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Although the closure of the Paleo-Asian Ocean in western China and western Mongolia occurred in the
Late Carboniferous and Early Permian, widespread intra-continental magmatism continued to occur
across this region from the Late Permian to the end of the Triassic. In this study we document field rela-
tionships and geochemical characterization of a Late Triassic felsic intrusive complex in the western
Mongolian Altai. The plutonic complex occurs as sills, dikes, and small stocks and its composition varies
from biotite granite, two-mica granite, to leucogranite. Structurally, the plutonic complex occurs in the
hanging wall of a segment of the regionally extensively (>1500 km long) Irtysh–Ertix–Bulgan thrust zone.
As the plutonic bodies both cut and are deformed by the shear fabrics in this regional thrust shear zone,
the duration of felsic magmatism and regional thrusting was temporally overlapping. This suggests that
magmatism was coeval with crustal thickening. Major- and trace-element data and isotopic analysis of
granitoid samples from our study area indicate that the felsic intrusions were derived from partial melt-
ing of meta-sediments, with the biotite and two-mica granite generated through vapor-absent melting
and the leucogranite from flux melting. Although the Mongolian Altai intrusions were clearly originated
from anatexis, coeval granite in the Chinese Altai directly west of our study area in the hanging wall of the
Irtysh–Ertix–Bulgan thrust was derived in part from mantle melting. To reconcile these observations, we
propose a Himalayan-style intracontinental-subduction model that predicts two geologic settings for the
occurrence of felsic magmatism: (1) along the intracontinental thrust zone where granite was entirely
generated by anatexis and (2) in the hanging wall of the intracontinental thrust where convective
removal and/or continental subduction induced mantle melting.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Anatexis is commonly associated with continent–continent col-
lision, best exemplified by the occurrences of leucogranites
exposed in the Cenozoic Himalayan orogen (e.g., Harrison et al.,
1998; Yin and Harrison, 2000; Yin, 2006; Aikman et al., 2012;
Guo and Wilson, 2012; Webb et al., 2013). Mechanisms of anatexis
associated with collisional orogen include shear or radiogenic
heating during crustal thickening, pressure-release melting
induced by normal faulting and/or erosion, flux melting, and some
combinations of these processes (Le Fort et al., 1987; England et al.,
1992; Harris and Massey, 1994; Harrison et al., 1998; Huerta et al.,
1998; Sylvester, 1998; Beaumont et al., 2001; Zeitler et al., 2001).
Underplating of juvenile mafic crust could also lead to anatexis
(e.g., Sylvester, 1998; Li et al., 2013). The Himalayan models of
leucogranite formation have been widely adopted for explaining
the occurrences of leucogranites elsewhere in the world (e.g.,
Sepahi et al., 2007; Tartese and Boulvais, 2010; Sola et al., 2013;
Li et al., 2014a). Granitoids originated from crustal anatexis gener-
ally comprise muscovite, sillimanite, cordierite, garnet, tourmaline,
and andalusite (Le Fort et al., 1987). Their composition is also char-
acteristically peraluminous with A/CNK ratios >1.1 and high K2O
contents (Barbarin, 1999). The Central Asian Orogenic System (also
known as Central Asian Orogenic Belt) was commonly considered
as a accretionary orogen assembled by amalgamation of a collage
of oceanic arcs, deep-sea deposits, micro-continental terranes,
and oceanic plateaus associated with significant production of
juvenile crust (e.g., S�eng}or et al., 1993; S�eng}or and Natal’in,
1996; Han et al., 1997; Jahn et al., 2000; Badarch et al., 2002;
Chen and Jahn, 2002; Windley et al., 2007; Kelty et al., 2008;
Xiao et al., 2010), the detailed processes of accretionary tectonics
and post-ocean closure interactions among tectonic deformation
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and magmatism have rarely been examined systematically using a
combination of field mapping and modern analytical techniques
(cf. Briggs et al., 2007, 2009). In this paper, we present new geolog-
ical, geochronological, and geochemical data from a segment of the
>1500-km long Permo-Triassic Irtysh–Ertix–Bulgan thrust shear
zone in the Mongolian Altai Mountains (Fig. 1A and B). Our work
reveals the occurrence of a suite of biotite granite, biotite–mus-
covite granite, and leucogranite in the hanging wall of the long-
lived Permo-Triassic Irtysh–Ertix–Bulgan thrust shear zone.
Among the investigated plutons, a biotite–muscovite granite sam-
ple yields a Late Triassic age at �215 Ma. Based on the regional and
field relationships, we tentatively propose that the granites in our
study area were induced by anatexis during crustal thickening.

2. Geologic background of the study area

The study area is located in the southern margin of the western
Mongolian Altai Mountains (Fig. 1A and B). The Mongolian Altai
Mountains and its neighboring Russian Gorny Altai region were
extensively mapped from 1960s to 1990s by Russian and Mongo-
lian geologists (Beresi et al., 1964; Demin, 1990; Gansukh and
Tileu, 1985; Samozvantsev et al., 1982), which laid the foundation
for structural and lithostratigraphic division of geology in our
study area (e.g., Marinov, 1971; Marinov et al., 1973; Yanshin,
1978, 1989). The geology of the Mongolian Altai extends to the Chi-
nese Altai Mountains, where the structural framework, magmatic
history, and major tectonostratigraphic units are documented by
several regionally based studies (e.g., He et al., 1990; Han et al.,
1997; Windley et al., 2002; Laurent-Charvet et al., 2003; Wang
et al., 2014).

Major rock types in the study area include: (1) Ordovician to
Carboniferous turbidite sequences, low-grade metasedimentary
strata, and meta-volcanic rocks deposited in an arc setting, (2)
high-grade schist and gneiss, and (3) deformed and undeformed
Paleozoic–Mesozoic granitoids (Fig. 1C and D) (Badarch et al.,
2002). The most dominant structure in the study area is the
north-dipping Bulgan thrust, which is the eastward extension of
the Ertix thrust in China and the Irtysh fault in Kazakhstan
(Fig. 1A and B). The continuity of the Ertix–Bulgan fault is
disrupted by the Cenozoic right-slip Fuyun fault (Fig. 1B). Deter-
mining the timing and kinematics of the >1500 km Irtysh–Ertix–
Bulgan thrust zone has been a central theme of testing the oblique
subduction model of S�eng}or et al. (1993) as the fundamental mech-
anism of creating the Central Asian Orogenic System (also see
Briggs et al., 2007, 2009).

