Ryu et al. (2011), Xu et al. (2012), Ivanov et al. (2015), and 
Yarmolyuk et al. (2015).  

Mesozoic volcanic rocks in eastern North East 
Asia (e.g., Sun et al., 2013; Zhang et al., 2011).  
As a matter of fact, the Late Mesozoic volcanic 
rocks in South and East Mongolia, and NE 
China are discontinuously distributed, and 
individual volcanic belts generally extend in a 
NNE direction, parallel to the Mesozoic 
volcanic sedimentary basins (e.g., the Hailar 
and the Song Liao basins), both of which are 
conformable to the Pacific subduction zone 
(e.g., Li, 2000; Wu et al., 2005) which all 
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 
Bars et al. (2018) to interpret the geodynamic 
settings Late Cretaceous volcanic rocks in 
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South Mongolia. Model emphasizes that the 
slab rollback of the subduction retreat of the 
Pacific Plate might have caused the upwelling 
of the asthenosphere, which in turn caused the 
extension and melting of the overriding 
lithospheric mantle, to generate the Late 
Mesozoic volcanic rocks. 
Mantle plume has long been advocated to 
interpret the geodynamic setting of the 
Cenozoic volcanic rocks in Mongolia (e.g., 
Khain, 1990; Windley and Allen, 1993; 
Cunningham, 1998; Mordvinova et al., 2007), 
but recent studies do not support this 

Fig. 11. Cartoon diagrams showing the possible petrogenesis and geodynamic settings in 
which the South Mongolian late Mesozoic-early Cenozoic basalt generated. (a) The model of back‐
arc extension, possibly induced by slab rollback of the westward subducted Pacific Plate and the 
subduction zone retreat, can explain the geodynamic setting of the Late Mesozoic volcanism in 
South and East Mongolia.(b) An edge convection model to explain the formation of the late 
Cretaceous-early Cenozoic volcanic rocks (60-40 Ma) in South Mongolia mainly along the 
juxtaposed margins of the NCC and CAOB.  Melts from decompression melting of a small-scale 
shallow mantle upwelling reacting with the overlying lithosphere to produce the Han-Uul volcanic 
rocks  in South Mongolia. MOO: Mongol-Okhotsk Ocean; DTGL: Daxing’anling-Taihangshang 
gravity lineation; CAOB: Central Asian Orogenic Belt; GXR-Great Xing’an Range.  

suggestion (e.g., Barry et al., 2003, 2007), 
which show only localized upper mantle 
anomalies in Mongolia.  
The BMW (Big Mantle Wedge) model related 
to the subduction and stagnant of the Pacific 
Plate in East Asia continent explain the 
geodynamic setting of the Cenozoic basalts in 
eastern North East Asia (e.g., Huang and Zhao, 
2006; Zhao et al., 2009; Xu, 2014; Xu and 
Zheng, 2017 and references therein). On the 
contrary, some authors argued that the Indo-
Asian collision or the collision coupling with 
the Pacific subduction would account for the 
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geodynamic setting of the Cenozoic rifting and 
volcanism in eastern China. Considering that the 
-early Cenozoic volcanism is coeval with, or 
slightly later than, the Indo-Asian collision, we 
use the “edge convection model” (King and 
Anderson, 1998) to explain the generation of the 
early Cenozoic volcanism. The edge convection 
model predicts that decompression melting of 
the asthenosphere or lithosphere occurs at 
juxtaposed margins of thick-to-thin lithosphere, 
where rapid shallowing of the asthenospheric 
mantle enables melting. As such, the 
decompression melts from the upwelling 
asthenosphere was underplated at the bottom of 
the lithosphere and reacted with the overlying 
lithosphere to form the observed basalts 
showing Sr-Nd isotopic signature of 
involvement of the lithosphere. Alternatively, 
the excess heat from the upwelling 
asthenosphere itself and/or from the 
asthenosphere-derived melts can cause partial 
melting of the lowermost lithosphere and these 
lithosphere-derived melts may be mixed with 
the asthenosphere-derived melts to produce the 
basalts. Obviously, the contrasting lithosphere 
thickness of the NCC and the CAOB favors a 
formation of edge convection. Additionally, the 
spatial and temporal distribution of the OIB-like 
Early Cenozoic volcanism in NE Asia occur 
mainly in the conjunction of the ancient cratons. 
Fig 10.  
Therefore, we propose that the generation of the 
early Cenozoic volcanism in Mongolia is 
probably related to the shallow mantle 
upwelling induced by the edge convection along 
the northern margin of the NCC during or 
following the Indo-Asian collision (e.g., 
Rowley, 1996; Zhu et al., 2005; Zhang et al., 
2012) and might have reinforced the far-field 
effect of the Indo-Asian collision or the 
collision-driven mantle flow as suggested by 
Liu et al. (2004) but influence of the far-field 
effect of the Pacific subduction cannot be 
completely excluded. It is worthy to note that 
the mantle upwelling induced by the edge 
convection is probably small in size and thus 
easily shrinks or disappears with time. This is 
likely the reason that no low-V anomalies (Liu 
et al., 2004) presently exist under some regions 

where the early Cenozoic volcanism occur. 
To sum up, from the discussion above, we 
illustrate the geodynamic setting and processes 
that probably operated in the generation of the 
late Cretaceous and early Cenozoic basalts in 
South Mongolia, in Fig. 11.  
 

CONCLUSIONS 
(1) The Mesozoic volcanism in South 

Mongolia was formed during nearly late 
Cretaceous (110-90) Ma time, whereas 
Cenozoic volcanic activity erupted during 55-40 
Ma in South Mongolia.   

 (2) The late Cretaceous-early Cenozoic 
basalts in South Mongolia are predominantly 
alkaline and tholeiitic. They show similar 
geochemical feature of typical OIB, although 
they somewhat varied with time. The 
compositions systematically evolved with a 
gradual increase in the content of HFSE (Nb and 
Ta) in younger rocks. These basalts experienced 
insignificant crustal contamination and crystal 
fractionation. 

 (3) Both mantle source and melting 
conditions contribute to the compositional 
variations of these OIB-like basalts. Late 
Cretaceous basalts were likely formed by higher 
degree melting of garnet facies mantle with 
higher proportion pyroxenite, whereas early 
Cenozoic volcanic rocks in south Mongolia 
were likely derived from lower degree melting 
of peridotite.  

 (4) Late Cretaceous basalts from the South 
Mongolia have high 87Sr/86Sr and low 
143Nd/144Nd showing mixing trend of the 
depleted (DM) and enriched mantle (EM), 
whereas Cenozoic basalts display a depleted 
mantle isotopic composition. 

(5) Late Cretaceous volcanic rocks (114-90 
Ma) might have related back arc-extension 
possibly induced by slab rollback of the 
westward subducted Pacific Plate and the 
subduction zone retreat. Whereas the early 
Cenozoic volcanism (60-40 Ma), which mainly 
occur along the conjunction of the NCC and 
CAOB, is probably related to mantle upwelling 
induced by edge convection during or following 
the Indo-Asian collision.  
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