
Journal of Asian Earth Sciences 113 (2015) 353–368
Contents lists available at ScienceDirect

Journal of Asian Earth Sciences

journal homepage: www.elsevier .com/locate / jseaes
Magma mixing origin for high Ba–Sr granitic pluton in the Bayankhongor
area, central Mongolia: Response to slab roll-back
http://dx.doi.org/10.1016/j.jseaes.2014.11.029
1367-9120/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +86 20 85290708; fax: +86 20 85290130.
E-mail address: yuanchao@gig.ac.cn (C. Yuan).
Yunying Zhang a,b, Min Sun c, Chao Yuan a,⇑, Yigang Xu a, Xiaoping Long a, Dondov Tomurhuu d,
Christina Yan Wang a, Bin He a

a State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
b University of Chinese Academy of Sciences, Beijing 10069, China
c Department of Earth Sciences, The University of Hong Kong, Pokfulam Road, Hong Kong, China
d Institute of Geology and Mineral Resources, Mongolian Academy of Sciences, Ulaanbaatar 210351, Mongolia

a r t i c l e i n f o a b s t r a c t
Article history:
Received 10 September 2014
Received in revised form 13 November 2014
Accepted 18 November 2014
Available online 25 December 2014

Keywords:
High Ba–Sr granitoids
Mafic microgranular enclaves
Slab roll-back
CAOB
Mongolia
Bayankhongor
Petrogenesis of high Ba–Sr granitoids is a matter of debate. This paper presents whole-rock geochemical,
Sr–Nd isotopic and zircon U–Pb and Hf isotopic data for a suite of high Ba–Sr biotite monzogranite and asso-
ciated mafic microgranular enclaves (MMEs) from the Ulaan Uul batholith in the Bayankhongor area, cen-
tral Mongolia, aiming at elucidating the complex petrogenesis of the high Ba–Sr granitoids. The data
manifest that magma mixing between a felsic magma derived from sedimentary rocks and a mafic magma
derived from Sub-Continental lithospheric mantle (SCLM) may account for the formation of high Ba–Sr
granitoids. The host granite and MMEs yielded U–Pb ages of 546 ± 3 Ma and 547 ± 3 Ma, respectively, sug-
gesting that the mafic and felsic magmas were coeval. Rocks of the host granitoids possess high SiO2 and low
MgO contents and display peraluminous high-K calc-alkaline and shoshonitic characteristics. Their rela-
tively high Ba, Sr but low HREE (Yb < 2 ppm) resemble those of typical high Ba–Sr granitoids. Rocks from
the granitoids have crust-like Sr–Nd isotopic compositions [(87Sr/86Sr)i = 0.7059–0.7065, and eNd(t) = �1.8
to�2.1], and most zircons from the host rocks show negative eHf(t) values (�0.63 to�11.9) with two-stage
Hf model ages of 1.54–2.25 Ga. The MMEs have low SiO2 and high MgO concentrations, enriched Sr–Nd iso-
topic compositions [(87Sr86/Sr)i = 0.7060–0.7066, and eNd(t) = �1.6 to �2.1], and most zircons from the
MMEs have positive eHf(t) values (+0.7 to +2.6), with late Mesoproterozoic single-stage Hf model ages
(1.05–1.12 Ga), suggesting an origin of late Mesoproterozoic SCLM. We interpret that the Ulaan Uul bath-
olith has a mixed origin, i.e. partial melting of sedimentary rocks triggered by upwelling of lithospheric
mantle-derived magma (represented by MMEs) under an extensional scheme, and subsequent mixing of
the mantle- and crust-derived melts resulted in the high Ba–Sr granitoids. We speculate that the late Neo-
proterozoic to early Cambrian extensional environment in the Bayankhongor area was caused by the roll-
back of subducting Bayankhongor oceanic lithosphere.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

High Ba–Sr granitoids were originally recognized by Tarney and
Jones (1994) in the Scottish Caledonides and received wide atten-
tion (Eklund et al., 1998; Fowler et al., 2001, 2008; Qian et al.,
2003; Choi et al., 2009; Yuan et al., 2010; Bruand et al., 2014).
Rocks of this kind are characterized by high Ba (>500 ppm) and
Sr (>300 ppm), which are distinct from typical I-, S- and A-type
granitoids (Tarney and Jones, 1994). Petrogenesis of high Ba–Sr
granitoids has been extensively studied, but no consensus has been
reached, and a variety of petrogenetic models have been proposed,
including: (1) partial melting of subducted ocean plateaus (Tarney
and Jones, 1994); (2) partial melting of mafic lower crust (Ye et al.,
2008; Choi et al., 2009); (3) partial melting of enriched lithospheric
mantle metasomatized by asthenosphere-derived carbonatitic
melts or subduction-related fluids and/or melts (Eklund et al.,
1998; Fowler et al., 2001, 2008; Peng et al., 2013). High Ba–Sr
granitoids commonly contain mafic microgranular enclaves
(MMEs) which have complex origins such as restites (Chappell
and White, 1992; White et al., 1999), cumulates formed by early-
stage crystallization (Didier and Barbarin, 1991; Dahlquist, 2002;
Donaire et al., 2005) and inclusions of mantle-derived magma
(Vernon, 1984; Griffin et al., 2002; Barbarin, 2005; Yang et al.,
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2007). The MMEs can provide important information on the source
nature and geodynamic setting as well as crust–mantle interaction
processes of the granitoids.

The Central Asian Orogenic Belt (CAOB) (Sengör et al., 1993;
Sengör and Natal’in, 1996; Jahn et al., 2000; Khain et al., 2003;
Xiao et al., 2004) extends from the Urals in the west, through
Kazakhstan, Kyrghyzstan, NW China, and southern Mongolia to
the Pacific coast in the east. It experienced multiple subduction–
accretion and collisional processes and consists mainly of accreted
fragments including island arcs, accretionary complexes, sea-
mounts, ophiolites and microcontinents (Kröner et al., 2007;
Windley et al., 2007; Xiao et al., 2008). Distinct from the past cog-
nition that the CAOB was formed by southward growth of juvenile
terranes through subduction–accretion (e.g. Sengör and Natal’in,
1996; Windley et al., 2007; Xiao et al., 2009), a mechanism of
northeastward growth of accretionary complexes as a result of
southward subduction has been proposed to account for the for-
mation of the Bayankhongor region in the central Mongolia (Figs. 1
and 2) (Buchan et al., 2001). During the evolution of the Bayank-
hongor region, extensive felsic and mafic magmas were produced,
including high Ba–Sr granitoids and mafic enclaves (Buchan et al.,
2002; Jahn et al., 2004; Demoux et al., 2009), and can provide
important constraints on the evolutionary history of the Bayank-
hongor region. Recent research in the Bayankhongor region mostly
focused on the accretionary complexes, however, little is known
regarding the geodynamic and genetic relationships between high
Ba–Sr granitoids and associated MMEs.

