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Cretaceous volcanism occurred over a wide region of eastern Asia. Hypotheses for its development include intra-
continental rifting, continental-arc magmatism, plume activities, and delamination of a previously thickened
mantle lithosphere. One of themajor obstacles in differentiating the abovemodel is the lack of systematic studies
of Cretaceous volcanic rocks in eastern Mongolia and far-east Russia. In this study, we address this issue by
examining the timing and geochemistry of Cretaceous volcanic rocks in eastern Mongolia. Our 40Ar/39Ar dating
of volcanic rocks together with the existing K–Ar ages of volcanic rocks indicate that Cretaceous volcanism in
our study area occurred between 120Ma and 104Ma. Our field investigation and geochemical analysis reveal
three types of volcanic rocks in the study area: (1) a bimodal series, (2) a shoshonite series, and (3) a basanite
series. Geochemical analysis of the volcanic rocks indicates a highly heterogeneous source,which is characterized
by a mixture of depleted, enriched and metasomatized mantle. At least three models may explain the
timing, geochemistry, and regional tectonic setting of Cretaceous volcanism in eastern Mongolia: (1) partial
delamination of a previously thickened mantle lithosphere generated by arc magmatism and collision tectonics,
(2) back-arc extension and its related mantle upwelling due to rapid collapse of a flat subduction slab, and
(3) mantle avalanche of a thick pile of cold subducted Paleo-Asian oceanic plates initially trapped at the
670-km endothermic phase transition triggered by westward Pacific subduction causing mixing of several
mantle sources. Testing the above models require further studies on the spatial and temporal relationships
between Cretaceous volcanism and structural history of NE Asia. In addition, a careful restoration of the position
and history of past subducted slabs of the Paleo-Asian oceansmay help differentiate the above competingmodels
in the future.

© 2013 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

A 2000-kmCretaceous volcanic belt extends from easternMongolia,
through the Greater Xing'an Mountains of NE China, to far-east Russia
(Zonenshain et al., 1990; Badarch et al., 2002; Fan et al., 2003; Wu
et al., 2005a; Wang et al., 2006; J.H. Zhang et al., 2008; L.C. Zhang
et al., 2008; Ying et al., 2010a,b; Zhang et al., 2010, 2011) (Fig. 1). This
belt can also be traced southward to SE Asia along the eastern margin
of Asia (T.-D. Li, 2000; X.H. Li, 2000; Wu et al., 2005a). The northern
part of the Cretaceous volcanic zone was constructed over a
Neoproteorzoic to Early Mesozoic orogen variably named as the Central
Asian Fold Belt (Zonenshain et al., 1990), Central Asian Accretionary
Orogen (Sengör et al., 1993), Central Asian Orogenic Belt (Jahn, 2004),
or Central Asian Orogenic System (Briggs et al., 2007, 2009) (Fig. 1).
s.ucla.edu (A. Yin),
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As the orogen is neither linear (i.e., not a belt) nor involving purely
accretionary process (Kröner et al., 2014), we follow the usage of
Briggs et al. (2007, 2009) and refer the orogen as the Central Asian
Orogenic System (CAOS). The CAOS extends for N4000 km from the
Tian Shan of central Asia in the west to the Sea of Okhotsk in the east
(Sengör et al., 1993; Şengör and Natal'in, 1996; Briggs et al., 2007;
Windley et al., 2007; Kelty et al., 2008; Briggs et al., 2009; Xiao et al.,
2010; Wang et al., 2011; Kröner et al., 2014).

In eastern Mongolia, the Cretaceous volcanic rocks occur over
Paleozoic accretionary complexes and turbidites (Badarch et al., 2002)
(Fig. 2). In NE China, the Cretaceous volcanic rocks occurred across
several Proterozoic terranes with metamorphic basement (e.g., Wang
et al., 2011; Zhang et al., 2012) (Fig. 1). The tectonic evolution of eastern
Mongolia and NE China has involved Late Paleozoic to Early Mesozoic
subduction and closure of the Paleo-Asia oceans (e.g., Şengör and
Natal'in, 1996; Yin and Nie, 1996; Zhang et al., 2012), followed immedi-
ately by the initiation of westward subduction of the Pacific plate below
eastern Asia (e.g., Meng and Zhou, 1996; Şengör and Natal'in, 1996;
Maruyama et al., 1997; Taira, 2001).
lished by Elsevier B.V. All rights reserved.
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Despite being a prominent Mesozoic geologic feature, the origin of
Cretaceous volcanism across a wide region of eastern Asia remains
poorly understood. Existing hypotheses using geochemical and struc-
tural constraints were mostly constructed with the aim of explaining
locally studied volcanic rocks. For example, models for the occurrence
of Cretaceous volcanic rocks in eastern Mongolia and Siberia include
(1) intra-continental rifting (Shatkov et al., 1980; Kovalenko and
Yarmolyuk, 1990; Grahma et al., 2001), (2) formation of a continental
arc resulting from westward subduction of the Pacific plate beneath
Asia (Filippova et al., 1984; Zonenshain et al., 1990), and (3) mantle
plume activities (Yarmolyuk et al., 1995). Similarly, models involving
Cretaceous magmatism in the Greater Xing'an region of NE China
(Fig. 1) emphasize the role of delamination (Wanget al., 2006), recycling
of continental crust (Zhang et al., 2012), and regional extension (Wu
et al., 2005b).

The southern segment of the Cretaceous volcanic zone in eastern
Asia was well developed in SE China where four major episodes of
igneous activities were documented during 136–146Ma, 122–129Ma,
101–109 Ma and 87–97 Ma (T.-D. Li, 2000; X.H. Li, 2000). T.-D. Li
(2000), X.H. Li (2000) also noted that that the coeval high-K calc-
alkaline rocks have geochemical signatures similar to those formed in
continental back-arc and post-collision extensional settings and that
the eruption centers are spatially associated with extensional basins
and basin-bounding normal faults. These observations again support
the causal linkage between lithospheric extension and resulting
volcanism (T.-D. Li, 2000; X.H. Li, 2000). Zhou et al. (2006) noted that
Cretaceous tholeiitic basalts occurred in the interior of the South China
Craton in a back-arc setting. They are interlayered with red beds in
extensional basins and were interpreted by Zhou et al. (2006) as
resulting from interaction of back-arc extension and upper-mantle
melting.
In contrast to the well-studied Mesozoic volcanic rocks in eastern
China, there have been no systematic investigations of Cretaceous
volcanic rocks in eastern Mongolia and far-east Siberia. The lack of
modern geologic research in this region has hindered testing of the
aforementioned competing models for the origin of Cretaceous volca-
nism in eastern Asia. For example, the progressive delamination
model of Wang et al. (2006) predicts that the initiation of Mesozoic
volcanism occurred at the final closure site of the Mongol-Okhotsk
Ocean and the volcanic front had migrated from west to east between
160Ma and 110Ma across NEChina. In order to test the various compet-
ing models, we conducted a reconnaissance investigation of volcanic
rocks in the far-eastern region ofMongolia directlywest of theMesozoic
Greater Xing'an volcanic field ofWang et al. (2006) and J.H. Zhang et al.
(2008), Zhang et al., 2010). Ourwork involves 40Ar/39Ar dating and geo-
chemical analysis of Cretaceous volcanic rocks from this region (Fig. 2).
Our new age result, together with the existing K–Ar ages, suggests that
volcanism in eastern Mongolia occurred at 120–104Ma. Our geochem-
ical analysis indicates that the volcanic rockswere derived from a highly
heterogeneous mantle source that is characterized by a mixture of
depleted, enriched and metasomatized mantle. This geochemical char-
acteristic can be explained by site-specific processes such as partial
delamination of a previously thickened mantle lithosphere or mantle
avalanche across the 670 phase boundary. It may also be explained by
a regional tectonic process such as back-arc extension induced by
westward subduction of the Pacific plate below Asia.

2. Geological setting

We identified three Cretaceous volcanic associations in eastern
Mongolia: (1) a bimodal series, (2) a shoshonite series, and (3) a basanite
Series. Our field work focuses mainly on collecting volcanic samples at
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eight sites (Fig. 2). Below we describe the field occurrence, petrology,
and relationships of our sample sites to local structures.
2.1. Bimodal series

We observed rock series consisting mostly of alkali basalt
(i.e., trachybasalt of Le Maitre et al., 1989) at field sites (1) and (2) in
Fig. 2. We also examined minor tholeiitic basalts and felsic lavas
within the studied volcanic sequences (Nagibna, 1975; Frikh-Har and
Luchitskaya, 1978). The volcanic rocks are spatially associated with
northeast-trending extensional grabens that are 25–75 km wide and
75–200km long (Dobrolubov and Flippova, 1990). The basalt sequences
were deposited on top of fossil-bearing Cretaceous shale, sandstone,
mudstones. The fossil ages place the earliest Cretaceous as the lower
age bound for the eruption of the basaltic volcanic sequences
(Dobrolubov and Flippova, 1990). The upper part of the volcanic
sequences in the studied areas is composed of rhyolitic flows and tuff;
in contrast, the lower part of the volcanic sections is composed domi-
nantly of basaltic flows (Dobrolubov and Flippova, 1990). The basalt
in the bimodal series yields K–Ar and Rb/Sr ages of ~120 Ma based
on the previous studies (Solovyev et al., 1977a,b; Frikh-Har and
Luchitskaya, 1978; Shuvalov, 1988).
2.2. Shoshonite series

Violet-colored shoshonite series rocks with porphyritic textures
form calderas (Fig. 3). Their distribution is controlled by northeast-
trending rifts and younger northwest-trending faults (Tauson et al.,
1984a,b). The calderas are 0.75–1.5 km in diameter. Latite flows are
also present in the volcanic sequence and contain variable amounts of
phenocrysts with colors ranging from dark to pale violet. In some cal-
deras, porphyritic felsic rocks occur as scorous latite and trachydacite.
Shoshonite consisting of felsic flows and volcanic glass is black, reddish
and greenish in color. Felsic volcanic rocks are composed of quartz latite,
trachyte, trachydacite, and rhyolite. Volcanoclastic and tuffecous rocks
are also present in volcanic sequences. Shoshonite is spatially associated
with narrow fault zones, whereas rhyolitic dikes fill conic extensional
faults around calderas.