The Bulgan thrust in our study area is reactivated in the Ceno-
zoic and places high-grade metamorphic rocks over Quaternary
alluvial-fan deposits (Cunningham et al., 1996) (Fig. 1D). As the
fault links with the active Fuyun fault, its thrust kinematics is con-
sistent with its being one of the termination structures of this
right-slip fault system as postulated by Cunningham et al. (1996)
and Cunningham (2005). Directly above the active Bulgan thrust
is a shear zone consisting that is 100s m thick and consists of mylo-
nitic gneiss and schist. Although we did not conduct systematic
mapping, our field observations indicate that the mylonitic gneiss
and schist bear down-dip stretching mineral lineation and the
kinematic indicators such as asymmetric porphyroblasts and S-C
fabrics all suggest a top-south sense of shear. This observation is
consistent with the thrust kinematics in the Ertix shear zone in
the Chinese Altai Mountains (Briggs et al., 2007).

The metamorphic complex directly above the Bulgan thrust,
referred in this study as the Bodonch metamorphic belt
(Fig. 1C and D), extends westward to the Chinese Altai Mountains
region and correlates with the Ertix gneiss complex examined by
Briggs et al. (2007). The Ertix gneiss complex, consisting of meta-
pelite, meta-chert, and �450 Ma orthogneiss experienced peak
pressure and temperature of 6.2–7.7 kbar and 560–670 �C at about
280 Ma (Briggs et al., 2007). Briggs et al. (2007) suggest that the
gneiss complex is interpreted as an accretionary mélange under-
thrust to a lower-crustal depth below an arc in the Carboniferous.
The metamorphosed mélange complex together with the basal sec-
tion of the arc was brought to the surface during post-ocean clo-
sure intra-continental thrusting along the Ertix fault and several
north-dipping thrusts in its hanging wall from the Late Permian
to the Jurassic (Briggs et al., 2007, 2009).

The Bodonch complex is mostly schist in the west and high-
grade gneiss is east in our study area (Fig. 1C and D). In cross sec-
tion view, the metamorphic grade is at a greenschist facies in the
basal section, increasing to an amphibolite facies in the central sec-
tion, and returning to a greenschist facies in the highest section
(see schematic diagram in Fig. 1E). A similarly inverted metamor-
phic section in the hanging wall of the Ertix thrust zone in the
Chinese Altai Mountains is also documented (Yang et al., 1992;
Qu and Zhang, 1994), suggesting that this is a regional feature. Also
note that inverted metamorphism is closed associated with the
occurrence of leucogranites in the Cenozoic Himalayan orogen
(Le Fort et al., 1987).

Foliation in the Bodonch metamorphic belt is generally east-
striking and north-dipping, parallel to the foliation in the Bulgan
thrust shear zone. Similar to theErtixmetamorphic complex inChina,
themetamorphic rocks in the Bulgan thrust hangingwall also consist
of metapelite with the followingmineral assemblage: mica + garnet
+ staurolite + cordierite + sillimanite + kyanite (Zorigtkhuu et al.,
2011). This mineral assemblage is similar to that of meta-pelite in
the high-grade Greater Himalayan Crystalline Complex (e.g., Le Fort
et al., 1987) and similar to the meta-pelite assemblage in the Ertix
gneiss complex (Briggs et al., 2007). High-grade schist and gneiss in
the Bulgan belt are isoclinally folded, with amplitudes ranging from
a fewmeters to a few kilometers (Polyanskii et al., 2011).

Biotite granite, biotite–muscovite granite, and garnet–mus-
covite and garnet–muscovite–tourmaline leucogranites occur
widely in the hanging wall of the Bulgan thrust (Fig. 2A and B).
The largest granitoid bodies are 10–40 km2 in aerial extent (Fig. 1C),
whereas the smallest intrusive bodies and leucosome veins that are
10s cmwide and a fewm long cutting across gneissic foliation of the
Bodonch complex (Fig. 2C). Most of the granitic bodies occur as sills
with variable widths (a fewmeters to up to 80 m) emplaced parallel
along gneissic foliation; as a result the granitic sills display a similar
trend to the foliation and the Bulgan shear zone (Fig. 1C and D). In
detail, the granitic and leucogranitic sills cross-cut one another,
indicating they were emplaced at the about the same time. Most
of the leucogranites are deformed, which are expressed by the
development of gneissic foliation and formation of bundinage. Some
sills are connectedwith irregularly shaped dikes that cut across foli-
ation and early formed sills (Fig. 2B).

Biotite granite is common at the highest structural level
whereas leucogranite is dominant in the lowest structural level.
Mylontized biotite granite (Fig. 2D) and garnet–tourmaline granite
(Fig. 2E) in the Ertix shear zone display down-dip stretching lin-
eation and top-south kinematic indicators in cross section. Unde-
formed granites and leucogranites are also present in the Bulgan
thrust shear zone and have mutual cross-cutting relationships with
the deformed leucogranites. The mutual cross-cutting relation-
ships indicate that (1) strain is not homogeneously distributed
across the Bulgan thrust-shear zone, (2) the Bulgan shear zone
was not active all at once with different parts of the shear zones
active at different times, and (3) the granites were emplaced
during the development of the Bulgan shear zone. The mutual
cross-cutting relationships among deformed and undeformed
leucogranites in our study area are similar to those of the Himalayan
leucogranites that were emplaced into the Greater Himalayan
Crystalline Complex while it was deforming (Le Fort et al., 1987).
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Fig. 1. (A) Simplified tectonic map of the Central Asian Orogenic System from S�eng}or and Natal’in (1996). Also shown are major Cenozoic faults taken mainly from
Tapponnier and Molnar (1979) and Cunningham et al. (2003). (B) A geologic map compiled mainly from Ren (2002), Badarch et al. (2002), Briggs et al. (2007), and Stipska
et al. (2010). Cenozoic faults are adopted mostly from Tapponnier and Molnar (1979), Cunningham et al. (1996, 1997, 2003) and Cunningham (1998, 2005). Inset map show
the locations of the two geologic traverses conducted in this study. (C) Geologic map of the Bulgan River traverse. (D) Geologic map of the Bodonch River traverse and location
of a schematic cross section line. (E) Schematic geologic cross section of the Bulgan thrust system and distribution of metamorphic grades.
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The occurrence of biotite granite at the highest structural level is
also similar to the formation of the Tethyan Himalayan granitic
belt that dominated by biotite granite (Harrison et al., 1998).