In this contribution, we report new U–Pb zircon ages, whole
rock major and trace element and Sr–Nd–Hf isotopic compositions
for a Precambrian high Ba–Sr granitoid pluton (the Ulaan Uul bath-
olith) and associated MMEs, aiming to (1) investigate the petrogen-
esis and genetic relationship between the host granite and
associated MMEs; (2) constrain the accretionary process of the
Bayankhongor region in more detail.
Fig. 1. Simplified terrane map of Mongolia
2. Geological background and sample descriptions

2.1. Geological background

As a part of the CAOB, Mongolia experienced multiple subduc-
tion and collisional events as a consequence of the consumption
of the Paleo–Asian Ocean (Fig. 1) (Badarch et al., 2002). Tectoni-
cally, Mongolia can be divided into the southern and northern
domains separated by the Main Mongolian Lineament which
marked a late Orodovician plate boundary (Lehmann et al.,
2010). The southern domain is dominated by middle to late Paleo-
zoic accretionary complexes, whereas the northern domain mainly
comprises Precambrian to early Paleozoic metamorphic rocks,
Neoproterozoic ophiolitic belts and early Paleozoic arc-related vol-
canic rocks (Buchan et al., 2001, 2002; Jiang et al., 2012). The
Bayankhongor region in the northern domain is sandwiched
between the Baydrag microcontinent in the south and the Hangay
microcontinent in the north (Fig. 2) (Jahn et al., 2004; Jian et al.,
2010). Previous workers divided the Bayankhongor region into sev-
eral tectonic subunits, i.e., from south to north the Baydrag micro-
continent, the Burd Gol mélange, the South Volcanic Belt, the
Bayankhongor suture zone and the Dzag zone of the Hangay micro-
continent (Fig. 2) (Buchan et al., 2001, 2002).

The basement of the Baydrag microcontinent is mainly com-
posed of Neoarchean to Paleoproterozoic tonalitic to granitic gneis-
ses which have underwent amphibolite- and granulite-facies
metamorphism (Mitrofanov et al., 1985; Kotov et al., 1995;
Teraoka et al., 1996; Kozakov et al., 2001; Demoux et al., 2009).
To the northeast of the Baydrag block, the Burd Gol mélange repre-
sents a subduction–accretion complex and comprises phyllites,
slates, chlorite–biotite schists which probably deposited in the ear-
liest Neoproterozoic (Demoux et al., 2009). Moreover, this mélange
underwent Barrovian-type metamorphism with metamorphic
grade increasing northwards, and the time of metamorphism can
(modified after Badarch et al., 2002).



Fig. 2. Geological map of the Bayankhongor region (modified after Jian et al., 2010). The position of analyzed samples is also marked.
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be roughly bracketed between ca. 562 and ca. 533 Ma (Höck et al.,
2000; Kozakov et al., 2006). The South Volcanic Belt consists
mainly of late Neoproterozoic to early Paleozoic arc-related volca-
nic rocks (Kröner et al., 2011). The Bayankhongor suture zone can
be divided into three subunits, which are, from south to north, the
Delb Khairkhan mélange, the Bayankhongor ophiolitic mélange
and the Haluut Bulag mélange (Buchan et al., 2002) (Fig. 2). The
Delb Khairkhan mélange is dominated by pelitic schists and has
been considered to be middle Neoproterozoic to early Paleozoic
in age based on the presence of Neoproterozoic stromatolites and
Cambrian fossils (Dergunov et al., 1997). The Bayankhongor ophio-
litic mélange comprises ultramafic cumulates, gabbros, pillow
lavas and sheeted dykes which have been tectonically dismem-
bered into slices enclosed in a matrix of serpentinite (Buchan
et al., 2002). Zircons from ophiolitic anorthosite, gabbro and plag-
iogranite yielded late Neoproterozoic 207Pb/206Pb ages ranging
from 655 ± 4 to 636 ± 6 Ma (Jian et al., 2010). The Haluut Bulag
mélange contains lenticular mudstone, limestone, sandstone and
locally vesicular basalt enclosed in a matrix of pelitic schist
(Buchan et al., 2001). Although no precise age is reported, the pres-
ence of radiolarian fossils in Cambrian sediments indicates that the
depositional age of the Haluut Bulag mélange is no older than Cam-
brian (542 Ma) (Osozawa et al., 2008). The Dzag zone of the
Hangay microcontinent comprises greenschist–facies psammitic
and pelitic schists which probably deposited on the passive margin
of the Hangay microcontinent to the north (Kurimoto et al., 1998;
Buchan et al., 2001).

2.2. Granitoid intrusions

Voluminous late Neoproterozoic to early Cambrian granitoids
intruded the Bayankhongor region (Fig. 2). For example, Buchan
et al. (2002) reported zircon evaporation 207Pb/206Pb ages of
539 ± 5 Ma for a granitic pluton that intruded the Burd Gol
mélange. A syenite porphyry intruding the Burd Gol mélange
yielded a SHRIMP zircon age of 523 ± 2 Ma (Jian et al., 2010). In
addition, several zircon U–Pb ages (520–565 Ma) have been
reported for granitic intrusions along the Taats River (Fig. 2), which
has been considered as the eastern extension of the Baydrag block
(Kozakov et al., 2006, 2008; Demoux et al., 2009).

In this study, we focus on the Ulaan Uul batholith, whose major-
ity intrudes the northern margin of the Burd Gol mélange (Fig. 2).
Outcrops of this batholith can also be found in the Delb Khairkhan
mélange and the Bayankhongor ophiolitic mélange. This batholith
has been considered to be early Cambrian in age based on two zircon
evaporation 207Pb/206Pb ages of 539 ± 1 and 545 ± 2 Ma (Buchan
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et al., 2002). The body is composed mainly of biotite monzogranite
with rounded mafic microgranular enclaves, and has medium-grained
granular textures (Fig. 3a). The main minerals are plagioclase
(35–45 vol.%), alkali–feldspar (25–35 vol.%), quartz (20–25 vol.%),
and biotite (�5 vol.%), with minor titanite, apatite and zircon.
Enclaves within the batholith are fine-grained and ellipsoidal with
size ranging from 10 to 30 cm, and generally show porphyritic or
equigranular textures (Fig. 3a and b). The contact between the
enclaves and host rocks are mostly sharp, though gradational con-
tact can be observed locally. The enclaves are mainly dioritic in
lithology and consist of plagioclase (35–40 vol.%), hornblende
(30–35 vol.%), K-feldspar (10–15 vol.%), biotite (5–10 vol.%), with minor
apatite (Fig. 3a and b). Except for a few that show gradational contact
with the host, most enclaves do not contain K-feldspar megacrysts.
3. Analytical methods

All geochemical analysis of zircon U–Pb dating, whole rock geo-
chemistry, Sr–Nd–Hf isotopic compositions, were carried out at the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences (SKLIG GIG CAS).