In the Tsagandelger area at field site (3) in Fig. 2, the volcanic rocks
occur as calderas located with graben structures. They are composed
of absarocite and shoshonite flows. In some cases, rhyolites occur
above the upper part of the shoshonite flow with a similar relationship
as the bimodal series mentioned above.
Fig. 3. A field picture of a cinder cones in the Tsagandelger area. The volcanic
In the Choir area at field site (4) in Fig. 2, calderas constructed by
shoshonite occur along northeast-trending extensional fault zones.
Latite, trachydacite, rhyolites, and felsic tuff are also present in the vol-
canic sequences. Syenite dikes and fluorine veins are also present in
the caldera complexes.

A single caldera occurs in the Tsav area at field site (5) in Fig. 2. It is
constructed by volcanic flows, volcano-clastic deposits, and hypabyssal
intrusive monzodiorite, monzonite, syenite and granitic porphyry
(Baljinnyam et al., 1989; Dash, 1996). Veins containing silver–lead–
zinc ores are the youngest features in this caldera. Pb–Pb dating of
galena from the ore deposits yields an ore formation age of 98–
110 Ma (Gantumur, 2005). Uranium and molybdenum deposits also
occur in the shoshonite series. In the Tsagannur area at field sites (6)
and (7) in Fig. 2, volcanic flows in calderas consist of latite, dacite and
quartz monzonite.

The age of the shoshonite is not well determined and has been
assigned to be either the Cretaceous (Yanshin, 1989) or Triassic–Jurassic
(Tomurtogoo, 1999) in the existing regional geologic maps. A few K–Ar
ages obtained from the shoshonite series are Cretaceous (Frikh-Har and
Luchitskaya, 1978; Yanshin, 1978). Jakes and White (1972) and
Morrison (1980) showed that shoshonite series emplaced after erup-
tion of basaltic rocks in the bimodal series. Similarly, Kovalenko and
Yarmolyuk (1990) proposed that the shoshonite is the youngest unit
in the eastern Mongolia volcanic zone based on contact relationships
they observed in the field.

2.3. Basanite series

Basanite occurs at field site (8) in Fig. 2 as small cinder cones com-
posed of volcanic bombes, basaltic breccias, massive basaltic flows,
and pumice. It is interbedded with sedimentary rocks and locally con-
tains mantle xenoliths in volcanic flows. Makhbadar and Delgertsogt
(1990) obtained Cretaceous ages from basalt using the K–Ar dating
method.

3. Petrography

Shoshonite series rocks display porphyritic textures. Their pheno-
crysts include hypersthene, augite, amphibole, mica, and feldspar. The
groundmass is black glass. Felsic volcanic rocks occur as quartz latite,
trachyte, trachydacite, and rhyolite. Examples of mineral compositions
under microscope are shown in Fig. 4. Olivine in a thin section from a
trachybasalt sample shows that its grains are replaced by serpentine
along their rims (Fig. 4A). Phenocrysts in the sample include magnetite,
flows defining the flanks of the cinder cones are shoshonite-series rocks.
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subhedral augite (labeled at locations 10–15 in Fig. 4A), poikilitic plagio-
clase, and pigeonite. A thin section of a vitric basalt sample displays
plagioclase, microlites, and small crystals of pigeonites embedded in
the blackish glass under microscope (Fig. 4B). Shoshonite samples are
typically composed of hypersthene (locations 46, 47, 48, 49, and 50 in
Fig. 4C) and plagioclase phenocrysts in the groundmass and plagioclase,
microlite, augite, and magnetite as phenocrysts. The mineral composi-
tion of quartz latite is shown in a thin section in Fig. 4D, which includes
hornblende, biotite, and plagioclase as phenocrysts; its ground mass
consists of plagioclase, K-feldspar microlite, quartz, and magnetite. A
thin section from a basanite sample shows that olivine broke down
into smaller fragments and the ground mass of the sample consists of
plagioclase microlite, small crystals of olivine, and volcanic glass with
normative nepheline (Fig. 4E). Finally, a thin section of a basalt sample
displays pigeonite (locations in 38 and 39 in Fig. 4F) and diopsidic augite
(locations 40, 41, 42, and 43 in Fig. 4F) as phenocrysts; its ground mass
consists of plagioclase microlite, small crystals of augite, magnetite, and
volcanic glass with normative nepheline.

4. Analytical techniques

4.1. Element and Sr–Nd isotope analyses

Whole-rock samples were ground in an agate mill, after careful
washing in distilledwater.Major elementsweremeasured byXRF spec-
trometer on glass disks made by fusion of whole rock with lithium
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metaborate. The FeOand Fe2O3 contentswere analyzed bywet chemical
analyses at the Central Geology Laboratory of Mongolia at Ulaanbaatar.
Trace elementswere analyzed by inductively coupledplasma-mass spec-
trometry (ICP-MS) at Key Laboratory for Mineral Resources Research,
Institute of Geology and Geophysics, Chinese Academy of Sciences.

Whole-rock samples were analyzed for Sr and Nd isotopic composi-
tions also at Key Laboratory for Mineral Resources Research, Institute of
Geology and Geophysics, Chinese Academy of Sciences. Sr and Nd were
extracted by conventional ion exchange chromatographic techniques,
after dissolution with a HF–HNO3–HCl mixture in closed Teflon bottle
at 120 °C for 72 h. Sr and Nd isotopic ratios were measured using a
Finnigan MAT-262 multiple-collector mass spectrometer, thermal ioni-
zation mass spectrometer running in dynamic mode. Blanks were on
the order of b0.3ng for Sr and 0.05ng for Nd. Replicate analyses of the
Sr NBS-987 and Nd La Jolla reference standards gave average values of
87Sr/86Sr = 0.7100287 ± 0.000010 (n = 14) and 143Nd/144Nd =
0.511942± 0.000012 (n=12), respectively. The 87Sr/86Sr ratios were
normalizedwithin run to 86Sr/88Sr=0.1194, and the 143Nd/144Nd ratios
were normalized within run to 146Nd/144Nd = 0.7219. All errors and
standard deviations age are given at the 2−σ level.

4.2. 40Ar/39Ar dating

40Ar/39Ar dating was conducted at the Noble Gas Laboratory of
Arizona State University in 2009. Mineral separates and whole rock
chips for 40Ar/39Ar analysis were first individually weighed and
wrapped in aluminum foil. They were then stacked inside evacuated
quartz glass tubes between GA1550 biotite (98.79 ± 0.54 Ma, Renne
et al., 1998) and PP-20 hornblende (a re-preparation of standard Hb3g
with an apparent age of 1072 Ma; Roddick, 1983) that served as flux
monitors to calculate J-factors. K2SO4 and CaF2 saltswere used to calcu-
late correction factors for interfering neutron reactions. The samples
were irradiated for 30 h at the USGS TRIGA Reactor, Denver, Colorado.
Resulting neutron flux was calculated ranging from 6.65E−3 to 6.68E
−3 over the length of the stack. Following a 2 to 3week cooling period
to allow for the decay of short-lived isotopes, samples were loaded into
the arms of a glass storage tree above a double-vacuum, resistance-
heated furnace and heated to 120° at the same time that the entire
extraction line was baked for 48 h at 220 °C. Getters and furnace were
independently degassed near the end of the bake-out. Samples were
then dropped into the furnace and argon was extracted from each sam-
ple using a computer controlled step-heating routine. The temperature
of the furnace is estimated to be accurate to ±20 °C. Each heating step
had duration of 12 min followed by a cool down to 500 °C prior to
advancing the gas into two successive gettering stages for argon purifi-
cation. The argonwas then admitted into a VG 5400mass spectrometer,
where it was ionized and detected by a VG electron multiplier and dig-
itized with a Keithley 617 Electrometer. Data collection and processing
were accomplished using the computer program Mass Spec (Deino,
2001). The decay constants used were those recommended by Steiger
and Jäeger (1977). Baseline values were subtracted and the isotopic
measurements thenwere regressed to time zero using standard regres-
sion techniques. Additional corrections and associated uncertainties
were applied to account for blanks, machine discrimination, atmo-
spheric contribution, and interfering isotopes produced in the reactor
from Ca, K and Cl present in the samples. Ages cited are at the 1 sigma
level and do not include uncertainties in J factors or decay constants
which generally range from 0.5 to 0.8%.

5. Results

5.1. Major elements

We analyzed 19 samples from the bimodal series that include basalt,
trachybasalt, basaltic andesite, and basaltic trachyandesite (Table 1).
Their SiO2 contents range from 47.50 to 54.10wt.%, with high contents
of TiO2 (1.48–2.46wt.%), Al2O3 (15.17–18.53), FeOtotal (8.30–12.83wt.%)
and Na2O + K2O (3.52–6.35 wt.%) and low contents of MgO (2.78–
4.44wt.%). Their Mg# [=MgO/(MgO+FeOtotal), molar ratio] and K2O/
Na2O ratios vary in the ranges of 0.32–0.44 and 0.27–0.75, respectively.