Marinov et al. (1973), who first described the granitoids
exposed in the study area, assumed that the granites are interlay-
ered with meta-sedimentary strata. In the geological maps of
Yanshin (1978, 1989), only the biggest granitic bodies were shown.
As a result, the granitic sills documented in this study were not
investigated by the previous workers. A K–Ar cooling age of 152–
153 Ma was obtained from one of the mapped granitic bodies
(Marinov et al., 1973). Quartz–muscovite, quartz–beryllium–
tourmaline with tungsten, and tantalum pegmatite are observed
to intrude into the Bulgan metamorphic rocks. U–Pb SHRIMP zircon
dating of the biotite–muscovite granite from this study yields a
Late Triassic age of 215 ± 3.0 Ma (Fig. 3) (see more details below).
3. Petrography

3.1. Biotite–muscovite granite

We examined the petrography of the samples collected from the
study area. Samples numbers and samples locations are shown in
Fig. 1C and D. Biotite–muscovite granite contains 45–50% micro-
cline, 12–14% plagioclase, 28–30% quartz, and 12–15% combined
biotite and muscovite. Accessory minerals include apatite, zircon,
ilmenite and epidote. Largest crystals (1.1 � 1.65–1.45 � 1.80 mm)
ofmicrocline and plagioclases are zoned. Perthite and polysynthetic
twinning strips are intersected, which are cut by younger fractures
(Fig. 4A). Brittle fractures in quartz are filled by biotite, muscovite,
sericite, and saussurite (Fig. 4B). Along sutured grain boundaries,
the edges of K-feldspar and plagioclasewere replaced bymuscovite,
epidote and saussorite. The biotite and muscovite, generally
1–3 mm long, are clustered and show preferred orientations that
define lepidoblastic textures and stretching lineations. Recrystal-
lizedmuscovite and biotite are alsomarked by sutured grain bound-
aries in biotite and muscovite. In some cases, micas are kinked and
display mica fish in the S-C mylonitic rocks (Lister and Snoke,
1984). Myrmekite tends to occur along grain boundaries between
plagioclase and K-feldspar. Apatite, ilmenite, zircon and epidote
occur as inclusions in biotite and in groundmass that is cut by
younger fractures and filled with saussorite aggregates. Biotite is
altered to chlorite along cleavage planes. Ductile deformation is
expressed by undulatory extinction of quartz with sutured bound-
aries and formation of subgrains and neoblasts around the rims of
quartz and mica.



Fig. 2. (A) A granitic injection complex exposed in the hanging wall of the Bulgan thrust along the Bodonch River. (B) Sills and dikes in the Bodonch metamorphic complex
exposed along the Bulgan River. Also shown are gneissic foliation and cross-cutting relationships among granitic intrusions. (C) Leucosomes intruded into the Bodonch
metamorphic complex in the basal section of the Bodonch metamorphic complex along the Bulgan River. (D) Mylonitic biotite granite in the Bodonch metamorphic complex.
(E) Mylonitic leucogranite in the Bodonch metamorphic complex.
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3.2. Biotite granite

Biotite granite is comprised of 15–18%plagioclase, 28–30%quartz,
42–45% of K-feldspar, and 10–14% biotite. It typically exhibits
porphyritic textures associated with euhedral plagioclase
(�2.0� 1.4 mm to 2.5� 1.7 mm in size). Small biotite
(0.2–0.5 mm) grains are enclos in plagioclase porphyry. Plagioclase
is antiperthitic, whereas K-feldspar growth is stippled. Myrmecite
is developed along K-feldspar–plagioclase contacts. Dark brownish
(transmitted light) biotite displays sigmoidal shape due to ductile
deformation. New grain boundaries and kink bands are all present
in biotite (Fig. 4C). There are lozenge-shaped biotite aggregates that
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are akin to mica fish (Fig. 4D). New grains of epidote and saussurite
were crystallized along sutured boundaries of feldspars
(Fig. 4E and F). Subgrain boundaries in quartz or serrated edges of
quartz are commonly accompanied by coronas of grains. Ground-
massminerals are subhedral microcline perthite, plagioclase, quartz,
and biotite. The microcline exhibits lattice twinning in interstice.

3.3. Leucogranites

Medium- to fine-grained leucogranites consist of tourmaline–
muscovite, garnet–muscovite, and garnet–tourmaline–muscovite
granites. Minerals in the leucogranites include 45–48%
K-feldspar, 10–12% plagioclase, 28–30% quartz, 6–12% muscovite.
Garnet and tourmaline range in modal proportion from 1% to 5%.
In some cases tourmalines occur in miarolic cavities. Plagioclase,
microcline, and muscovite are porphyry-phase minerals, whereas
microcline occurs mostly as phenocrysts. Plagioclase content is
An10–12. The primary igneous muscovite has a pale green color
(transmitted light) (Fig. 4G). The groundmass consists of micro-
cline, quartz, and oligioclase (Fig. 4H). The lattice microcline and
muscovite are in the interstice. Accessory minerals in the
leucogranites are fluorine and apatite. Tantalite and columbite
were identified through heavy-mineral concentration.

Ductile deformation of the leucogranites is expressed by the
formation of subgrains along sutured boundaries and undulatory
extinction in quartz (Fig. 4I). Skeletal and fibrous muscovite occurs



Fig. 3. U–Pb concordia diagram of zircon data obtained from a biotite–muscovite
granite.
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along the edges of muscovite (Fig. 4J) by replacement of K-feldspar
and by recrystallization of primary igneous muscovite (Fig. 4K).
The growth of sillimanite vibrolite was at the expense of primary
igneous muscovite (Fig. 4L). From these textural relationships, we
interpret that the garnet and epidote formed as porphyry minerals
in an early phase of pluton crystallization. The aforementioned gar-
net is bright reddish color and has grain sizes from 0.5 � 0.5 to
3.0 � 3.0 mm. The garnet is fractured and filled by secondary mus-
covite. Secondary muscovite is altered from K-feldspar along gar-
net–epidote contacts. The birefringence color of the porphyry
epidote is bluish yellow as a result of alteration to zoisite. The
Fig. 4. Microscopic textures of deformed granites. (A) Plastic deformation of K-feldspar
brittle deformation quartz expressed by undulation and fracture formation. Also shown is
and muscovite and the formation of saussurite aggregates by replacing K-feldspar along n
plagioclase and biotite. (F) Enlarged view from (E). (G) Biotite displaying mica-fish text
grains as a result of crystal-plastic deformations. (J) Muscovite recrystallization along
primary muscovite. (L) The sillimanite fibrolite formed at the expense of muscovite. Als
groundmass consists of the same minerals as the porphyries, but
microcline perthite is more common in the interstice of garnet–
muscovite leucogranite.
4. Geochemistry and isotope dating of granitoids