3.1. Zircon U–Pb dating

Zircons were separated from two samples (one from the Ulaan
Uul batholith and one from mafic enclave) using conventional heavy
liquid and magnetic separation techniques and then were hand-
picked under a binocular microscope. Representative zircon grains
were mounted in epoxy resin discs, then polished to about half of
their thickness and coated with carbon. Cathodoluminescence (CL)
images of zircons were obtained at SKLIG GIG CAS using a JEOL
JXA-8100 Electron Probe Microanalyzer with a Mono CL3 CL System
for inspecting internal morphology of zircons. Zircon U–Pb dating
was carried out by using Laser ablarion ICP–MS. NIST SRM 610 and
Temora zircon standards were used as external standards. Detailed
operating conditions for the laser ablation system and the ICP–MS
instrument and data reduction can be found in Li et al. (2011).

3.2. Whole-rock geochemistry and Sr–Nd isotope analyses

Major element compositions were measured on fused glass
disks using X-ray fluorescence spectrometry (Rigaku ZSX100e)
Fig. 3. (a) Field photograph showing the relationship between the host granite and MME
MME.
following analytical procedures described by Li et al. (2006) and
analytical precision for major elements was between 1% and 5%.
Trace elements analyses were performed using a Perkin–Elmer
Sciex ELAN 6000 inductively coupled plasma mass spectrometry
(ICP–MS). Sample powders were digested using an HF + HNO3

mixture in high pressure Teflon bombs for two days in order to
assure complete dissolution of the refractory minerals. USGS rock
standards and Chinese national rock standards (GSR-1, GSR-2,
GSR-3, GSD-9) were used to calibrate elemental concentrations of
the measured samples. The analytical procedures are referred to
Li et al. (2002), and analytical precision was generally better than
5%. Sr and Nd isotopic analyses were performed on a Micromass
Isoprobe multi-collector mass spectrometer (MC–ICP–MS) at SKLIG
GIG CAS, following the procedures described by Li et al. (2004).
Measured 143Nd/144Nd and 87Sr/86Sr ratios were normalized to
146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194, respectively. The
87Sr/86Sr ratio of the NBS987 standard and 143Nd/144Nd ratio of
the Shin Etsu JNdi-1 standard measured during this study were
0.710256 ± 22 (2rm) and 0.512110 ± 8 (2rm), respectively.

3.3. Zircon Lu–Hf isotope analyses

In situ zircon Hf isotopic analysis was carried out using the
Neptune Plus MC–ICP–MS, attached to the Resonetics RESOlution
M-50-LR Excimer Laser Ablation System at SKLIG GIG CAS. During
the analyses, a laser repetition rate of 8 Hz at 80 mJ was used for
ablating zircons, and spot size was 45 lm. The ablated material
was transported in a helium carrier gas with addition of a small
flow of nitrogen. Data acquisition for each analysis consists of
30 s gas background collection and 30 s signal collection for laser
ablation. A signal collection model for one block includes 200
cycles, in which one cycle has 0.131 s integration time. The mea-
sured isotopic ratios of 176Hf/177Hf were normalized to
176Hf/177Hf = 0.7325, using an exponential correction for mass bias.
Correction for isobaric interference of 176Lu on 176Hf and 176Yb on
176Hf was performed using the recommended 176Lu/175Lu ratio of
0.02655 (Machado and Simonetti, 2001) and 176Yb/171Yb ratio of
0.90184. Penglai zircons were used as reference standards and
were analyzed twice before and after every 5 analyses. Repeated
measurements of this zircon standard during our study yielded
176Hf/177Hf = 0.282891 ± 0.000012 (2r, n = 22), which is identical
to the previously reported literature values (Li et al., 2010). The
176Lu decay constant of 1.867 � 10�11 year�1 (Soderlund et al.,
s; (b) photomicrograph showing the main textures and mineral assemblages of the
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2004) was used to calculate initial 176Hf/177Hf ratios. The chon-
dritic values of 176Hf/177Hf (0.282772) and 176Lu/177Hf (0.0332)
reported by (Blichert-Toft and Albarede, 1997) were adopted for
the calculation of eHf values. Single-stage Hf model ages (TDM1)
were calculated relative to the depleted mantle present-day value
of 176Hf/177Hf = 0.283250 and 176Lu/177Hf = 0.0384 (Griffin et al.,
2000). Two-stages ‘‘crustal’’ model ages (TDM2) were calculated
using the mean 176Lu/177Hf ratio of 0.015 for the average continen-
tal crust (Griffin et al., 2002).
4. Analytical results

4.1. Geochronology

LA–ICP–MS zircon U–Pb isotope analytical results of the host
granite and associated MME can be found in Appendix 1. Zircons
from the host granite (MG11-89-11) are prismatic and transparent
with well-developed oscillatory zoning, indicating a magmatic ori-
gin. Size of the zircons ranges from 100 to 200 lm in length, with
length/width ratios of 2:1 to 4:1 (Fig. 4a). The analyzed zircons
have intermediate Th (27–523 ppm) and U (41–421 ppm) contents
with Th/U ratios of 0.29 to 1.33, consistent with an igneous origin.
Twenty-seven analyses were obtained and form a coherent group
with a weighted mean 206Pb/238U age of 546 ± 3 Ma (Fig. 5b). The
age is consistent with previous zircon evaporation 207Pb/206Pb ages
(539 ± 1 Ma and 545 ± 2 Ma) (Buchan et al., 2002), and is consid-
ered to be the crystallization age of the Ulaan Uul batholith.

Zircons from the MME (MG11-89-1) are stubby to prismatic and
grayish dark in color, and have weakly oscillatory zoning. The zir-
cons range in size from 50 to 200 lm in length, with length/width
ratios of 1:1 to 3:1 (Fig. 4b). The analyzed zircons have variable Th
(29–814 ppm) and U (69–537 ppm) contents with Th/U ratios of
Fig. 4. CL images of representative zircons from t
0.28–1.51, indicating a magmatic origin. No inherited cores were
found. Seventeen analyses of zircons form a coherent group on
the Concordia diagram with a weighted mean 206Pb/238U age of
547 ± 3 Ma (Fig. 5a), which represents the crystallization age of
the mafic enclaves. This age is consistent with the U–Pb ages for
the host biotite monzogranite, suggesting that the MMEs and their
host were coeval mafic and felsic magmatism.
4.2. Major and trace elements

Major and trace element data for the host granite and MMEs are
listed in Table 1. Samples from the host biotite monzogranite dis-
play high SiO2 (66.0–75.4 wt.%), low MgO (0.55–1.47 wt.%) and
TiO2 (0.23–0.64 wt.%) contents (Fig. 7). The host samples are char-
acterized by high total alkali (K2O + Na2O = 7.1–10.0 wt.%) (Fig. 6a)
and K2O/Na2O (0.7–1.7), showing high-K calc-alkaline to shoshon-
itic characteristics (Fig. 6b). Rocks from the host granite are
strongly peraluminous with ASI values ranging from 1.10 to 1.17
(Fig. 6c). Rocks of the biotite monzogranite contain high Ba
(1189–2544 ppm), Sr (440–742 ppm) and low Yb (<2.1 ppm) and
Ta (<2.2 ppm) contents. In addition, they exhibit high K/Rb (354–
418), Sr/Y (30–75) and La/Yb (21–91), and low Rb/Ba (<0.07) and
Rb/Sr (<0.27) ratios. The rocks are characterized by enrichment of
LREE and display slight HREE fractionation ((La/Yb)N = 14.8–64.9;
(Gd/Yb)N = 2.0–2.6) (Fig. 8b), with slightly to moderate negative
Eu anomalies (Eu/Eu⁄ = 0.65–0.98). On the primitive mantle-
normalized trace element diagram, the biotite monzogranite
samples show relative enrichment in LILEs (such as Rb, Ba) and
depletion in HFSEs (such as Nb, Ta, Ti) (Fig. 8d).