We also analyzed 27 samples from the shoshonite series that
include absarokite, shoshonite, latite, trachydacite, and trachyrhyolite.
The results show a large variation in the SiO2 contents (49.67 to
77.01 wt.%). The shoshonite series are characterized generally by very
high Na2O + K2O (6.38–11.98 wt.%) contents and show varying K2O/
Na2O ratios (0.88–3.44). One sample, however, yields an extremely high
K2O/Na2O ratio of 33.23 (Table 2). Samples from absarokite, shoshonite,
most latite, and some trachyrhyolite have high Mg# (0.32–0.52).

Fe2O3/FeO ratios of three rock series differ significantly (Fig. 5).
Basanite and tephrite samples display low (b1.0) Fe2O3/FeO ratios
varying little with SiO2. In contrast, shoshonite samples display a high
Fe2O3/FeO ratio (N1), indicating their occurrence in a reducing environ-
ment or during dehydration of subducted materials in a mantle wedge.

The 9 samples from the basanite series have very low contents of SiO2

(40.72–44.06 wt.%) but high contents of TiO2 (2.10–3.52 wt.%), FeOtotal

(9.32–12.37 wt.%), MgO (5.27–10.78 wt.%), CaO (7.92–11.02wt.%). The
samples also show very high contents of Na2O+K2O (5.36–7.51wt.%)
that are associated with high Mg# (0.48–0.67) and low K2O/Na2O ratios
(0.18–0.33).

In addition to the basanite and tephrite from the basanite series,
which have low SiO2 (40.72–44.06 wt.%) and K2O (1.22–1.96 wt.%)
contents, the samples from the bimodal series have K2O contents of
0.98–2.69wt.% and thus they are mostly plotted in the field of high-K
calc-alkaline series, with five in the field of shoshonite series and two
in the field of medium-K calc-alkaline series, whereas most samples
from the shoshonite series are plotted in the field of shoshonite series,
with three in the field of high-K calc-alkaline series (Fig. 6; Table 3).

5.2. Trace elements

In general, the chondrite-normalized REE (rare earth elements)
patterns of the samples from the bimodal series show higher U contents
than Th contents. Elements Cs, Ba, and U display positive anomalies
whereas elements Nb and Ta show negative anomalies (Fig. 7). The
REE patterns also show LREE (light REE) enrichment, with slightly
negative Eu anomalies (Fig. 8).

The absarokite and shoshonite samples from the shoshonite series
show similar REE patterns to the basalt samples from the bimodal series
(Fig. 9), generallywith LREE enrichment and slightly negative Eu anom-
alies. These samples generally have higher REE contents than the latite,
trachydacite, and rhyolite samples in the same series (Table 2).
Although all of the samples from the shoshonite series havewide ranging
U and Th contents and showNb and Ta negative anomalies (Fig. 10), the
rhyolite samples have more significantly negative Sr and Eu anomalies
than the other samples.

The basanite and tephrite samples from the basanite series show
parallel REE patterns, with LREE enrichment and insignificant Eu
anomalies (Fig. 11), and they also have parallel trace element patterns
normalized to the primitive mantle (Fig. 12). Both types of rocks show
positive Nb, Ta, and Sr anomalies and negative Cs, Rb, and Pb anomalies,
in contrast to those from the bimodal and shoshonite series (Fig. 12).

When the basaltic samples are averaged and plotted together, the
basanite series have the REE patterns resembling those for absarokite
and shoshonite from the shoshonite series, characterized by lower
LREE and higher HLEE (high REE) contents than those from the bimodal
series, whereas latite has the lowest HREE contents (Fig. 13). In addi-
tion, the three series can be distinguished from each other by their Ta
and Nb anomalies. Specifically, absarokite and shoshonite from the
shoshonite series have most deleted contents of Ta and Nb, whereas
the bsasanite series are characterized enrichment in the contents of Ta
andNb; the contents of Ta and Nb for basaltic samples from the bimodal
series lie in between (Fig. 14).



Table 1
Chemistry of the bimodal series alkali basalt.

Rock name Basalt Trachybasalt Basaltic-andesite Basaltic-trachyandesite

Sample N 2/5 1/1 1/2 6/8 1/15 6/6 1/8 6/1 2/4 6/7 6/3 1/7 2/6 2/1 2/11 1/15-1 6/4 6/2 6/5

Longitude 112.20.54 107.13.52 107.11.57 115.23.13 107.31.49 115.19.9 107.25.56 115.17.46 112.15.01 115.22.14 115.17.35 107.32.35 110.16.43 112.13.38 108.59.53 107.36.8 115.15.56 115.15.18 115.15.18

Latitude 46.59.05 47.7.12 47.9.12 48.50.15 46.21.20 48.52.14 46.51.52 48.59.39 46.25.58 48.52.34 48.57.11 46.43.58 46.54.25 47.00.38 47.11.37 46.19.29 48.54.55 48.58.44 48.53.40

SiO2 49.34 47.85 47.50 50.83 50.96 51.59 51.74 51.83 52.14 52.38 52.17 52.48 52.66 52.71 52.73 53.15 53.18 53.74 54.1
TiO2 2.11 2.43 2.31 2.16 2.46 2.19 2.07 2.07 2.15 2.32 2.25 2.41 1.95 2.12 1.48 2.43 2.1 2.02 2.18
Al2O3 18.53 15.24 15.17 16.13 15.33 16.16 16.02 16.32 16.14 16.37 16.21 16.09 16.14 15.42 15.99 15.5 16.25 15.34 15.21
Fe2O3 2.63 4.00 3.83 5.46 4.00 4.68 2.45 2.54 4.97 2.69 3.56 2.81 3.4 2.85 1.27 4.25 2.51 2.66 4.27
FeO 8.24 8.85 9.38 6.08 6.69 6.10 6.09 7.57 6.40 8.38 5.98 5.86 6.57 6 7.27 7.00 8.95 8.1 5.48
MnO 0.17 0.15 0.15 0.12 0.06 0.18 0.14 0.16 0.14 0.17 0.21 0.14 0.13 0.15 0.15 0.07 0.07 0.38 0.23
MgO 4.44 4.33 4.25 3.94 3.66 3.48 3.65 3.40 3.58 3.50 3.38 3.58 3.88 3.61 3.37 3.87 2.93 2.78 2.86
CaO 7.72 7.05 7.21 6.66 6.20 6.17 6.71 6.11 6.33 6.17 6.24 6.73 6.37 6.46 6.95 6.51 5.61 5.76 4.95
Na2O 2.40 2.83 3.61 3.90 3.48 3.61 4.40 3.54 3.09 3.62 3.65 4.4 4.6 3.24 3.95 3.55 3.32 3.28 3.38
K2O 1.12 1.94 1.95 1.65 2.47 2.69 1.95 2.65 1.16 0.98 2.42 1.75 1.72 2.1 1.52 2.08 2.24 2.42 2.4
P2O5 0.34 1.52 1.49 0.53 0.69 1.01 0.67 0.89 1.79 0.98 1.35 0.66 0.55 0.96 0.62 0.54 1.21 0.84 1.39
LOI 2.73 3.56 1.73 2.45 2.57 2.19 3.56 2.92 1.26 2.52 2.47 3.07 2.16 4.15 3.93 1.03 1.65 2.68 3.52
∑ 99.77 99.75 98.58 99.91 98.57 100.05 99.45 100.00 99.59 100.08 99.89 99.98 100.13 99.77 99.23 99.98 100.02 100 99.97
Fet 10.87 12.85 13.21 11.54 10.69 10.78 8.54 10.11 11.37 11.07 9.54 8.67 9.97 8.85 8.54 11.25 11.46 10.76 9.75
Fet/Mg 2.45 2.97 3.11 2.93 2.92 3.10 2.34 2.97 3.18 3.16 2.82 2.42 2.57 2.45 2.53 2.91 3.91 3.87 3.41
Fe2O3/FeO 0.32 0.45 0.41 0.90 0.60 0.77 0.40 0.34 0.78 0.32 0.60 0.48 0.52 0.48 0.17 0.61 0.28 0.33 0.78
Na+K 3.52 4.77 5.56 5.55 5.95 6.30 6.35 6.19 4.69 4.60 6.07 6.15 6.32 5.34 5.47 5.63 5.56 5.70 5.78
K/Na 0.47 0.69 0.54 0.42 0.71 0.75 0.44 0.75 0.52 0.27 0.66 0.40 0.37 0.65 0.38 0.59 0.67 0.74 0.71