4.1. Analytical procedures

Major elements were determined using X-ray fluorescence
(XRF) spectroscopy at the Center for Instrumental Analyses at
Yamaguchi University in Japan in 2009, and its analytical proce-
dure is described in Yamasaki et al. (1999). The trace and rare
earth elements were analyzed by inductively, coupled plasma
mass spectrometry (ICP-MS) at the Actlabs Co. Ltd., Canada. The
obtained major, trace, and rare earth element contents are listed
in Tables 1 and 2. The isotopic ratios were determined at the Act-
labs Co. Ltd., Canada, with Sm and Nd separated by extraction
chromatography on HDEHP covered Teflon powder. The isotopic
analysis was performed on a Triton multi-collector mass-
spectrometer in the static mode. 143Nd/144Nd ratios are relative
to the value of 0.511860 for the La Jolla standard. Rb and Sr were
separated using conventional cation-exchange techniques. During
the period of work the weighted average of 15 SRM-987 Sr-
standard runs yielded ratios of 0.710256 ± 11 (2r) for 87Sr/86Sr.
The 143Nd/144Nd and 87Sr/86Sr ratio data are shown in Table 3.
Zircon dating was carried by analyzing U, Th and Pb contents
using the sensitive high resolution ion microprobe (SHRIMP) at
the Beijing SHRIMP Centre, administered by the Chinese Academy
of Geological Sciences. The analytical procedure follows that of
Compston et al. (1984), whereas the analytical data are shown
in Table 4.
. (B) Plastically strained quartz and brittle fractures filled by mica. (C) Plastic and
recrystallization of muscovite. (D) Sigmoidal porphyroblast and kink band in biotite
ew grain boundaries. (E) Epidote and saussurites forming along suture boundaries of
ure and sutures. (H) Cataclastic deformation in ground mass. (I) Sutures in quartz
crystal edges. (K) The secondary muscovite recrystallized along the boundaries of
o see text for detailed description of each picture.



Ta
bl
e
1

M
aj
or

el
em

en
t
an

al
ys
es

fr
om

Tr
ia
ss
ic

sh
ee

t-
lik

e
gr
an

it
es

in
th
e
w
es
te
rn

M
on

go
lia

n
A
lt
ai
.

Sa
m
pl
e

n
o.

63
/0
9a

(b
i)

70
/0
9a

(b
i)

71
/0
9a

(b
i)

21
6a

(b
i)

21
0a

(b
i)

61
/0
9a

(b
i–
m
s)

62
/0
9c

(b
i–
m
s)

67
/0
9a

(b
i–
m
s)

21
4b

(b
i–
m
s)

22
1b

(b
i–
m
s)

64
/0
9a

(g
ar
–m

s)
68

/0
9a

(g
ar
–m

s)
69

/0
9d

(g
ar
–m

s)
20

6b

(g
ar
–m

s)
65

/0
9a

(t
ou

r–
m
s–

)
66

/0
9a

(t
ou

r–
m
s–

)
72

/0
9a

(g
ar
–t
ou

r–
m
s)

20
3a

(g
ar
–t
ou

r–
m
s)

20
1b

(a
pl
)

20
2b

(a
pl
)