The MMEs are mafic to intermediate in composition with SiO2

ranging from 52.1 to 67.6 wt.% (Fig. 6a). The MME samples have
variable MgO (1.3–3.7 wt.%), Al2O3 (14.7–19.1 wt.%) and TiO2
he host granite (a) and associated MME (b).



Fig. 5. Zircon U–Pb Concordia diagrams and weighted mean 206Pb/238U ages for the
MME (a) and host granite (b).
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(0.7–1.6 wt.%) contents (Fig. 7), characterized by high total alkali
contents (K2O + Na2O = 5.8–8.3 wt.%) (Fig. 6a). The MME rocks are
metaluminous to slightly peraluminous (ASI = 0.88–1.05, mostly
<1) (Fig. 6c), and relatively Na-enriched as indicated by their high
Na2O/K2O ratios (1.1–2.5, mostly >1.8). Rocks of the MMEs have
high concentrations of Sr (772–907 ppm), and highly variable Y
(9.1–64.5 ppm), Nb (10.5–52.5) contents and Sr/Y (12–87) ratios.
The MME samples are characterized by variable LREE enrichment
((La/Yb)N = 4.8–39.4) and HREE fractionation ((Gd/Yb)N = 1.4–3.1),
with moderate negative Eu anomalies (Eu/Eu⁄ = 0.51–0.75)
(Fig. 8a). On the primitive mantle-normalized trace element dia-
gram, the MME samples show relative enrichment in large ion
lithophile element (LILE, e.g. Rb, Ba), and variable depletion in high
field-strength element (HFSE, e.g. Nb, Ta, Zr) as suggested by their
variable Nb/La ratios (0.15–1.27) (Fig. 8c).
4.3. Sr–Nd isotopic compositions

The Sr–Nd isotope compositions of the host granite and MMEs
are presented in Table 2 and Fig. 9a. Samples from the host granite
have a narrow range of initial 87Sr/86Sr ratios (0.7059–0.7065) and
eNd(t) (�1.8 to �2.1) with Nd model ages (TDM) of 1.43–1.45 Ga.
The MMEs also have uniform initial 87Sr/86Sr ratios (0.7060–
0.7066) and eNd(t) (�1.6 to �2.1), and Nd model ages (TDM) of
1.41–1.45 Ga, overlapping the range of the host granite samples.
4.4. Zircon Hf isotopic compositions

In situ zircon Hf isotopic composition for the host granite and
MME samples are listed in Appendix 2 and presented in Fig. 10.
Except for two zircons from the host granite display positive eHf(t)
values (+0.12 and +1.4) with single-stage Hf model ages of 1.08 and
1.13 Ga, the rest twenty-four zircons from the host rock all show
variably negative eHf(t) values (�0.63 to �11.9) with two-stage
Hf model ages of 1.54–2.25 Ga. Zircons from the MME have higher
176Hf/177Hf ratios and eHf(t) values than those of the host granite
samples. Ten of the seventeen analyzed zircons from MME have
positive eHf(t) values (+0.7 to +2.6) with single-stage Hf model
ages of 1.05–1.12 Ga, and seven MME zircons have negative eHf(t)
values (�0.75 to �3.5) with two-stage Hf model ages of 1.51–
1.72 Ga.
5. Discussion

5.1. Magma mixing

The igneous texture of the MMEs indicates a magmatic origin
(Fig. 3b). In addition, zircon U–Pb dating suggests that the MMEs
were coeval with the host granite, thus an origin of xenolith cap-
tured from the wall–rock can be precluded. Recently, a cognate ori-
gin of MMEs (e.g., early-stage cumulates or differentiation) has
been proposed (Dahlquist, 2002; Donaire et al., 2005). Although
the similar zircon U–Pb ages of the MMEs and host granite may
imply a cogenetic suite, their different zircon Hf isotopic composi-
tions suggest different origins for the MMEs and host granite. In
fact, the MMEs have higher total REE contents (mostly
>230 ppm) than the host granite samples (mostly <230 ppm), thus
precluding an origin of early-stage differentiation product from a
cognitive magma. Moreover, some workers proposed that MMEs
represent residual materials (restite) successively immixing with
the melt (Chappell and White, 1992; White et al., 1999). In this
case, MMEs should share similar isotopic compositions to the host
granitoids. Although having Sr–Nd isotopic compositions similar to
their host (Fig. 9a), the MMEs in the Ulaan Uul batholith display
different 176Hf/177Hf ratios and eHf(t) values from those of the host
granite (Fig. 10), which, together with their igneous texture
(Fig. 3b), argues against a restite origin. Similar whole-rock Sr–
Nd isotopes and distinct zircon Hf isotopes between the host gran-
ite and associated MMEs, pointing to somewhat Nd–Hf isotope
decoupling, have been served as a powerful evidence for crust–
mantle magma mixing (Kemp et al., 2005, 2007; Yang et al.,
2007; Qin et al., 2009). Generally, chemical equilibrium and isoto-
pic equilibrium can be achieved by elemental diffusion during the
magma mixing process (Karsli et al., 2007). The MMEs share simi-
lar Sr–Nd isotopic compositions to the host (Fig. 9a), which can be
explained by sufficient diffusion exchange with the granitic melt
(Qin et al., 2009). However, as a resistant and refractory mineral,
zircon commonly crystallizes in the early stage of magmatism,
probably prior to the homogenization of mixed magma, thus may
retain its primary Hf isotopic signature acquired from the magma
and survive post-crystallization thermal disturbances (Kinny and
Maas, 2003; Zheng et al., 2007).

Magma mixing process has long been considered as an impor-
tant mechanism in producing granitoids. When small volumes of
mafic magma injects into a felsic magma chamber, the mafic
magma would cool rapidly and become more viscous to form dis-
crete magma globules (Vernon, 1984; Griffin et al., 2002; Barbarin,
2005; Yang et al., 2007). In the case of the Ulaan Uul batholith and



Table 1
Major oxides (wt.%) and trace element (ppm) concentrations of the Ulaan Uul batholith and associated Mafic enclaves in the Bayankhongor area, central Mongolia.