ppm
Co 23.5 28.4 20.6 22.5 25.0 44.2 23.8 20.2 18.4 28.8 47.9 25.1 40.1 22.8 27.3 24.4 43.2 17.6 43.8
Ni 48.2 50.7 37.6 42.2 64.5 37.6 41.7 45.5 54.8 47.6 28.6 36.8 25.2 24.8 28.6 30.1 23.2 32.6 21.2
Ga 23.4 23.2 22.1 24.6 24.2 20.9 24.7 21.3 22.3 22.7 19.8 23.4 20.55 21.7 23.4 21.5 24.1 21.9 19.7
Rb 146.5 54.7 92.9 90.7 63.5 59.3 142.7 70.1 91.2 90.7 65.6 117.7 85.9 83.8 41.8 49.2 95.8 65.5 21.5
Sr 850.7 841.4 570.1 858.0 1140 810 855.5 539.5 886.3 880 710 746.8 828 819.7 763.8 727.2 880 734.3 802.3
Y 43.2 32.6 29.4 41.8 33.1 41.7 42.3 43.9 44.3 42.6 42.6 49.6 47.1 21.2 26.5 32.8 47.5 43.2 29.5
Zr 442.8 366.3 365.3 401.5 482.8 360.8 443 384.3 355.4 380.1 320.6 409.2 365.2 303.9 422.7 386.1 314.7 321.4 341.2
Nb 34.5 31.7 24.1 38.8 29.0 41.2 32.9 33.3 40.1 41.2 40.6 39.4 36.6 23.4 21.8 30.64 38.56 34.40 27.4
Cs 1.27 1.06 3.51 1.26 1.77 1.25 2.39 1.77 1.25 1.68 1.34 3.27 1.56 2.22 1.14 1.21 2.70 1.36 2.91
Ba 1023.5 1040 817.2 857.7 1462.1 1300 1196.8 1017.8 986.2 956.8 1500 1177.7 1008.5 879.3 1226.6 951 1300 1107.1 914
Hf 7.85 8.43 9.26 9.28 11.22 9.86 10.9 9.75 8.45 8.78 8.57 9.94 9.58 7.15 7.13 10.28 10.56 7.61 3.53
Ta 2.21 1.62 1.81 2.41 1.51 2.27 1.92 2.07 2.54 2.47 2.24 2.33 2.84 1.38 1.82 1.43 2.16 2.13 0.48
Pb 24.5 12.5 19.0 21.2 19.31 23.3 18.38 14.24 14.5 16.9 10.5 13.62 17.8 13.59 12.55 18.5 11.4 10.55 6.57
Th 4.38 2.88 8.26 4.28 4.31 4.12 4.07 4.35 4.34 4.31 4.66 4.21 4.18 4.04 6.36 4.14 4.08 4.59 4.21
U 1.83 1.24 3.09 2.20 1.16 2.5 1.08 1.11 5.45 2.18 1.63 1.09 2.65 1.07 1.14 2.26 2.55 1.58 1.67
La 53.42 63.81 65.64 58.27 76.04 54.1 63.21 50.71 55.48 52.9 64.7 52.96 54.72 47.87 58.54 74.41 64.7 50.42 38.2
Ce 113.8 134.4 139.33 124.8 161.02 114.3 134.66 106.99 117.4 112.3 137.3 110.15 115.5 99.26 120.12 155.6 135.6 105.96 80.9
Pr 18.54 18.50 16.84 21.5 22.18 14.4 19.51 14.33 18.44 20.7 20.2 14.59 14.83 12.67 15.85 16.2 15.8 13.63 10.34
Nd 56.22 74.17 61.76 58.6 86.9 52.6 74.11 56.26 64.8 60.5 74.80 56.63 71.45 46.32 58.96 82.70 68.76 53.28 44.71
Sm 10.41 14.96 11.29 11.56 18.07 9.90 14.99 12.61 11.2 12.35 12.6 12.45 10.9 8.83 9.71 16.26 11.73 11.52 8.30
Eu 2.72 2.88 1.97 2.75 3.95 2.84 3.19 2.66 3.28 2.74 3.34 2.87 3.19 2.19 2.70 3.23 2.65 2.75 2.34
Gd 10.15 10.53 9.02 11.40 13.31 10.3 11.91 10.16 12.12 10.34 12.1 11.25 11.45 8.95 8.45 11.48 10.54 9.64 7.51
Tb 1.52 1.46 1.28 1.63 1.69 1.51 1.67 1.58 1.60 1.62 1.64 1.72 1.55 0.95 1.23 1.55 1.57 1.53 1.06
Dy 9.05 7.22 6.63 8.85 7.93 8.3 9.02 9.33 8.54 9.12 8.21 9.42 8.41 4.87 5.88 7.41 9.42 8.53 5.17
Ho 1.74 1.28 1.25 1.84 1.36 1.76 1.71 1.85 1.73 1.76 1.83 1.91 1.68 0.84 1.13 1.26 1.73 1.72 1.02
Er 4.23 3.18 3.18 4.47 3.37 3.91 4.4 4.81 4.28 4.1 4.14 5.01 3.86 2.18 2.39 3.12 4.50 4.45 2.81
Tm 0.62 0.42 0.45 0.65 0.44 0.63 0.60 0.67 0.65 0.72 0.62 0.71 0.65 0.31 0.35 0.41 0.68 0.64 0.42
Yb 3.58 2.58 2.76 4.05 2.69 4.22 3.77 4.29 4.26 4.37 3.90 4.39 3.63 1.93 1.97 2.64 4.28 3.94 2.62
Lu 0.56 0.37 0.42 0.62 0.38 0.64 0.57 0.65 0.58 0.63 0.55 0.68 0.61 0.28 0.33 0.38 0.63 0.61 0.36 287
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Table 2
Chemistry of the shoshonite series rocks.

Rock name Absarokite Absarokite Absarokite Shoshonite Shoshonite Shoshonite Shoshonite Shoshonite Shoshonite Latite Latite Latite Latite

Sample N 4/4 3/23 4/1 3/527 4/2 6/199 3/12 4/626 3/11 4/620 3/14 4/625 3/45

Longitide 109.1.41 107.52.16 109.47.25 107.47.53 109.22.34 115.19.38 107.45.26 109.13.52 107.44.39 109.52.16 107.46.53 109.48.19 107.53.17

Latitude 46.10.27 46.29.49 46.11.1 46.13.39 46.13.2 48.55.37 46.20.4 46.11.16 46.20.2 46.15.35 46.17.28 46.13.32 46.15.48

SiO2 49.67 50.4 51.51 52.24 53.71 54.58 55.18 55.35 55.41 56.13 56.68 57.85 58.3
TiO2 2.2 2.12 2.14 2.10 2.15 1.46 1.50 1.55 1.42 1.68 0.97 1 1.34
Al2O3 17.09 17.52 16.92 18.05 15.81 15.51 17.59 16.22 17.92 16.92 16.24 16.63 17.78
Fe2O3 7.72 5.38 5.0 7.56 5.2 5.7 4.73 4.45 4.19 4.3 3.37 4.1 3.28
FeO 2.43 4.25 4.29 2.31 3.40 2.6 3.34 4.2 2.85 3.21 2.95 2.2 2.96
MnO 0.15 0.13 0.14 0.08 0.12 0.11 0.06 0.35 0.09 0.66 0.1 0.1 0.06
MgO 4.18 3.86 3.75 3.84 3.08 3.45 3.65 2.23 2.28 3.08 3.41 3.11 1.8
CaO 6.26 5.71 6.72 5.21 5.67 4.02 6.27 6.09 5.76 5.24 5.69 5.44 5.79
Na2O 3.69 3.24 3.42 3.81 3.41 3.43 3.44 2.93 3.46 3.23 3.64 3.67 3.54
K2O 3.93 3.37 2.96 3.35 3.11 4.25 3.16 3.52 3.56 3.47 4.07 3.95 3.62
P2O5 0.95 0.95 1.15 0.59 0.74 0.78 0.69 0.61 0.47 0.22 0.33 0.57 0.38
LOI 1.54 2.65 1.92 0.9 3.04 3.8 0.41 2.43 2.48 1.82 2.65 1.2 1.1
∑ 99.81 99.58 99.92 100.04 99.44 99.69 100.02 99.93 99.89 99.96 100.1 99.82 99.95
Fet 10.15 9.63 9.29 9.87 8.60 8.30 8.07 8.65 7.04 7.51 6.32 6.30 6.24
Fet/Mg 2.43 2.49 2.48 2.57 2.79 2.41 2.21 3.88 3.09 2.44 1.85 2.03 3.47
Fe2O3/FeO 3.18 1.27 1.17 3.27 1.53 2.19 1.42 1.06 1.47 1.34 1.14 1.86 1.11
Na+K 7.62 6.61 6.38 7.16 6.52 7.68 6.6 6.45 7.02 6.7 7.71 7.62 7.16
K/Na 1.07 1.04 0.87 0.88 0.91 1.24 0.92 1.20 1.03 1.07 1.12 1.08 1.02