Po
si
ti
on

46
.3
9.
48

46
.3
4.
24

46
.3
7.
53

46
.4
6.
06

46
.3
6.
14

46
.4
6.
30

46
.4
6.
43

46
.3
5.
35

46
.3
.1
5

46
.3
.2
7

46
.3
9.
41

46
.3
4.
37

46
.1
4.
15

46
.2
.4
0

46
.3
9.
23

46
.3
3.
30

46
.3
1.
6

46
.4
5.
41

46
.2
.7

46
.2
.1
5

91
.2
0.
30

91
.2
3.
33

91
.2
1.
26

91
.2
0.
02

91
.2
3.
12

91
.1
9.
49

91
.1
9.
37

91
.2
2.
50

92
.3
1.
55

92
.3
1.
52

91
.2
0.
40

91
.2
3.
24

91
.2
3.
36

92
.3
1.
47

91
.2
0.
39

91
.2
3.
8

91
.2
3.
19

91
.2
0.
39

92
.3
2.
13

92
.3
2.
10

w
t%

Si
O
2

66
.4
4

67
.3
2

68
.4
9

69
.0

71
.4
9

70
.4
7

73
.9
8

73
.9
7

74
.2
2

73
.2

73
.9
6

73
.2
7

75
.3
1

71
.2
8

73
.2
4

74
.8
2

73
.6
5

74
.4
7

75
.6
1

74
.4
8

Ti
O
2

0.
78

0.
81

0.
63

0.
47

0.
36

0.
39

0.
27

0.
21

0.
26

0.
74

0.
03

0.
02

0.
04

0.
84

0.
01

0.
08

0.
08

0.
3

0.
07

0.
08

A
l 2
O
3

15
.5
1

14
.8
1

14
.8
6

15
.8

15
.6
7

15
.0
3

13
.3
2

13
.9
4

14
.2
4

14
.1
1

14
.4
5

14
.7
7

14
.8
6

15
.0
8

14
.8
5

14
.4
4

13
.8
8

14
.4
3

14
.1
6

14
.6
4

Fe
2
O
3⁄

4.
43

4.
4

3.
77

2.
8

2.
04

2.
8

1.
92

1.
90

1.
10

1.
72

1.
14

0.
85

1.
02

2.
29

0.
85

1.
09

0.
82

1.
01

1.
05

1.
09

M
n
O

0.
08

0.
08

0.
07

0.
04

0.
04

0.
06

0.
04

0.
04

0.
01

0.
04

0.
02

0.
12

0.
15

0.
19

0.
12

0.
03

0.
01

0.
05

0.
03

0.
01

M
gO

1.
16

1.
24

1.
01

1.
4

0.
06

0.
54

0.
41

0.
29

0.
41

0.
51

0.
17

0.
04

0.
07

0.
54

0.
05

0.
15

0.
09

0.
02

0.
16

0.
21

C
aO

2.
41

2.
59

2.
24

1.
53

1.
6

1.
53

1.
23

0.
62

0.
63

1.
12

1.
22

0.
27

0.
35

2.
64

0.
28

0.
53

0.
57

0.
43

1.
10

0.
53

N
a 2
O

3.
22

3.
2

3.
14

3.
03

3.
21

3.
48

2.
8

3.
29

2.
62

3.
74

3.
58

3.
22

4.
18

3.
25

3.
19

3.
55

2.
93

4.
08

3.
40

3.
33

K
2
O

4.
69

4.
31

4.
72

5.
04

4.
94

4.
71

5.
0

4.
68

6.
17

4.
23

4.
37

6.
5

3.
37

3.
62

6.
54

4.
67

6.
82

4.
29

4.
07

5.
02

P 2
O
5

0.
18

0.
19

0.
15

0.
21

0.
18

0.
12

0.
08

0.
11

0.
21

0.
09

0.
08

0.
11

0.
09

0.
12

0.
11

0.
06

0.
05

0.
12

0.
13

0.
11

To
ta
l

98
.9

98
.9
5

99
.0
8

99
.3
2

99
.5
9

99
.1
3

99
.0
5

99
.0
5

99
.8
7

99
.5

99
.0
2

99
.1
7

99
.4
4

99
.8
5

99
.2
4

99
.4
2

98
.9

99
.2

99
.7
8

99
.5

A
/(
C
+
N
+
K
)

1.
20

1.
15

1.
05

1.
15

1.
14

1.
11

1.
09

1.
13

1.
03

1.
16

1.
05

1.
16

1.
22

1.
02

1.
01

1.
04

1.
33

1.
32

1.
21

1.
22

A
l 2
O
3
/T
iO

2
19

.8
8

18
.2
8

23
.5
9

33
.6
2

43
.5
3

38
.5
4

49
.3
3

66
.3
8

54
.7
7

19
.0
7

48
1.
67

73
8.
50

37
1.
50

17
.9
5

14
85

.0
18

0.
50

17
3.
5

48
.1
0

20
2.
29

18
3.
00

C
aO

/N
a 2
O

0.
75

0.
81

0.
71

0.
50

0.
50

0.
44

0.
44

0.
19

0.
24

0.
30

0.
34

0.
08

0.
08

0.
81

0.
09

0.
15

0.
19

0.
11

0.
32

0.
16

N
ot
es
:
Fe

2
O
3
,m

ea
su

re
d
as

to
ta
li
ro
n
co

n
te
n
t;

(b
i)
–
bi
ot
it
e
gr
an

it
e
an

d
gr
an

od
io
ri
te
;
(b
i–
m
s)

–
bi
ot
it
e–

m
u
sc
ov

it
e
gr
an

it
e;

(g
ar
–m

s)
–
ga

rn
et
–m

u
sc
ov

it
e;

(t
ou

r–
m
s)

–
to
u
rm

al
in
e–

m
u
sc
ov

it
e;

(g
ar
–t
ou

r–
m
s)

–
ga

rn
et
–t
ou

rm
al
in
e–

m
u
sc
ov

it
e
le
u
co

gr
an

it
e;

ap
l
–
ap

li
te
.

a
Sa

m
pl
es

fr
om

B
u
lg
an

ar
ea

.
b
Sa

m
pl
es

of
B
od

on
ch

ar
ea

.
c
Sa

m
pl
e
an

al
yz

ed
fo
r
ag

e
an

d
is
ot
op

e.
d
Sa

m
pl
e
u
se
d
on

ly
fo
r
is
ot
op

e
da

ta
.

232 B. Dash et al. / Journal of Asian Earth Sciences 117 (2016) 225–241
4.2. Geochemistry

We analyze major and trace elements of the collected plutonic
samples and their results are shown in Table 1. Also listed in
Table 1 are sample numbers with their corresponding locations
shown in Fig. 1C and D. In the R1–R2 classification scheme (De la
Roche et al., 1980), where R1 = 4Si � ll(Na + K) � 2(Fe + Ti) and
R2 = A1 + 2Mg + 6Ca, our samples are plotted in granite, granodior-
ite, and alkali granite fields (Fig. 5A). Specifically, the garnet–mus-
covite granite (with silica content 71.28%) and biotite granite
samples are plotted in the granodiorite field, the garnet–tourma-
line and muscovite granite samples are plotted in the alkali granite,
and the garnet muscovite granite samples are plotted in the alkali
granite field (Fig. 5A). For comparison, we also plot the two mica
leucogranite samples of Guo and Wilson (2012) from the Himalaya
on the same diagram (Fig. 5A), which indicates that our data over-
lap in general the data from the Himalaya. Noticeably, our samples
are plotted in a wider field extending to the higher R1 values in the
field of granodiorite and to the lower R1 values in the field of alkali
granite (Fig. 5A). In the A/NK-A/CNK classification scheme of
Maniar and Piccoli (1989) (Fig. 5B), all of our samples are plotted
in the peraluminous field, which is indicated by the A/CNK ratio
>1.1. The highest A/CNK ratios, ranging from 1.12 to 1.33, are found
in aplite and muscovite granite samples (Fig. 5B).

As shown in Table 1, the granites have relatively low content of
CaO with higher than average K2O/Na2O ratios. The iron oxide,
measured as total iron, ranges from 3.37% to 4.43% for the biotite
granite sample, from 1.90% to 2.80% for the biotite–muscovite
granite, and 0.82% to 1.14% for the muscovite, garnet–muscovite,
and garnet–tourmaline–muscovite leucogranites. The high Al2O3/
TiO2 ratio of 173.5–1485 measured from leucogranites exceed that
found in the biotite granite (18.28–23.58) and the biotite–mus-
covite granite (38.5–66.8). The high Al2O3/TiO2 ratios indicate that
the protolith of the leucogranites were pelitic and psammitic rocks
(Sylvester, 1998).

The CaO/Na2O ratio is 0.71–0.80 for the biotite granite samples
and 0.07–0.43 for the aplitic, muscovite, garnet–muscovite,
garnet–tourmaline–muscovite leucogranite samples with only
one exception as high as 1.21. The higher CaO/Na2O ratios suggest
higher melting temperatures of the source rocks for the biotite
granite. The Rb/Sr ratio is low (0.51–1.82) for the biotite, biotite–
muscovite, and aplitic granite samples, and high (>6.7) for the gar-
net–muscovite and garnet–tourmaline–muscovite leucogranite
samples. Rb/Sr ratios similar to those for the biotite, biotite–mus-
covite, and aplitic granite samples have been observed from the
Himalayan biotite, and garnet–muscovite granites, which are
indicative of vapor-absent melting conditions (Harris et al., 1993,
1995) and are consistent with a higher melting temperature for
the this suite of rocks than that for leucogranites as inferred from
the CaO/Na2O ratio.