Sample Ulaan Uul batholith MME

MG11-89-9 MG11-89-10 MG11-89-11 MG11-89-12 MG11-89-13 MG11-89-14 MG11-89-15 MG11-89-16 MG11-89-17 MG11-89-18 MG11-89-1 MG11-89-2

Major oxides (wt.%)
SiO2 73.3 67.3 69.5 68.0 70.2 68.8 70.1 75.4 69.3 66.0 54.1 55.9
TiO2 0.23 0.64 0.31 0.51 0.42 0.44 0.45 0.27 0.40 0.64 1.56 1.39
Al2O3 14.1 15.4 15.9 15.9 15.5 15.2 15.1 12.3 15.9 16.3 18.0 18.1
Fe2O3

T 1.60 3.74 1.97 2.89 2.57 3.54 2.73 1.98 2.17 3.59 8.19 7.51
MnO 0.02 0.06 0.03 0.04 0.04 0.04 0.04 0.03 0.04 0.06 0.17 0.15
MgO 0.55 1.47 0.60 1.02 0.99 0.90 1.10 0.59 0.95 1.45 3.56 3.25
CaO 0.75 2.04 0.71 1.37 0.87 0.98 0.86 0.82 0.80 1.63 5.40 4.73
Na2O 3.29 4.35 3.74 4.01 4.35 4.02 4.46 3.06 3.96 3.89 4.81 4.87
K2O 5.13 2.94 6.23 4.72 4.18 4.59 3.78 4.07 5.31 4.79 2.13 2.33
P2O5 0.05 0.22 0.08 0.17 0.15 0.11 0.15 0.07 0.12 0.21 0.48 0.42
L.O.I 0.87 1.63 0.81 1.18 0.65 1.22 1.11 1.27 0.85 1.27 1.39 1.18
Total 99.9 99.8 99.9 99.9 99.8 99.8 99.6 99.9 99.8 99.8 99.8 99.8

Trace elements (ppm)
Sc 0.58 4.71 0.66 1.08 1.50 1.16 2.94 0.73 1.25 3.93 17.3 15.0
Ti 1223 3127 1638 2634 2145 2363 2352 1443 2151 3324 8915 7711
V 27.4 41.3 27.0 38.7 31.3 52.8 33.1 29.8 30.7 48.3 116 104
Cr 7.93 8.33 7.27 10.0 9.32 8.70 7.16 8.34 9.92 13.6 35.8 30.5
Mn 177 425 220 316 304 314 330 197 257 438 1294 1145
Co 2.99 6.82 2.84 4.90 4.85 4.76 4.63 3.22 4.17 7.25 17.6 16.1
Ni 1.58 3.88 1.74 2.10 2.87 2.25 2.70 1.64 2.04 5.69 22.2 18.1
Cu 2.25 4.37 1.98 2.78 2.47 2.68 2.09 1.79 2.14 6.38 9.36 8.23
Zn 23.7 50.6 26.6 40.6 37.8 42.9 40.4 30.2 32.6 53.5 122 117
Ga 14.2 18.8 15.6 17.4 16.7 18.0 17.0 13.1 16.4 19.1 26.1 26.2
Ge 1.10 1.32 1.20 1.30 1.16 1.54 1.11 1.25 1.12 1.47 1.92 1.99
Rb 105 68.8 130 97.9 93.5 92.0 91.3 80.7 110 107 94.2 104
Sr 614 742 475 689 532 554 440 519 584 736 784 791
Y 8.14 22.7 11.7 19.3 12.9 17.2 14.5 7.98 9.07 22.4 42.6 34.9
Zr 170 250 207 213 177 280 167 234 140 215 134 150
Nb 5.17 18.8 10.3 16.6 9.67 12.4 12.0 6.23 9.66 18.6 36.6 33.5
Cs 0.50 1.31 0.35 0.72 0.52 0.38 0.40 0.46 0.48 1.53 1.38 1.55
Ba 2375 1189 2544 1984 1655 1955 1240 1876 2354 2056 475 425
La 62.4 60.7 46.1 46.7 40.1 131 34.1 71.7 39.9 39.9 41.7 38.9
Ce 107 120 87.5 101 76.7 238 71.5 123 70.0 94.8 117 109
Pr 10.2 14.3 9.74 12.6 8.73 23.9 8.69 12.1 7.87 11.9 17.6 15.9
Nd 30.6 51.8 32.8 44.9 29.8 73.2 31.2 36.2 26.8 44.4 73.3 63.8
Sm 3.47 8.48 4.78 7.49 4.780 8.70 5.37 4.08 4.04 7.81 14.3 11.9
Eu 0.43 1.56 0.78 1.24 0.83 1.22 1.00 0.54 0.79 1.43 3.02 2.52
Gd 1.89 6.05 3.06 5.26 3.31 4.30 3.72 2.01 2.57 5.48 11.0 9.00
Tb 0.29 0.93 0.46 0.77 0.51 0.73 0.57 0.32 0.39 0.84 1.66 1.34
Dy 1.58 4.86 2.33 4.05 2.68 3.71 3.13 1.67 2.04 4.64 8.89 7.13
Ho 0.30 0.90 0.45 0.75 0.51 0.68 0.59 0.31 0.37 0.88 1.68 1.36
Er 0.80 2.32 1.15 1.93 1.26 1.70 1.49 0.83 0.92 2.17 4.27 3.48
Tm 0.12 0.33 0.16 0.27 0.19 0.24 0.21 0.12 0.13 0.31 0.60 0.49
Yb 0.78 2.11 1.09 1.72 1.16 1.54 1.32 0.79 0.82 1.94 3.83 3.22
Lu 0.12 0.30 0.16 0.24 0.17 0.22 0.19 0.13 0.12 0.28 0.53 0.46
Hf 3.75 5.82 4.88 4.98 4.32 6.29 4.16 5.16 3.48 4.95 3.25 3.65
Ta 0.53 2.21 1.10 1.95 1.10 1.40 1.29 0.64 1.03 1.86 3.38 3.43
Pb 18.0 11.4 15.2 17.4 15.1 15.9 10.9 15.5 16.3 15.7 9.56 9.27
Th 8.28 7.91 6.13 7.36 5.81 15.2 4.73 8.58 4.71 5.81 6.17 5.85
U 0.35 0.91 0.58 0.85 0.86 0.60 1.01 0.41 0.65 0.86 1.33 1.36
Mg# 44.4 47.8 41.4 45.2 47.4 37.1 48.5 41.1 50.4 48.5 50.3 50.2

(continued on next page)
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Table 1 (continued)

Sample MME

MG11-89-3 MG11-89-4 MG11-89-5 MG11-89-6 MG11-89-7 MG11-89-8

Major oxides (wt.%)
SiO2 67.5 55.2 52.1 53.5 52.8 64.6
TiO2 0.66 1.38 1.56 1.47 1.53 0.71
Al2O3 14.7 18.3 19.1 18.2 18.9 17.0
Fe2O3

T 4.87 7.46 8.50 8.00 8.35 4.03
MnO 0.06 0.16 0.17 0.12 0.15 0.07
MgO 1.31 3.06 3.74 4.03 3.71 1.42
CaO 3.08 5.57 5.14 5.83 5.71 2.64
Na2O 4.10 5.02 4.83 4.50 4.73 4.33
K2O 1.65 2.05 2.65 2.40 2.53 3.98
P2O5 0.20 0.37 0.41 0.39 0.40 0.25
L.O.I 1.71 1.21 1.60 1.31 0.86 0.78
Total 99.9 99.8 99.8 99.8 99.8 99.8