ppm
Co 28.5 24.1 22.2 26.3 18.4 38.4 18.4 24.0 13.6 16.1 17.4 16.8 7.91
Ni 56 120 79 122 76 110 75 43 65 47.6 33.8 41.2 15.5
Ga 24.9 23.3 22.7 24.1 22.3 23.2 23.4 21.8 21.5 22.2 22.1 24.3 21.8
Rb 116.1 117.5 120.5 116.8 97.4 96.1 54.3 78.0 71.3 73.3 61.1 68.4 71.8
Sr 820.3 877.6 936.9 848.95 725 959.2 1102.7 874 962.6 973.4 892.1 956.3 715.7
Y 30.90 31.8 30.5 31.35 28.3 33.09 17.73 19.22 17.54 18.1 17.5 16.0 29.8
Zr 495 437.3 427.5 466.15 415 458 340.2 286 227.5 240.1 247.2 314.0 213.2
Nb 28.9 23.1 20.8 25.95 18.2 22.3 15.3 16.4 8.7 6.70 9.33 12.12 14.70
Cs 2.05 2.77 4.94 2.41 1.32 1.12 1.15 1.19 1.96 1.21 1.26 1.57 3.84
Ba 1053.8 931.8 1096.7 992.8 974.1 1201 1011 1144 820.1 813.2 1221.9 1005 1096.4
Hf 11.84 10.37 9.84 11.11 9.47 11.60 7.93 11.35 5.77 6.64 6.26 8.31 6.82
Ta 1.61 1.27 1.14 1.44 0.99 1.62 0.74 0.45 0.49 0.38 0.51 0.55 0.97
Pb 17.61 16.68 16.75 17.52 18.18 15.66 17.42 24.12 14.35 24.40 16.28 18.37 22.42
Th 5.82 6.99 5.39 6.41 6.88 9.33 6.57 7.16 6.34 6.56 7.85 6.21 4.11
U 3.21 1.57 1.27 2.29 1.57 2.32 1.25 1.64 1.47 1.52 1.57 1.18 2.32
La 82.94 78.03 75.64 80.49 72.41 75.2 65.37 91.4 39.65 80.17 44.42 86.29 68.31
Ce 169.14 163.96 158.55 148.55 144.5 146.4 131.02 175.1 80.03 158.51 85.13 148.21 117.74
Pr 22.05 20.99 20.18 21.52 17.9 18.37 16.38 21.06 10.09 15.13 10.54 17.30 13.9
Nd 80.97 80.18 73.19 80.58 63.41 69.7 57.81 75.8 36.51 52.06 37.33 60.27 46.42
Sm 15.03 14.27 13.57 14.65 11.45 11.6 9.92 14.1 6.83 9.22 6.83 11.09 8.35
Eu 3.02 2.99 2.77 3.01 2.41 2.38 2.32 3.1 1.75 1.21 1.59 2.27 1.55
Gd 12.13 10.89 10.87 11.51 9.27 9.11 7.20 14.4 5.31 7.42 5.28 7.95 6.86
Tb 1.51 1.45 1.38 1.48 1.21 1.29 0.89 1.67 0.71 0.88 0.72 0.81 0.97
Dy 7.24 7.23 6.77 7.25 5.94 5.78 4.24 7.97 3.75 4.10 3.63 3.8 5.63
Ho 1.32 1.31 1.27 1.31 1.12 1.08 0.76 1.44 0.72 0.68 0.71 0.62 1.13
Er 3.33 3.33 3.25 3.32 2.89 2.94 1.82 3.40 1.86 1.60 1.81 1.30 3.15
Tm 0.43 0.47 0.43 0.45 0.39 0.43 0.24 0.41 0.27 0.25 0.27 0.17 0.48
Yb 2.56 2.86 2.62 2.71 2.44 2.65 1.46 2.56 1.69 1.52 1.67 1.12 2.86
Lu 0.38 0.43 0.39 0.39 0.36 0.40 0.21 0.41 0.26 0.22 0.24 0.17 0.46
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5.3. Sr–Nd isotopes

The three series show different Sr–Nd isotopic features (Fig. 15). For
the basaltic rocks from the bimodal series, their measured 87Sr/86Sr and
143Nd/144Nd ratios are in the ranges of 0.705210 to 0.706000 and
0.512400 to 0.512713, respectively. Their initial 87Sr/86Sr and 143Nd/
144Nd ratios, when they are corrected to 116Ma, range from 0.70474
to 0.70548 and 0.51240 to 0.51262, respectively. The shoshonite series
show a very large variation in the measured 87Sr/86Sr ratios
(0.705600–0.73290), in which two trachyrhyolite samples have the
extremely high 87Sr/86Sr ratios of 0.767100 and 0.732900, respectively,
and the remaining 87Sr/86Sr ratios vary in a relatively narrow range of
0.705600–0.708300, but all the samples show little variation in 143Nd/
144Nd ratios (0.512500–0.512703). Generally, the absarokite and
shoshonite are characterized by low initial ratios of 87Sr/86Sr (0.70529–
0.70608), whereas the latite has higher initial ratios of 87Sr/86Sr
(0.70549–0.70775), and the highest initial ratios of 87Sr/86Sr (0.70760–
0.73377) are produced by quartz latite, trachyte, and trachyrhyolite,
showing an increase with increasing SiO2 contents. The basanite series
have low 87Sr/86Sr ratios (0.704152–0.704384) and high 143Nd/144Nd
ratios (0.512709–0.512788). Correspondingly, their initial 87Sr/86Sr and
143Nd/144Nd ratios show little variations: (87Sr/86Sr)i = 0.70404–
0.70431 and (143Nd/144Nd)i=0.51264–0.51272, respectively.

5.4. Ages of volcanic rocks

Two samples were used to date the ages of volcanic rocks (see
Supplemental materials for data tables): one is shoshonite collected
from the Tsagandelger area and the other basanite collected from the
Dych Gol area. Apparent ages of all the steps of the shoshonite show
an incremental increase with increasing temperature. A plateau age of
114±0.7Ma was given from steps 8 to 20 (Fig. 16A), the proportional
39Ar of which is about 40%. The corresponding anti-isochron age is
114±0.7Ma with a Nier value of 295, showing no excess 40Ar.



Q-latite Q-latite Q-latite Q-latite Q-latite Tr. Dacite Tr. Rhyolite Tr. Rhyolite Tr. Rhyolite Tr. Rhyolite Tr. Rhyolite Tr. Rhyolite Tr. Rhyolite

7/130-1 3/9 7/128 3/5 7/130 3/21 3/6262 4/613 4/145 6/22 6/351 4/1561 3/10

116.28.9 107.39.20 116.27.15 107.47.13 116.28.27 107.46.20 107.46.40 109.9.19 109.55.20 115.19.29 115.19.23 109.50.6 107.43.24

49.54.56 46.24.53 49.54.31 46.15.03 49.55.22 46.17.09 46.15.41 46.7.60 46.12.12 48.55.58 48.55.45 46.11.54 46.23.44

60.95 61.56 62.65 64.8 65.07 68.75 70.45 70.59 71.14 71.26 72.34 77.35 77.01
0.64 0.67 0.87 0.65 0.48 0.18 0.28 0.37 0.01 0.28 0.39 0.01 0.13

16.59 17.11 16.11 16.04 15.32 12.86 13.91 14.28 12.53 14.05 13.58 12.17 11.38
4.02 3.53 3.5 4.4 2.58 0.98 1.00 0.87 1.40 1.22 1.52 0.35 1.36
0.81 1.2 1.07 2 1.03 0.56 0.79 0.40 0.43 0.52 0.48 0.22 0.10
0.14 0.06 0.1 0.07 0.03 0.05 0.01 1.24 0.3 0.01 0.04 0.01 0.01
1.64 0.41 2.09 0.55 1.02 0.18 0.51 0.41 0.46 0.21 0.48 0.33 0.02
3.81 2.56 3.26 1.43 2.6 0.93 1.58 1.43 1.67 0.25 0.81 0.30 0.09
3.81 3.71 3.55 3.86 3.84 4.10 3.70 3.99 3.78 0.35 3.6 2.76 2.02
4.35 4.47 4.49 4.78 4.26 5.24 4.55 4.05 4.22 11.63 5.64 4.97 6.95
0.31 0.33 0.3 0.2 0.11 0.03 0.10 0.55 0.81 0.01 0.07 0.67 0.02
2.88 2.3 1.80 1.17 3.65 4.91 1.71 1.83 2.62 0.2 1.0 0.04 0.75

99.95 97.91 99.79 99.95 99.99 98.77 98.59 99.98 99.37 99.99 99.95 99.18 99.84
4.83 4.73 4.57 6.40 3.61 1.54 1.79 1.27 1.83 1.74 2.00 0.57 1.46
2.95 11.54 2.19 11.64 3.54 8.56 3.51 3.10 3.98 8.29 4.17 1.73 73.00
4.96 2.94 3.27 2.20 2.50 1.75 1.27 2.18 3.26 2.35 3.17 1.59 13.60
8.16 8.18 8.04 8.64 8.1 9.34 8.25 8.04 8 11.98 9.24 7.73 8.97
1.14 1.20 1.26 1.24 1.11 1.28 1.23 1.02 1.12 33.23 1.57 1.80 3.44

ppm
5.90 3.44 5.42 1.57 13.9 1.6 3.5 3.1 1.2 1.4 8.3 2.2 4.4

45.3 25.0 63.9 68.6 43.1 4.2 7.4 5.2 6.1 4.3 3.9 1.2 2.1
20.4 19 20.7 17.2 18.1 17.3 19.8 18.9 12.3 18.3 19.1 14.7 15.4

101.4 75.8 136.3 220.5 118.0 154.3 116.8 114.0 128.5 807.4 211.2 170.2 99.3
569.4 401.2 563 51.7 853.6 210.5 406.4 388.6 70.3 61.2 215.7 40.1 494.9
22.1 17.8 21.8 26.3 16.4 13.5 8.8 13.1 10.4 31.8 22.6 11.3 27.7

232.3 262.4 239.5 176.8 187.3 171.9 176.2 178.0 110.4 275.5 251.5 120.5 149.9
11.35 9.31 11.60 24.22 8.74 12.6 5.8 5.6 4.1 18.7 21.3 8.3 10.8
7.21 1.36 10.34 7.27 11.25 3.57 2.68 2.68 11.13 31.74 8.60 2.23 3.16

1031.1 1688.2 1142.7 221.8 1332.4 1080.0 1223.6 813.0 590.5 1022.0 605.3 409.7 482.1
6.33 6.78 6.48 6.76 5.45 5.47 4.92 4.54 4.27 7.81 7.83 3.80 4.43
0.87 0.61 0.9 2.47 0.84 1.03 0.46 0.38 0.21 1.36 3.42 2.80 0.84