We use the Harker diagrams to plot oxides against SiO2 mea-
sured from our samples (Fig. 6A–D). The biotite granite sample
yields higher Al2O3 contents (14.7–15.8%) and lower SiO2 contents
(66–71.5%) than those obtained from the biotite–muscovite gran-
ite, aplite, and leucogranite samples (Fig. 6A). In the CaO vs. SiO2

plot (Fig. 6B), the biotite granite samples have higher CaO values
and lower SiO2 values than those measured from the biotite–mus-
covite granite and leucogranite samples. In the Na2O vs. SiO2 plot,
the biotite granite and aplite samples yield a narrow range of Na2O
values, at 2.9–3.2% for the biotite granite sample and at 3.3–3.4%
for the aplite sample. In contrast, the biotite–muscovite granite
and leucogranite samples show a large range of variation in the
Na2O values, at 2.5–3.9% for the biotite–muscovite granite samples
and at 2.8–4.2% for the leucogranite samples (Fig. 6C). In the K2O
vs. SiO2 plot, all our samples are plotted in the high-K field except



Table 2
Trace and REE element analyses from Triassic sheet-like granites in the western Mongolian Altai.

Sample
no.

63/09a

(bi)
70/09a

(bi)
71/09a

(bi)
216a

(bi)
210a

(bi)
61/09a

(bi–ms)
62/09c

(bi–ms)
67/09a

(bi–ms)
214b

(bi–ms)
221 b

(bi–ms)
64/09a

(gar–ms)
68/09a

(gar–ms)
69/09d

(gar–ms)
206b

(gar–ms)
65/09a

(tour–ms–)
66/09a

(tour– s–)
72/09a

(gar–tour–ms)
203a

(gar–tour–ms)
201b

(apl)
202b

(apl)

Li (0.5) 30.4 38.8 32.6 0.50 0.50 76.3 45.4 113 0.24 0.30 26.8 9.4 18.0 0.81 22.6 14.7 8.1 0.11 0.32 0.16
Be (0.1) 3.8 3.5 4.1 2.5 2.8 9.5 6.5 10.8 1.0 3.8 7.5 90.6 229 4.2 10.2 12.7 6.0 8.1 1.6 1.8
Cs (0.05) 5.31 3.87 5.66 7.74 6.34 12.8 8.87 6.8 4.36 5.94 15.1 8.09 1.88 1.75 14.8 12.4 11.7 41.2 3.64 2.13
Th (0.1) 7.3 6.9 12.6 11.5 29.5 19.0 5.8 11.6 19.4 7.9 2.0 0.7 0.7 0.95 3.1 2.5 5.1 5.8 13.0 14.9
U (0.1) 1.9 1.8 1.2 0.9 1.5 1.4 2.8 4.3 0.9 0.9 1.7 2.2 1.1 3.1 2.2 2.1 1.5 1.4 1.3 2.7
Pb (0.05) 25.1 19.6 24.3 28.2 36.3 28.5 22.3 19.0 57.9 19.9 59.6 18.2 12.2 22.4 46.0 23.5 47.9 16 20.4 22
Ga (0.1) 22.5 19.3 19.2 17.9 21 22.9 17.8 24.2 7.6 19.1 14.5 23.4 22 12.1 26.2 29.7 23.3 28.8 13.4 12.4
Rb (0.2) 95.7 84.9 133 170 137 236 195 359 136 122 159 291 225 288.4 233 271 229 398 145 144
Sr (0.2) 174 166 196 136 102 130 136 44.5 209 70.7 60.2 10.5 2.9 3.19 14 36.7 34.2 33.2 222 154
Ba (1) 543 482 569 485 880 446 389 132 770 300 226 23 9 13.1 60 73 103 78 471 333
Zr (1) 13 17 11 22 30 45 2 20 14 67 7 3 3 5.1 5 2 6 20 83 60
Hf (0.1) 0.7 0.8 0.4 0.8 1.0 1.4 0.1 0.5 0.5 2.3 0.2 0.2 0.1 0.4 0.2 0.1 0.1 0.6 2.8 2.4
Ta (0.1) 0.8 2.6 0.1 0.2 0.1 1.1 0.1 0.6 0.9 1.1 0.4 1.9 1.2 1 0.2 0.1 0.1 2.5 1.1 1.4
Nb (0.1) 29 36.6 1 4.8 1.1 12.6 3.8 8.1 4 17.8 2.7 11.9 8.5 9.6 5.3 4.8 6.8 11.6 8.9 9
La (0.1) 32.8 17.7 39.5 25.9 68.7 54.7 21.6 24.6 28.4 19.1 6.9 1.2 1.8 3.2 5.6 5.5 12.1 6.2 12.4 12
Ce (0.1) 68.2 53.4 78.4 58.2 149 116 37.5 50.5 60.1 55.5 13.5 1.8 2.6 3.8 12.7 11.3 22.3 13.9 29.8 22.2
Pr (0.1) 6.6 5.1 9.1 6.8 17 14.1 4.4 6.3 6.7 4.7 1.9 0.2 0.3 0.4 1.7 1.5 3.2 1.6 2.4 2.1
Nd (0.1) 20.5 17.5 28.9 26.2 60.9 40.5 11.6 17.3 23.9 17.6 6.2 0.6 0.8 0.9 6.8 4.2 8.8 5.8 7.8 7.1
Sm (0.1) 4.6 4.1 5.6 5.6 12.3 6.9 2.0 3.1 5.1 3.8 1.6 0.1 0.2 0.4 1.5 1.0 1.9 1.3 1.6 1.5
Eu (0.05) 1.37 1.18 1.72 1.07 1.5 1.23 0.95 0.35 0.92 0.55 0.37 0.05 0.05 0.18 0.32 0.21 0.44 0.17 0.34 0.32
Ho (0.1) 0.8 0.8 0.9 0.8 1.7 0.8 0.5 0.4 0.8 0.9 0.4 0.1 0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.3
Er (0.1) 2 2.2 2.2 1.9 4.3 2.3 1.5 1.2 2.2 2.5 1 0.2 0.3 0.5 0.7 0.9 1 0.8 0.9 0.9
Gd (0.1) 5.6 5.3 6.5 5.3 11.3 6.6 2.3 2.5 4.9 4.2 2.1 0.2 0.2 0.6 1.9 0.9 1.5 1.3 1.5 1.5
Tb (0.1) 0.8 0.7 0.8 0.8 1.6 0.8 0.4 0.4 0.7 0.7 0.4 0.1 0.1 0.2 0.3 0.2 0.2 0.2 0.2 0.3
Dy (0.1) 3.5 3.8 4.1 4.3 9 3.8 2.2 1.9 4 4.3 1.9 0.2 0.3 1.1 1.6 1.0 1.3 1.4 1.4 1.5
Tm (0.1) 0.3 0.3 0.3 0.2 0.6 0.4 0.2 0.2 0.3 0.3 0.2 0.1 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.1
Yb (0.1) 1.8 1.9 1.7 1.4 3.3 1.9 1.2 1.0 1.6 2.1 0.9 0.3 0.5 0.3 1.4 1.2 1.1 0.9 1.0 1.1
Lu (0.1) 0.3 0.3 0.3 0.2 0.4 0.3 0.1 0.1 0.2 0.3 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.2 0.2
Y (0.1) 18.5 16.3 17.7 19.4 42.9 19.4 11.2 10.6 19.8 21.0 9.4 1.7 1.7 2.8 5.0 7.8 9.1 8.9 9.2 9.4
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Table 3
Nd and Sr isotope ratios.