Trace elements (ppm)
Sc 1.26 18.4 16.5 11.6 11.7 3.16
Ti 3586 7614 8288 7831 8059 4237
V 86.9 105 119 136 129 56.3
Cr 15.1 22.0 23.1 35.5 19.5 17.2
Mn 445 1200 1257 892 1120 538
Co 8.37 17.9 21.6 23.4 21.1 8.45
Ni 5.09 12.8 16.1 23.8 16.1 6.81
Cu 5.02 61.9 45.3 26.5 15.7 3.07
Zn 61.3 107 127 93.6 113 66
Ga 19.4 26.2 26.8 22.8 25.0 22.7
Ge 1.27 2.13 1.81 1.48 1.49 1.69
Rb 65.2 49.9 118 78.1 111 123
Sr 791 772 854 907 794 854
Y 9.12 64.5 40.6 13.6 18.6 23.7
Zr 180 224 184 159 189 269
Nb 10.3 52.5 34.9 10.5 15.6 21.7
Cs 0.89 1.00 1.60 1.09 1.53 1.67
Ba 435 423 592 777 518 1547
La 65.5 41.1 39.0 32.5 33.0 63.2
Ce 113 123 109 61.7 69.7 123
Pr 11.6 20.6 16.5 7.22 9.20 14.6
Nd 35.1 89.2 67.4 28.6 36.4 51.1
Sm 3.87 18.8 13.0 5.30 6.45 8.22
Eu 0.80 3.59 2.68 1.52 1.63 1.62
Gd 1.95 15.2 10.0 4.26 5.04 5.55
Tb 0.28 2.36 1.55 0.62 0.72 0.87
Dy 1.53 13.0 8.49 3.17 3.84 4.62
Ho 0.32 2.54 1.63 0.60 0.74 0.89
Er 0.91 6.64 4.09 1.37 1.89 2.29
Tm 0.15 0.96 0.60 0.19 0.26 0.33
Yb 1.19 6.17 3.86 1.16 1.63 2.11
Lu 0.21 0.86 0.54 0.17 0.25 0.30
Hf 7.34 5.72 4.23 3.74 4.32 6.16
Ta 0.69 6.54 3.61 0.43 0.94 2.14
Pb 9.19 10.8 9.67 9.19 13.7 16.5
Th 8.33 7.60 4.77 3.67 2.63 9.19
U 0.86 1.79 1.22 1.00 0.71 1.51
Mg# 38.6 48.9 50.6 54.0 50.8 45.1

Mg# = 100 ⁄Mg/(Mg + Fe2+), assuming Fe2+/Fetotal = 0.85; LOI = loss of ignition; Fe2O3
T = total Fe oxides as Fe2O3.
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Fig. 6. Petrochemical diagrams of the host granite and MMEs. (a) Total alkali–silica
(TAS) diagram (Le Bas et al., 1986); (b) SiO2–K2O diagram (Peccerillo and Taylor,
1976); (c) ANK–ACNK diagram (Maniar and Piccoli, 1989). Data for the high Ba–Sr
appinites and granitoids in the Scottish Caledonides from Fowler and Henney
(1996) and Fowler et al. (2001, 2008).
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associated MMEs, there are some characteristics in support of
magma mixing. For example, some MMEs within the Ulaan Uul
batholith contain large K-feldspar phenocrysts, suggesting a non-
consolidation state which allows physical transfer of crystals from
the host felsic magma into the mafic magma (Fig. 3a) (Waight
et al., 2000; Perugini et al., 2003). In addition, the finer grained tex-
ture of the MMEs was caused by the undercooling of a hot mafic
magma in a relatively cool, felsic magma (Vernon, 1984). As a
mineral crystallized in the early stage of magma, zircon has high
Lu–Hf closure temperature (>800 �C) and hence can record primi-
tive isotopic signatures of the magmatic components and subse-
quent isotopic variations during the mixing process (Cherniak
and Waston, 2001; Griffin et al., 2002; Kemp and Hawkesworth,
2006; Yang et al., 2007; Li et al., 2009). Most zircons from the
MMEs have positive eHf(t) values (0.7–2.6) with single-stage Hf
model ages of 1.05–1.12 Ga, while others have negative eHf(t) val-
ues (�0.75 to �3.5) with two-stage Hf model ages of 1.51–1.72 Ga.
In contrast, most of the zircons from the host granite have negative
eHf(t) values (�0.63 to �11.9) with two-stage Hf model ages of
1.54–2.25 Ga, and only two spots posses positive eHf(t) values of
0.12 and 1.4 with single-stage Hf model ages of 1.13 and 1.08 Ga,
respectively (Fig. 10). The distinct Hf isotopic compositions of zir-
cons from the MMEs and host granite does not reflect a simple,
cogenetic evolution through closed-system fractionation. Rather,
the different Hf isotopic compositions of the zircons suggest that
the MMEs and their host granite were probably derived from dif-
ferent sources, and that magma mixing/mingling process is the
most likely regime to form the Ulaan Uul batholith. Such a mixing
mechanism can be further testified by the hyperbolic curves in dia-
grams involving two ratios of incompatible elements (Langmuir
et al., 1978). In the plot of Zr/Sm vs. Th/La, rocks from the Ulaan
Uul batholith and associated MMEs define a characteristic hyper-
bolic mixing line (Fig. 12a), consistent with a two-component mix-
ing process. In addition, the binary diagrams of 143Nd/144Nd vs.
147Sm/144Nd and Rb/Sr vs. 87Sr/86Sr (Fig. 12b and c) confirm that
the magma mixing process is a valid mechanism in the genesis
of the host rocks.

5.2. Source nature of the MMEs and host granite

The MMEs possess low SiO2 (mostly <56 wt.%) contents, high
Mg# (up to 55) as well as relatively high V (up to 136 ppm) and
Cr (up to 36 ppm) concentrations, suggesting that a mantle compo-
nent played a prominent role in their genesis (Wilson, 1989;
Rudnick and Gao, 2003). Several MME samples with high Mg#

(50–55) may represent more primitive magmatic components,
and display enriched Sr–Nd isotopic compositions (initial
87Sr/86Sr = 0.7062 to 0.7063; eNd(t) = �1.6 to �1.7). The Sr–Nd iso-
topic compositions of the MMEs are significantly different from
those of the Bayankhongor ophiolites that are thought to derive
from a depleted asthenospheric mantle (Fig. 9a) (Jian et al.,
2010). Furthermore, MME zircons with positive eHf(t) values show
single-stage Hf model ages (1.05–1.12 Ga) that are much older
than the zircon U–Pb ages of 547 Ma, implying a late Mesoprotero-
zoic lithospheric mantle source. Recently, a Mesoproterozoic litho-
spheric mantle of the Hangay zone was proposed based on the
Mesoproterozoic Nd model ages (1.4–1.1 Ga) of granitoids
(Kovalenko et al., 2004) and TRD model ages (1.5–1.3 Ga and
1.0 Ga) for the sulfides from spinel peridotite xenoliths (Wang
et al., 2013). The above evidence indicates that the MMEs were
likely derived from partial melting of Mesoproterozoic lithospheric
mantle that reworked at the early Cambrian.