29.45 19.55 30.11 43.54 33.72 33.17 28.4 25.7 26.5 49.3 21.70 24.12 282.1
11.55 7.88 11.88 23.26 17.29 19.8 14.37 13.2 9.6 20.8 40.73 23.85 10.8
2.89 1.77 2.46 5.98 3.99 4.69 1.99 2.96 4.09 4.60 5.14 4.27 2.86

41.23 37.94 42.06 37.87 37.69 59.8 40.21 48.04 37.0 50.7 64.2 68.5 28.9
83.77 73.99 83.64 74.84 70.65 105.13 68.18 78.1 60.5 104.6 116.8 132.8 61.3
10.33 9.37 10.56 9.18 8.21 11.12 7.33 9.30 5.64 12.44 13.59 16.12 7.10
36.71 33.53 38.31 32.08 28.12 34.74 22.21 37.37 18.18 46.30 46.61 57.12 27.16
7.02 6.23 7.42 6.71 5.11 5.06 3.29 6.60 2.84 8.17 7.25 10.0 4.91
1.51 1.46 1.56 0.33 1.17 0.90 0.63 1.31 0.51 1.39 1.04 1.05 0.80
5.54 4.75 5.88 5.55 4.04 3.82 3.24 5.87 2.52 6.15 4.94 10.09 4.71
0.79 0.69 0.83 0.93 0.53 0.51 0.43 0.72 0.31 1.05 0.83 1.44 0.78
4.22 3.65 4.24 5.64 2.81 2.32 1.88 3.73 1.42 5.12 3.79 7.60 4.34
0.85 0.45 0.86 1.17 0.55 0.46 0.34 0.67 0.28 1.07 0.73 1.33 0.95
2.32 2.11 2.19 3.38 1.55 1.34 0.88 1.63 0.74 3.08 2.03 2.9 2.72
0.36 0.34 0.33 0.52 0.25 0.22 0.15 0.18 0.11 0.48 0.32 0.38 0.42
2.38 2.08 2.14 3.37 1.66 1.48 1.12 0.91 0.74 3.11 2.16 2.12 2.66
0.37 0.32 0.31 0.5 0.25 0.22 0.18 0.13 0.11 0.48 0.32 0.33 0.42
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Apparent ages for the basanite show a broad ‘n’ shape distribution,
which means that the core of the mineral might be subjected to 40Ar
loss. A plateau age of 104± 0.3 Ma as yielded from the steps 5 to 10
(Fig. 16B), the proportional 39Ar of which is about 50%. The correspond-
ing anti-isochron age is 104±0.7Ma with a Nier value of 280, showing
slight loss of 40Ar.

6. Discussion

It is well known that Cretaceous volcanism had occurred over awide
region of eastern Asia (Shatkov et al., 1980; Filippova et al., 1984;
Kovalenko and Yarmolyuk, 1990; Yarmolyuk et al., 1995; T.-D. Li,
2000; X.H. Li, 2000;Wu et al., 2005b). However, the origin of this volca-
nic belt remains intensely debated and has been attributed to a large
variety of models that include (1) intra-continental rifting, (2) deami-
nation of a thickened mantle lithosphere generated by early orogenic
processes, (3) back-arc extension, (4) recycling of continental crust,
and (5) plume activities (e.g.,Shatkov et al., 1980; Filippova et al.,
1984; Kovalenko and Yarmolyuk, 1990; Yarmolyuk et al., 1995; T.-D.
Li, 2000; X.H. Li, 2000; Wu et al., 2005b; Wang et al., 2006; Zhou et al.,
2006; Zhang et al., 2012). One of the major obstacles to testing the
above models is the lack of geochronological and geochemistry data
from the remote and little studied eastern Mongolia and Siberia in
northeastern Asia. Our work represents one of the first efforts in this re-
gard by providing new age and geochemical data of Cretaceous volcanic
rocks in this remote region. Specifically, our new 40Ar/39Ar ages and
published K–Ar ages (Solovyev et al., 1977a,b; Frikh-Khar and
Luchitskaya, 1978; Yanshin, 1978; Shuvalov, 1988; Dobrolubov and
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Filippova, 1990;Makhbadar andDelgertsogt, 1990) indicate that the oc-
currence of Cretaceous volcanic rocks in eastern Mongolia. This finding
is consistentwith the presence of Jurassic and Cretaceous volcanic rocks
in the extensional Hailaer Basin and the Greater Xing'an Mountains in
northeast China. The volcanic rocks in the basin are rhyolite, latite, tra-
chyte, and andesite that yield U–Pb zircon ages of 111–145 Ma (Ge
et al., 2001; J.H. Zhang et al., 2008 L.C. Zhang et al., 2008; Li et al.,
2010; Zhao et al., 2013). The volcanic rocks from the same basin also
yield 40Ar/39Ar plateau ages of 121–124Ma (Wang et al., 2006). All of
the age data clearly show that the Early Cretaceous volcanism was in-
tense and widespread in eastern Mongolia and adjacent China.

6.1. Cretaceous volcanism in a regional context

In order to place the Cretaceous occurrence of eastern Mongolian
volcanism in a regional context, we briefly outline the tectonic history
of northeast Asia since the latest Paleozoic. It is generally agreed that
the Paleo-Asian Oceans were closed progressive from west to east
from the Permian to the latest Jurassic (e.g., Yin andNie, 1996). Subduc-
tion of the Paleo-Pacific and Pacific plates began in the Early Cretaceous
and was expressed by the construction of a continental arc (e.g., Wang
and Mo, 1995; Meng and Zhou, 1996; Maruyama et al., 1997; Liu
et al., 2001; Taira, 2001). This arc migrates to the a series of island arcs
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Fig. 6. Classification of volcanic rocks based on K2O–SiO2 plot following Peccerillo and
Taylor (1976) and Le Maitre et al. (1989).
rifted away from the continental margin of Asia since the Oligo-
Miocene due to the opening of the Sea of Japan either by collision-
induced lateral extrusion (Jolivet et al., 1994) or back-arc extension
(Otofuji and Matsuda, 1983, 1984; Horikoshi, 1990).
6.2. Geochemistry of volcanic rocks from eastern Mongolia and tectonic
implications

Our work indicates that Early Cretaceous volcanic rocks in eastern
Mongolia, including basaltic rocks from the bimodal series, the basanite
series, and most rocks of the shoshonite series, have high Mg#, despite
their highly variable SiO2 contents. Their trace element and Sr–Nd
isotopic geochemistry demonstrates that each series involve different
mantle sources, magmatic processes and different degrees of crustal
contamination.

The basanite series have the highest Mg# (up to 0.67) and initial
143Nd/144Nd ratios (~0.51267) and the lowest SiO2 contents and lowest
initial 87Sr/86Sr ratios (~0.70420) in comparison to those from other
rock series. This implies that the basanite series may have been derived
mainly from a depletedmantle source that was contaminated by crustal
material (e.g., Zindler and Hart, 1986; Gribble et al., 1998).

The basaltic rocks from the bimodal series mostly have lower
Mg#, lower initial 143Nd/144Nd ratios, and higher initial 87Sr/86Sr
ratios than those for the basanite series. If the basaltic rocks were
also originated from a depleted mantle source, the mantle-derived
magma would have contained higher contents of contaminated crustal
material than those observed in the basanite series. As the LREE and
HREE contents are lower and higher respectively than those for the
basanite series, their required enriched mantle source would be
chemically different than the depleted mantle source for the basanite
series.

The shoshonite series show the largest variation in SiO2 contents,
and most rocks, even including some trachyrhyolite in this series,
have high Mg# similar to that measured from the basaltic rocks in the
bimodal series. This suggests that the rocks may have been generated
from magmatic differentiation. The absarokite and shoshonite have
the REE pattern resembling that for the basanite series but differ from
that for the basaltic rocks of the bimodal series (Fig. 13). These rocks
also have significantly higher initial 87Sr/86Sr and lower 143Nd/144Nd
ratios than those for the basanite series (Fig. 15). This may be attributed
to more contributions of crustal material to the magma source.

It should be noted that all of the three rock series are characterized
by high K contents and most of them belong to the shoshonite and
high-K calc-alkaline series (Fig. 5). The basaltic rocks have relatively
high Mg# and initial 143Nd/144Nd ratios accompanied by relatively low
initial 87Sr/86Sr ratios, suggesting that all three types of volcanic rocks
were derived from a metasomatized mantle source. In detail, the Nb
and Ta anomalies (Fig. 14) indicate that the basanite series were
derived from a least mesomatized mantle source, the basaltic rocks in
the bimodal series were derived from a mantle source metasomatized
by crustal material, and the shoshonite series were derived from a
most metadomatized source with input from crustal material. Taken
together, the Early Cretaceous volcanic rocks in eastern Mongolia
were mostly likely derived from heterogeneous mantle sources with a
varying degree of contributions from crustal material.

Some workers relate the occurrence of shoshonite and basanite
to fractionation of mantle-derived melts during oceanic subduction
(Taylor and Karner, 1983; Fryer et al., 1990; Hawkins et al., 1990;
Gribble et al., 1996). However, the basaltic rocks from the three rocks
series in eastern Mongolia are plotted in within-plate fields AI and AII
(Fig. 17A). On the other hand, their Zr/Y ratios are significantly higher
than those for within-plate basalts (Fig. 17B). This implies that the
Cretaceous volcanic rocks in eastern Mongolia may have been generat-
ed by a combined process involving mantle sources generated by both
oceanic subduction and within-plate processes such as rising plumes,



Table 3
Chemistry of the basanite and tephrites.