Sample
number

87Sr/86Sr Uncertainly
(2 sigma)

143Nd/144Nd Uncertainly
(2 sigma)

62 0.718558 6 0.512553 3
69* 1.309609 12 0.512559 13
69* 1.323161 7

Note: Sm and Nd were separated by extraction chromatography on HDEHP covered Teflon powder. The analysis was performed on Triton multi-collector
mass-spectrometer in static mode. 143Nd/144Nd ratios are relative to the value of 0.511860 for the La Jolla standard. Rb and Sr were separated using
conventional cation-exchange techniques. The analysis was performed on Triton multi-collector mass-spectrometer in static mode. During the period of
work the weighted average of 15 SRM-987 Sr-standard runs yielded 0.710256 ± 11 (2 s) for 87Sr/86Sr. Sample 69⁄ is heterogeneous and it was homogenized
before decomposition for second analysis.
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two data points from the biotite granite samples (Fig. 6D)
(Rickwood, 1989).

The geochemical characteristics of our samples can be further
distinguished by their trace element contents. In the U vs. Th plot,
data points from the leucogranite samples can be separated from
those from the biotite granite, biotite–muscovite granite, and
aplite samples by their low Th contents (<7 ppm) and a moderate
range of variation in the U content (1.1–3.2 ppm) (Fig. 6E). Data
points of the biotite granite and aplite samples are clustered in
their own respective fields and can be separated from one another
and from the data points of the aforementioned leucogranite sam-
ples in the U vs. Th plot (Fig. 6E). In contrast to their distinctive
ranges of U and Th values, data points form the biotite–muscovite
granite samples spread over a wide range of U and Th contents,
which overlap the data points obtained from the leucogranite
and aplite samples (Fig. 6E). In the Ta vs. Nb plot, all samples dis-
play a trend of increasing Ta with increasing Nb (Fig. 6F). In partic-
ular, the leucogranite samples have the steepest slope, whereas the
biotite granite samples have the largest range of Nb values. In the
Zr vs. Hf plot, all samples show a positive linear correlation
between Zr and Hf with a similar slope (Fig. 6G).

In the Fig. 6H except studied granites we plot Rb/Ba vs. Rb/Sr
data of schists and metapleites of our study and of Jiang et al.
(2012). The granites show same distribution of Himalayan and Alps
peraluminous granites (Sylvester, 1998). The plot shows that the
biotite granite, two mica granite, and metapelite samples are plot-
ted in the clay-poor sources, whereas the leucogranite samples
from this study are plotted in the field clay rich sources. The
inferred clay-rich sources for the occurrences garnet leucogranites
in the study area from Fig. 6H are consistent with the presence of
calcite, epidote and hornblende in the Devonian–Carboniferous
metasediment-volcanic strata in the footwall of the Bulgan thrust
shear zone. Carbonate rocks may have also been involved in the
anatexis creating the observed leucogranites, which is indicated
by the CO2 dominant fluid inclusions in quartz in the pelitic schist
along the Bulgan thrust shear zone in the Bodonch area
(Zorigtkhuu et al., 2012).

In the primitive-mantle-normalized multi-element diagram
(Sun and McDonough, 1989), the trace element patterns show pos-
itive anomalies for Cs, Rb, Th, U, and Pb, and negative anomalies for
Nb and Sr (Fig. 7A). Garnet–muscovite, tourmaline–muscovite, and
garnet–tourmaline–muscovite leucogranite samples display more
pronounced negative anomalies of Ba and Sr than other granite
samples. The trace-element trends of the leucogranite samples
for Ba, Th, Pb, Nb and Sr are similar to those of pelagic and terrige-
nous sediments of an oceanic trench as source rocks of forearc
granites in southwest Japan (Shimoda et al., 2003). The La, Ce,
Nd, Zr and Hf distributions are variable for the granite samples
(Fig. 7A). A sedimentary component in the magma source of the
granite samples is suggested by the high concentrations of P2O5,
Li, Be, U, and Th (Plank and Langmuir, 1998). The lithium content
ranges from 45 to 113 ppm as detected from biotite–muscovite
granite, whereas a high concentration of beryllium (90.6–
229 ppm) was obtained from the garnet–muscovite granite
(Table 1).