Rocks from the host granite exhibit high SiO2, low MgO, Cr and
Ni contents, and enriched Sr–Nd–Hf isotopic compositions, reflect-
ing a crustal origin. Compositional diversity of crustally derived
melts strongly depends on source compositions and variable melt-
ing conditions (Beard and Lofgren, 1991; Rapp et al., 1991; Patiño
Douce and Beard, 1995; Thompson and Connolly, 1995). To iden-
tify the possible source, it is necessary to compare the chemical
and isotopic compositions of the host granite with those of crustal
rocks in the surrounding areas. The Archean to Paleoproterozoic
basement rocks in the Baydrag block are characterized by far more
negative eNd(t) values (�14.52 to �33.24, calculated at 547 Ma)
(Kozakov et al., 1997) than those of the host granite. Compared



Fig. 7. Binary diagrams of oxides vs. SiO2 for the host granite and MMEs.
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with the basement rocks, the Neoproterozoic Burd Gol accretionary
complex that derived from the Baydrag block displays less negative
initial eNd(t) values (�11.5 to �16.1) (Kovalenko et al., 2005).
However, both the Archean to Paleoproterozoic basement rocks
and the Neoproterozoic Burd Gol accretionary complex cannot be
the possible protolith due to their strongly negative eNd(t)
(Fig. 9a and b). In contrast, sedimentary rocks from the Bayankhon-
gor zone and the Dzag zone exhibit slightly negative eNd(t) and
young Nd model ages, which are similar to those of the host gran-
ite. For instance, phyllites from the Huluut Bulag mélange gave
initial eNd(t) values of �4.2 to �3.2 with Nd modal ages of 1.5–
1.7 Ga (Fig. 7b) (Kovalenko et al., 2005). Pelitic schists of the Dzag
zone yielded initial eNd(t) values of �3.1 to �3.7 with Nd model
ages of 1.6–1.5 Ga (Jahn et al., 2004; Kovalenko et al., 2005). There-
fore, we suggest that the felsic pelite is a potential candidate for
the source of the host granite. This conclusion is further supported
by whole-rock geochemistry. Jung and Pfänder (2007) proposed
that CaO/Na2O ratios of crust-derived melts strongly depend on
the source compositions and can be used to distinguish between
pelite-derived melts (CaO/Na2O < 0.5) and melts derived from
greywackes or igneous rocks (CaO/Na2O: 0.3–1.5). Samples from
the host granite have low CaO/Na2O ratios (0.19–0.49, mostly



Fig. 8. Chondrite-normalized REE patterns (a and b) and primitive mantle-normalized multi-element patterns (c and d) for the host granite and MMEs. Normalizing values
from Sun and McDonough (1989).

Table 2
Sm–Nd and Rb–Sr isotopic analytical results of the Ulaan Uul batholith and associated MMEs in the Bayankhongor area, central Mongolia.

Sample Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr (87Sr/86Sr)i Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd (143Nd/144Nd)i TDM1(Ga) TDM2(Ga) eNd(t)

MG11-89-2 104 791 0.382 0.709188 0.706213 11.9 63.8 0.1124 0.512256 0.511854 1.35 1.41 �1.6
MG11-89-3 65.2 791 0.239 0.708483 0.706621 3.87 35.1 0.0667 0.512070 0.511831 1.12 1.44 �2.0
MG11-89-5 119 854 0.402 0.709466 0.706335 13.0 67.4 0.1168 0.512264 0.511846 1.39 1.42 �1.7
MG11-89-8 123 854 0.416 0.709255 0.706009 8.22 51.1 0.0972 0.512174 0.511826 1.28 1.45 �2.1
MG11-89-9 106 614 0.497 0.709769 0.705894 3.47 30.6 0.0687 0.512074 0.511827 1.13 1.45 �2.1
MG11-89-14 92.0 554 0.480 0.710208 0.706463 8.70 73.2 0.0718 0.512097 0.511840 1.13 1.43 �1.8
MG11-89-15 91.3 441 0.600 0.711120 0.706443 5.37 31.3 0.1038 0.512212 0.511840 1.30 1.43 �1.8
MG11-89-18 108 736 0.423 0.709353 0.706052 7.81 44.4 0.1062 0.512216 0.511835 1.33 1.44 �1.9
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<0.3), suggesting a pelite-dominated origin. In addition, their high
Al2O3/(MgO + FeOT) and low CaO/(MgO + FeOT) ratios also suggest
a felsic pelite source (Fig. 13), because melts derived from metape-
lites possess higher Al2O3/(MgO + FeOT) but lower CaO/
(MgO + FeOT) ratios than those from metabasalts and meta-
greywackes (Gerdes et al., 2002). Partial melting of felsic pelites
needs a heat source, which can be provided by the underplating
of a basaltic magma (represented by the MMEs). Thus, intrusion
of Mesoproterozoic SCLM-derived basaltic magma created a ther-
mal anomaly to trigger partial melting of the felsic pelites and sub-
sequent mixing between the mantle- and pelite-derived melts
resulted in the formation of the host granite.

5.3. Implication for the petrogenesis of high Ba–Sr granitoids

The Ulaan Uul batholith displays high Ba (1189–2544 ppm), Sr
(440–745 ppm), K/Rb (354–418), but low Rb/Ba (<0.07), compara-
ble to those of typical high Ba–Sr granitoids (Fig. 11). High Ba–Sr
granitoids share some common geochemical features: (1) high
contents LILEs such as Ba, Sr and K2O; (2) crust-like Sr–Nd–Hf–
Pb–O isotopic compositions (Tarney and Jones, 1994; Fowler and
Rollinson, 2012; Peng et al., 2013). To explain these features, an
origin from partial melting of an enriched SCLM metasomatized
by sedimentary melts and/or fluids via subduction was proposed
(Qian et al., 2003; Fowler et al., 2001, 2008; Fowler and
Rollinson, 2012; Jiang et al., 2012; Peng et al., 2013). Terrigenous
sediments-derived melts or aqueous fluids could carry voluminous
Ba and Sr (Plank and Langmuir, 1998; Kilian and Behrmann, 2003;
Portnyagin et al., 2007), and transfer of these elements would
result in enrichment of associated lithospheric mantle. Large vol-
ume of sediments eroded from the continents will deposit on
ocean floor and significantly recycle into the mantle through sub-
duction. Moreover, almost all of the high Ba–Sr granitic intrusions
in the world are located on continental margins. Therefore, it is



Fig. 9. (a) Diagram of eNd(t) vs. (87Sr/86Sr)i for the host granite and associated
MMEs (modified after Jahn et al., 2009); (b) eNd(t) vs. U–Pb ages for zircons from
the host granite and associated MMEs (modified after Kovalenko et al., 2005).

Fig. 10. Relative probability diagrams for eHf(t) values of zircons from the host
granite (a) and associated MMEs (b).

Fig. 11. Sr–Rb–Ba plot (modified after Tarney and Jones, 1994) for the host granite.
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reasonable to infer that terrestrial materials can significantly
recycle into the mantle source in the form of sediment-derived flu-
ids and/or melts via subduction along the continental margins, and
that interaction of terrestrial sediment-derived fluid or melt can
give rise to an enriched lithospheric mantle. Subsequent low-
degree partial melting of the metasomatized lithospheric mantle
will produce melts with high Ba–Sr signatures.