Rock name Basanite Tephrite

Sample N 7/109 7/112 7/114 7/119 7/131 7/1403 7/33 7/113 7/117 7/118

Longitide 115.08.18 115.00.11 114.59.51 115.09.33 114.39.29 114.45.18 114.46.42 114.59.42 115.10.18 115.18.26

Latitude 49.47.00 50.00.03 49.49.33 49.46.29 49.42.44 49.44.04 49.47.06 49.59.18 49.47.10 49.46.13

SiO2 42.41 43.5 42.33 43.35 44.06 42.1 44.0 40.72 41.65 43.0
TiO2 3.52 2.24 2.21 2.64 2.28 2.1 2.14 2.88 2.54 2.26
Al2O3 14.92 13.99 12.77 15.21 15.02 14.32 15.3 15.26 15.2 14.1
Fe2O3 2.85 1.30 0.36 3.73 0.18 5.32 2.45 1.51 0.78 1.95
FeO 9.81 9.39 9.0 8.28 9.85 6.04 7.52 8.95 8.75 8.15
MnO 0.17 0.19 0.17 0.28 0.14 0.20 0.20 0.18 0.15 0.18
MgO 7.38 9.02 10.78 8.84 7.93 10.36 8.26 5.27 9.12 8.73
CaO 9.47 8.52 10.12 9.12 11.02 8.37 7.92 10.29 9.12 9.54
Na2O 4.14 5.25 6.33 4.79 4.24 4.92 5.09 5.92 5.34 5.43
K2O 1.22 1.72 1.15 1.4 1.96 1.33 1.27 1.59 1.68 1.72
P2O5 0.9 0.86 0.82 0.85 0.53 2.16 2.16 1.27 0,58 0.83
LOI 0.09 2.54 2.95 1.44 2.62 2.41 3.08 5.74 3.22 3.57
∑ 96.88 98.52 98.99 99.93 99.8 99.63 99.39 99.58 97.55 99.46
Fet 12.66 10.69 9.36 12.01 10.03 11.36 9.97 10.46 9.53 10.1
Fet/Mg 1.72 1.19 0.87 1.36 1.26 1.10 1.21 1.98 1.04 1.16
Fe2O3/FeO 0.29 0.14 0.04 0.45 0.02 0.88 0.33 0.17 0.09 0.24
Na+K 5.36 6.97 7.48 6.19 6.2 6.25 6.36 7.51 7.02 7.15
K/Na 0.29 0.33 0.18 0.29 0.46 0.27 0.25 0.27 0.31 0.32

ppm
Co 32.50 36.40 41.60 30.50 30.30
Ni 210.0 285.0 300.0 113.0 152.0
Ga 20.1 20.5 17.7 23.4 18.4
Rb 42.8 44.7 27.1 47.2 40.4
Sr 1276.1 1214.5 1364.3 1836 1432.6
Y 28.7 24.5 23.8 32.7 23.4
Zr 305.2 312.1 262.2 406.2 280.9
Nb 90.6 71.63 76.22 128 95.2
Cs 1.85 1.62 3.37 1.72 2.19
Ba 977.4 806.1 1126.5 1368.5 1055
Hf 7.49 7.32 6.49 9.64 7.58
Ta 6.58 4.74 4.95 8.59 4.43
Pb 3.06 5.74 5.33 6.86 4.74
Th 8.24 7.42 6.25 11.35 9.75
U 2.09 1.76 1.37 2.41 1.83
La 87.69 72.23 71.25 118.12 86.45
Ce 165.2 135.4 134.54 217.4 160.7
Pr 18.76 15.82 16.10 25.51 18.23
Nd 62.88 55.57 56.89 88.51 59.94
Sm 10.9 10.09 10.34 15.17 11.2
Eu 3.04 2.85 2.87 4.12 2.96
Gd 9.11 8.36 8.44 12.11 8.84
Tb 1.23 1.11 1.09 1.57 1.07
Dy 5.97 5.47 5.22 7.38 5.67
Ho 1.09 0.99 0.95 1.31 1.05
Er 2.68 2.51 2.46 3.34 2.59
Tm 0.37 0.35 0.33 0.46 0.36
Yb 2.25 2.13 2.07 2.83 2.20
Lu 0.33 0.31 0.29 0.41 0.32
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Fig. 7. Trace element contents normalized to primitive mantle value for samples from
bimodal-series rocks following Sun and McDonough (1989). Notice that Rb, Ba, Th, La,
and Ce display positive anomalies whereas Nb and Ta show negative anomalies.
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delamination ofmantle lithosphere, and lithospheric avalanche (see de-
tailed discussion below).
6.3. Age pattern and eastern delamination across eastern Mongolia and
NE China

The newly obtained ages of volcanic rocks from eastern Mongolia
provide a test for the existing tectonic models for Cretaceous volcanism
in eastern Mongolia and NE China. Based on a systematic dating of
volcanic rocks and a synthesis of regional tectonic events, Wang et al.
(2006) noted that the onset of Mesozoic volcanism in the Greater
Xing'an Mountains of NE China started first at about 160 Ma in the
east; Mesozoic volcanism swept westward till about 110Ma across NE
China. This proposed age pattern is consistent with other studies that
show Jurassic volcanism occurred in the Greater Xing'an region and
southeast Mongolia in the Middle and Late Jurassic (e.g., Graham et al.,
2001; J.H. Zhang et al., 2008; Zhang et al., 2010). Based on the above
observations, Wang et al. (2006) suggested that the westward migra-
tion of volcanism across southeastern Mongolia and NE China was a
result of westward delamination of an early thickened mantle litho-
sphere from below; the thickened mantle lithosphere was created by
the closure of the Mongolo-Okhotsk Ocean, the final trace of the much
larger Paleo-Asia oceans. The timing of the ocean closure at ~160 Ma
in the Jurassic in this region (Yin and Nie, 1996) fits approximately to
the proposed timing of initial volcanism in the area as dated by Wang
et al. (2006). A prediction of the Wang et al. (2006) model is that
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Fig. 10. Trace element contents normalized to primitivemantle value for samples from the
shoshonite series rocks. Notice that Rb, Ba, Th, La, and Ce display positive anomalies
whereas Nb and Ta display strongly negative anomalies.
volcanism in eastern Mongolia, where the final closure site of the
Mongol-Okhotsk Ocean is located, should have started at about
160 Ma immediately after the closure of the Mongol-Okhotsk Ocean.
Our newly acquired dates for two volcanic samples yield ages of
110–104 Ma and previous K–Ar and Rb–Sr dating of other volcanic
rocks in our study areas yield ages of ~120Ma (Solovyev et al., 1977a,
b; Frikh-Har and Luchitskaya, 1978; Shuvalov, 1988). If these ages
represent the true duration of volcanism in eastern Monglia, then the
age pattern across eastern Mongolia and NE China would be inconsis-
tentwith theWang et al. (2006)model. The limitation of this conclusion
is that the number of dated samples is too few to be statistically signif-
icant. In addition, we note that the area directly south and southwest
of our sample sites exposes Middle and Late Jurassic volcanic rocks
(Graham et al., 2001). It is currently unclear if these older volcanic
rocks are also present in our study area due to the reconnaissance
nature of our work.
6.4. Tectonic models and future studies

The Cretaceous riebeckite rhyolites in the southern Greater Xing'an
region of NE China may have been erupted in an extensional setting
after the closure of the Mongol-Okhotsk Ocean. This is evident from
the presence of Cretaceous volcanic rocks within coeval extensional ba-
sins (e.g., Zhao et al., 2013) and occurrence of A-type granite and doler-
ite dike swarms (Wu et al., 2005a,b). This interpretation also is
consistent with the development of extensional metamorphic core
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complexes across northeastern Asia at this time (e.g., Davis et al., 1996,
1998, 2001; Wang et al., 2011).

In the southern segment of the easternmargin of Asia, the Cretaceous
volcanic rocks arewell developed in Southeast China and erupted during
146–97 Ma, coeval with A-type granites, implying an extensional
environment (T.-D. Li, 2000; X.H. Li, 2000). These high-K calc-alkaline
volcanic rocks show the geochemical features similar to those formed
in continental back-arc and post-collisional extensional settings, and
the eruption centers are spatially associated with extensional basins
and basin-bounding normal faults due to lithospheric extension (T.-D.
Li, 2000; X.H. Li, 2000). The Cretaceous tholeiitic basalts in the interior
of the South China Craton interlayerwith red beds in extensional basins
and may have resulted from the interaction of back-arc extension and
upper-mantle melting (Zhou et al., 2006).

The great distance (N500 km) from the active arc at the time of
Cretaceous volcanism in eastern Mongolia places the volcanic field in
a back-arc setting (Fig. 18). Such a setting is compatible with the occur-
rence of shoshonite and basanite, because these rocks are commonly
associated with back-arc extension (Taylor and Karner, 1983; Hawkins
et al., 1990; Peate et al., 1997; Sinton et al., 2003; Taylor and Martinez,
2003; Gill et al., 2004; Kay and Copeland, 2006). In a back-arc setting,
a few factors may influence petrologic and geochemical signatures of
the spatially related volcanism. They include (1) inputs of recycled con-
tinental components derived from seawater and subducted sediments,
(2) magnitude of back-arc extension, (3) temporal evolution of the
back-arc basin, (4) mantle flow patterns below the arc, and (5) contam-
ination of crustal material due to magmatic assimilation of pre-existing
wall rock (Mackenzie and Chapell, 1972; Hawkins and Melchior, 1985;
Volpe et al., 1987; Hawkins et al., 1990; Stern et al., 1990; Peate et al.,
1997; Gribble et al., 1998; Turner and Hawkesworth, 1998; Martinez
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and Taylor, 2003, 2006). These complications make it difficult to derive
a unique interpretation without consulting with local and regional geo-
logic contexts.

The young ages of Cretaceous volcanism across eastern Mongolia
and NE China obtained from this study and the early work contradict
the prediction of the Wang et al. (2006) model. There are two possible
explanations for this age discrepancy. First, the westward delamination
of the thickened lithosphere from theMongol-Okhotsk suturemayhave
104.7±0.3 Ma (p=0.54)
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Fig. 16. (A) Whole-rock 40Ar/39Ar age spectrum from a shoshonite sample in the
Tsagandelger area. (B) Whole-rock 40Ar/39Ar age spectrum from a basanite sample in
the Dych Gol area.



Fig. 17.ATh–Hf/3–Nb/16plot afterWood (1980). Region B, tholeiitic basalt frommid-ocean ridge (MORB) andwithin-plate setting (WPB; regionD, convergent plate-margin basalt and its
derivatives; C. alkaline within-plate basalt (WPB).
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caused eastward propagation of the volcanic front but the process did
not shut down volcanism completely trailing behind the volcanic
front. The younger volcanism in eastern Mongolia could be a result of
this process. However, this explanation would require that volcanism
in easternMongolia had started at about 160Ma for whichwe currently
do not have any evidence to support it. The second explanation for the
apparent age discrepancy between volcanism in eastern Mongolia and
prediction by the Wang et al. (2006) model is suggested below. It is
Asia Plate

Eastern Mongolia 
Volcanic Belt

Moho

Extensional core 
complexes

Arc  in the interior of Asia A

B

Fig. 18. Flat subduction to broadback-arc extension and volcanism. (A) ThePacific slabmay have
volcanism in eastern Mongolia and westernmost Greater Xing'an volcanic field in NE China. (B
volcanism across NE China.
likely that the location of initial delamination as proposed by Wang
et al. (2006) occurred between our study area and the western edge
of the Great Xing'an volcanic field in NE China. The previously thickened
mantle lithosphere was delaminated into two slabs and propagated to
both the east and west. This process caused two volcanic fronts moving
in the opposite direction (Fig. 19). In this model, the younger volcanic
rocks found in easternMongolia had resulted fromwestward delamina-
tion of the previously thickened mantle lithosphere, whereas the
Arc along eastern 
continental margin of Asia 

Pacific Plate

Moho

East

Pacific Plate
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extended far inland in theMiddle and Late Jurassic,which explains the early occurrence of
) Rapid slab retreat to the west may explain the observed westward migration pattern of
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Fig. 19. A possible model to explain the age pattern ofMesozoic volcanism across easternMongolia and NE China. (A) Thickenedmantle lithospherewas created during the closure of the
Mongol-OkhotskOcean at about 160Ma. (B) Partial delamination of the thickenedmantle lithosphere occurred immediately after the ocean closure to thewest and east, leading tomantle
upwelling below and volcanism at the surface. (C) Bi-directional propagation of delamination caused progressive younging of the volcanic front to the west and east, reading eastern
Mongolia where our study was conducted at about 110Ma.
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eastward development of the Greater Xing'an volcanic field was in-
duced by delamination of the eastern limb of the torn mantle litho-
sphere (Fig. 19).

The bi-directional delamination model is site-specific and explains
well the currently known temporal development of Mesozoic volcanism
in eastern Mongolia. Another possible site-specific model is that
Cretaceous volcanism in eastern Mongolia was induced by mantle ava-
lanche (Fig. 20). As pointed out by Schubert and Tackley (1995) mantle
avalanches can produce thermal effects similar to activities of rising
mantle plumes by bring anomalously hot mantle materials to the base
of the lithosphere. According to their model, an avalanche takes place
where a large amount of cold materials from subducted slabs is piled
up at the 670 km phase boundary. When these cold materials rapidly
were flush down into the lower mantle and are replaced by hotter
mantle materials from below, melting cold have occurred in the upper
mantle. Applying the concept of this model, we envision that the final
suturing of the Paleo-Asia oceans may haveleft a thick pile of cold
subducted materials at the 670 phase boundary below the orogenic
belt (Fig. 20A). Thermal perturbation of the upper mantle via subduc-
tion of the Pacific plate may have increased the mantle temperature
and thus lowered the viscosity of the upper mantle. This in turn favored
rapid sinking of the cold pile of lithosphere through the 670 km phase
boundary (e.g., Tackley et al., 1993; Tackley, 2000). Finally, mantle
materials filling the gap of the slab pile caused upwelling and thus
decompressional melting (Fig. 20B). Although only one blob is shown
in the figure, it is possible that several piles of cold mantle materials
were flushed down at different locations below a vast region of eastern
Asia, causing diachronous upwelling of mantle and melting and an
irregular age pattern of volcanism. The advantage of this model is its
ability to relate the early tectonic history of eastern Mongolia with the
subsequent Cretaceous volcanism. However, testing this model is
challenging as it requires careful restoration of the position and history
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of subducted Paleo-Asian oceanic slabs with the highly interpretative
tomographic images (e.g., Van der Voo et al., 1999; Lebedev et al.,
2006; Zhao et al., 2009).

As indicated by the elemental and isotopic data discussed above,
Cretaceous volcanism in eastern Mongolia could have been induced by
mantle upwelling related to back-arc extension within a continental
lithosphere. This process could explain the complex source characteris-
tics and contamination of continental materials in the final products of
the erupted lava. Thus, Cretaceous volcanism in eastern Mongolia
could have occurred in a rift zone in the back arc region of thewestward
subduction of the Pacific plate (Fig. 18). In contrast to the site-specific
models shown in Figs. 19 and 20, this regional model explains the
overall Cretaceous volcanism across the eastern margin of Asia that
is parallel to the Pacific subduction zone (e.g., Li, 2000; Wu et al.,
2005a,b). It also explains the close association between Cretaceous
detachment-fault terranes and volcanism (Davis et al., 1996, 1998,
2001; Wu et al., 2005b; Wang et al., 2011, 2012). It is possible that the
wide extension and volcanism across eastern Asia including eastern
Mongolia was induced by flat subduction of the Pacific plate followed
by rapid steepening towards the trend eastward in the Mesozoic as
envisioned by Zhao et al. (2009). This scenario implies that the
upwelling of the asthenosphere mantle below Asian lithosphere in the
back-arc region is not concentrated at one narrow zone but rather
distributed widely over a large area across eastern Asia (N1000 km
from the trench to the continental interior). This processmay be similar
to the development of the Laramide orogeny in the North American
Cordillera during the flat subduction of the Farelllon plate; it was
followed by a rapid retreat of the slab towards the trench and widely
developed extensional core complexes across the western North
America (e.g., Coney and Harms, 1984; Yin, 1989). It is possible that
the collapsed flat slabs were broken into small pieces and their down-
ward sinking produced small scale convection cells that led to upper-
mantlemelting. A similarmodel of slab-fragment sinkingwas proposed
by Yin (2010) to explain a wide occurrence of Cenozoic intra-plate
volcanism across Asia. Our slab-retreat model is somewhat similar to
the model of Li and Li (2007) for the development of a wide Mesozoic
extensional orogen in South China. As shown in Fig. 18, the Pacific slab
may have extended far inland in the Middle and Late Jurassic, which
explains the early occurrence of volcanism in eastern Mongolia
(Graham et al., 2001) and the westernmost Greater Xing'an volcanic
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field in NE China (Wang et al., 2006). Rapid slab retreat to thewest from
the Late Jurassic to the Early Cretaceousmay explain the observedwest-
ward migration of volcanism across NE China (Wang et al., 2006).

Amajor shortcoming of ourwork that hinders an effective test of the
above competing models is the lack of detailed geologic surveys in the
field over our sampling sites. As a result, it is currently unclear the
exact stratigraphic positions of our samples and the true statistical
significance of the limited age data from the region. A systematic
mapping and sampling across eastern Mongolia and far-east Russia
should a priority in future investigations on the origin of Cretaceous
volcanism in this vast area.

7. Conclusions

Cretaceous volcanism occurred over a wide region of eastern Asia
from Siberia in the north to SE Asia in the south. Hypotheses for its oc-
currence include intra-continental rifting, formation of a continental
arc, rising plume, and delamination of previously thickened mantle
lithosphere. A major difficulty in testing the above competing models
is the lack of modern geologic studies of volcanic rocks in eastern
Mongolia and Siberia. In this study, we investigate this issue by examin-
ing the timing and geochemistry of Cretaceous volcanic rocks in eastern
Mongolia. Our work in conjunctionwith early studies reveals the occur-
rences of three types of volcanic rocks in eastern Mongolia between
120Ma and 104Ma: (1) a bimodal series, (2) a shoshonite series, and
(3) a basanite series. Geochemical analysis of the volcanic rocks
indicates a highly heterogeneous source characterized a mixture of
depleted, enriched and metasomatized mantle. When combined with
constraints on the timing, tectonic history, and tectonic setting of the
region where the volcanic rocks are examined, we derived three
possible models for the occurrence of Cretaceous volcanism in eastern
Mongolia: (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 a thick pile of trapped cold
mantle materials from the subducted Paleo-Asian oceanic plates across
the 670-km endothermic phase transition. Differentiating the above
competing models is difficult at the present due to the lack of detailed
geologic information on Cretaceous volcanic rocks across the vast region
of eastern Mongolia and far-east Siberia. A careful restoration of the
position and history of the past subducted slabs of the Paleo-Asian
oceans in the mantle in the future may help differentiate the above
competing models.
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