Our petrogenetic model for the Ulaan Uul batholith, i.e., melts of
sedimentary materials and subsequent mixing with mantle-
derived magma may shed new lights on the origin of high Ba–Sr
granitoids. Our geochemical data indicate that the high Ba–Sr bath-
olith was not entirely derived from an enriched lithospheric man-
tle as other high Ba–Sr granitoids in the world. In fact, rocks from
the high Ba–Sr Ulaan Uul batholith display more remarkable sedi-
mentary signatures than those of the high Ba–Sr appinites and
granitoids from the Scottish Caledonides, as suggested by their
higher A/CNK and A/NK ratios (Fig. 6c). As discussed above, the
newly accreted sediments in the Haluut Bulag mélange played an
important role in the formation of the high Ba–Sr batholith. This
model suggests that the high Ba–Sr signatures can be achieved
not only by the recycle of terrigenous sediments in the mantle,
but also by crust–mantle magma mixing process.
5.4. Geodynamic implication

Generally, high Ba–Sr granitoid rocks have been considered to
be emplaced in a post-collisional extensional setting caused by
slab break-off or gravitational collapse (Qian et al., 2003; Fowler
et al., 2001, 2008; Fowler and Rollinson, 2012; Ye et al., 2008;
Heilimo et al., 2010). Recently, a subduction-related setting has
been proposed to account for the formation of high Ba–Sr grani-
toids (González-Guillot et al., 2012; Peng et al., 2013; Cardona



Fig. 12. Selected geochemical variation diagrams for the host granite and MMEs.
These variations strongly show that crust–mantle magma mixing takes place. (a)
Th/La vs. Zr/Sm covariant diagram; (b) 143Nd/144Nd vs. 147Nd/144Nd and (c) Rb/Sr vs.
87Sr/86Sr diagrams.

Fig. 13. Molar Al2O3/(MgO + FeOT) vs. molar CaO/(MgO + FeOT) diagram for the host
granite (after Gerdes et al., 2002).
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et al., 2014). In conjunction with regional geology and magmatic
evolutionary history, we suggest that formation of the Ulaan Uul
batholith with high Ba–Sr signatures was not related to a post-col-
lisional setting, but rather formed in a subduction-related setting.

As described in Section 2.1, several tectonic terranes have been
recognized in the Bayankhongor region. A striking feature is that
the intervening mélanges between the Baydrag block and the
Hangai microcontinent decrease in age from south to north
(Buchan et al., 2002; Demoux et al., 2009; Kröner et al., 2011), sug-
gesting that the subduction zone migrated northwards. In the early
Neoproterozoic, the Burd Gol mélange developed on the northern
margin of the Baydrag block, due to the subduction of the Bayank-
hongor oceanic lithosphere beneath the Baydrag block (Fig. 14a)
(Demoux et al., 2009). Along with the sweep-back of the subduct-
ing Bayankhongor oceanic slab, the South Volcanic Belt and the
Delb Khairkhan mélange formed on a southward–dipping subduc-
tion zone in the middle to late Neoproterozoic (Fig. 14b) (Dergunov
et al., 1997). Meanwhile, the Bayankhongor alkaline lavas were
built on the oceanic crust, and subsequently accreted to the Delb
Khairkhan mélange (Fig. 14b and c).

Regional metamorphic and magmatic events also recorded the
accretionary process of the intervening mélanges onto the Baydrag
microcontinent. The Burd Gol mélange underwent Barrovian-type
metamorphism with metamorphic grade increasing northwards
(Buchan et al., 2001), and metamorphic white micas from a pelitic
schist gave a K–Ar age of 699 ± 35 Ma reflecting an early-stage
accretion of the Burd Gol mélange onto the Baydrag block
(Teraoka et al., 1996). In addition, a biotite–garnet schist from
the Burd Gol mélange yielded a biotite 40Ar/39Ar plateau age of
533 ± 3 Ma (Höck et al., 2000). This prolonged metamorphism
probably reflects the punctuated southward accretion–collision.
Recent zircon U–Pb dating results demonstrate that late Neoprote-
rozoic to early Cambrian granitic magmatism was widespread in
the Bayankhongor region (Buchan et al., 2002; Jahn et al., 2004;
Kozakov et al., 2006, 2008; Demoux et al., 2009; Jian et al.,
2010). Furthermore, it is found that the late Neoproterozoic
(580–540 Ma) granitic intrusions are mainly distributed in the
Baydrag block and Burd Gol mélange, whereas those of early Cam-
brian (540–510) are widespread in the whole region. This trend
clearly reflects the northward migration of a subduction zone.
For instance, two gneissic granites that intruded the Burd Gol
mélange yielded zircon U–Pb ages of 579 and 560 Ma, respectively
(Demoux et al., 2009). The Ulaan Uul batholith formed at
546 ± 3 Ma and was probably related to the roll-back of the sub-
ducted Bayankhongor oceanic lithosphere. In this scenario, a
descending slab migrating backwards would induce upwelling of
the deep asthenosphere and cause a thermal anomaly in the man-
tle wedge. Subsequent partial melting of the Mesoproterozoic
SCLM and underplating basaltic magma gave rise to partial melting
of overlying sedimentary materials (Fig. 14c).



Fig. 14. Schematic diagrams for the Neoproterozoic to early Cambrian tectonic evolution of the Bayankhongor area, central Mongolia. (a) Southward subduction of the
Bayankhongor oceanic lithosphere and the formation of the Burd Gol mélange; (b) accretion of the Burd Gol mélange onto the Baydrag block and a new subduction zone
developed on the northern margin of the Burd Gol mélange which account for the formation of the southern volcanic belt and the Delb Khairkhan mélange; (c) due to the roll-
back of the Bayankhongor oceanic lithosphere, the Bayankhongor ophiolite was accreted onto the Burd Gol mélange by incorporation of two accretionary wedges (the Delb
Khairkhan and Haluut Bulag mélange), and the high Ba–Sr granites were emplaced into the mélanges.
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6. Conclusions

(1) LA–ICP–MS zircon U–Pb dating has illustrated that the ages
of the host granite and MMEs are 546 ± 3 Ma and
547 ± 3 Ma, respectively, indicating that the mafic and felsic
magmas were coeval.

(2) The petrographic observations and geochemical data indi-
cate that the parental magma of the MMEs was derived from
an enriched Mesoproterozoic SCLM. The host granite, classi-
fied as high Ba–Sr granitoids, was produced by partial melt-
ing of felsic pelites triggered by upwelling of lithospheric
mantle-derived magma (represented by MME) and subse-
quent mixing of the mantle- and sediment-derived melts.

(3) Considering available regional tectonic and magmatic data,
it can be concluded that the formation of the Ulaan Uul bath-
olith and associated MMEs was related to an extensional set-
ting, as a tectonic response to the roll-back of the subducted
Bayankhongor oceanic lithosphere.
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