In the mantle-normalized rare earth element (REE) diagram
(Fig. 7B), muscovite and garnet–muscovite leucogranite samples
are characterized by stronger REE depletion compared to those of
the biotite, and biotite–muscovite granite samples. In comparison,
the REE pattern is intermediate for the aplite sample between the
leucogranite and granite samples. The La/Yb ratio is 4.58–11 for the
leucogranite samples and 9.32–28.79 for the biotite and
biotite–muscovite granite samples (Table 1). Slightly negative Eu
anomalies characterize most rock samples, although the biotite–
muscovite and some leucogranite samples display positive Eu
anomalies (Fig. 7B). A negative Eu anomaly and high Rb/Sr ratios
indicate either feldspar fractionation or residual feldspar in the
source rock (Inger and Harris, 1993).
4.3. Isotope analysis

The 87Sr/86Sr ratio is 0.7185 and the 143Nd/144Nd ratio is
0.512553 for a biotite–muscovite granite sample (Table 3). The
initial isotopic ratios (Sri) and (Ndi) are 0.7058 and 0.5124, respec-
tively, for the same two-mica granite sample. For the garnet–
muscovite leucogranite, the 87Sr/86Sr ratio ranges from 1.3096 to
1.3231 and the 143Nd/144Nd ratio is 0.512559. The Sri is 0.582819
for the same garnet–muscovite granite sample has Sr content of
2.9 ppm and Rb content of 225 ppm. The (Ndi) of the garnet–mus-
covite granite sample is 0.5123. The 87Sr/86Sr and143Nd/144Nd
ratios indicate that the garnet–muscovite granite was derived from
melting of terrigenous sediments (Basu et al., 1990) and/or highly
differentiated upper crustal rocks (Davies et al., 1983). Specifically,
the 87Sr/86Sr isotope ratios and eNd (�0.29) suggest that the gar-
net–muscovite granite was derived from melting of pelitic and
psammitic rocks (Basu et al., 1990).
4.4. U–Pb zircon dating

Fourteen SHRIMP spots were analyzed in fourteen zircon grains
collected from a biotite–muscovite granite sample. The U–Pb iso-
topic data are plotted in a concordia diagram (Fig. 3) and the cor-
responding analytical data can be found in Table 4. The obtained
ages range from 203 to 220 Ma, with an weighted mean age at
215 ± 2.9 Ma. Although micro fissure and residual solutions are
present, we did not detect xenocore and recrystallized rims from
dated zircon grains. Back-scatter detector (BSD) and Cathodolumi-
nescence (CL) imaging of dated zircon grains indicates that all zir-
con is euhedrally zoned near the rims (Fig. 8), which can be
interpreted as a result of homogenous melting during crystalliza-
tion of the granite. Based on the above textural argument, we sug-
gest that the emplacement of the dated biotite–muscovite granite
occurred at 215 ± 2.9 Ma.



Table 4
U–Pb data for zircon dating

Spot 206Pbc % ppm U ppm Th 232Th/238U ppm 206Pb* (1)
206Pb/238U age

(2)
206Pb/238U age

(3)
206Pb/238U age

(1)
207Pb/206Pb age

(1)
208Pb/232Th age

% Discordant Total
238U/206Pb

±%

1.1 0.33 1139 163 0.15 33.9 218.9 ± 4.6 219.0 ± 4.7 219.1 ± 4.7 195 ± 51 208 ± 11 �12 28.87 2.1
2.1 1.08 405 57 0.14 12.2 220.9 ± 4.9 220.3 ± 4.9 220.6 ± 5.0 283 ± 190 232 ± 46 22 28.40 2.2
3.1 0.96 420 81 0.20 12.6 219.6 ± 4.8 218.9 ± 4.8 219.5 ± 5.0 307 ± 170 221 ± 26 29 28.60 2.2
4.1 0.48 1034 120 0.12 31.0 219.9 ± 4.7 219.5 ± 4.7 220.2 ± 4.8 272 ± 66 200 ± 22 19 28.69 2.1
5.1 3.09 440 139 0.33 12.5 204.0 ± 5.2 203.2 ± 5.1 204.5 ± 5.5 272 ± 230 189 ± 27 25 30.21 2.5
6.1 1.79 174 53 0.31 5.07 210.9 ± 5.9 212.1 ± 5.9 211.6 ± 6.2 �83 ± 270 193 ± 26 355 29.58 2.8
7.1 4.29 63 115 1.89 1.95 219.4 ± 7.0 211.5 ± 6.8 215 ± 10 1.113 ± 370 228 ± 13 80 27.75 3.0
8.1 2.36 137 114 0.86 3.86 203.7 ± 5.1 203.3 ± 4.9 204.9 ± 5.9 215 ± 290 194 ± 13 5 30.47 2.4
9.1 5.42 96 139 1.49 2.96 216.2 ± 6.4 215.9 ± 5.7 216.2 ± 8.3 113 ± 650 214 ± 17 �92 27.85 2.6

10.1 5.59 61 93 1.57 1.96 224.0 ± 7.2 221.3 ± 7.0 225 ± 11 486 ± 710 218 ± 26 54 26.83 2.8
11.1 3.68 159 95 0.62 4.66 209.2 ± 7.5 212.3 ± 7.5 212.2 ± 8.5 �624 ± 750 177 ± 26 134 29.3 3.5
12.1 5.94 82 120 1.51 2.45 208.9 ± 6.6 211.2 ± 5.9 216.5 ± 8.6 �530 ± 1000 181 ± 18 140 28.70 2.8
14.1 0.05 1125 272 0.25 33.0 216.1 ± 4.5 215.9 ± 4.6 216.3 ± 4.7 249 ± 35 211.5 ± 5.8 13 29.32 2.1
14.1 0.20 744 129 0.18 22.1 218.7 ± 4.7 218.6 ± 4.7 218.7 ± 4.8 241 ± 49 220 ± 11 9 28.92 2.2

Total 207Pb/206Pb ±% (1) 238U/206Pb* ±% (1) 207Pb*/206Pb* ±% (1) 207Pb*/235U ±% (1) 206Pb*/238U ±% Err. corr. (3) 238U/206Pb* ±% (3) 207Pb*/206Pb* ±% (3) 207Pb*/235U ±% (3) 206Pb*/235U ±% Err. corr.

0.05265 1.5 28.96 2.1 0.0500 2.2 0.2381 3.1 0.03454 2.1 .701 28.92 2.1 0.05095 1.5 0.2429 2.6 0.03457 2.1 .819
0.0606 4.4 28.71 2.3 0.0519 8.1 0.250 8.4 0.03486 2.3 .268 28.72 2.2 0.0510 5.2 0.245 5.7 0.3482 2.2 .391
0.0601 5.3 28.88 2.2 0.0519 7.4 0.251 7.7 0.03465 2.2 .286 28.86 2.2 0.0523 6.2 0.250 6.6 0.3465 2.2 .336
0.05554 1.6 28.83 2.2 0.0517 2.9 0.2474 3.6 0.03470 2.2 .598 28.77 2.1 0.05307 1.7 0.2543 2.8 0.3476 2.1 .781
0.0763 2.4 31.18 2.6 0.0516 10 0.229 11 0.03215 2.6 .243 30.99 2.5 0.0548 3.5 0.244 4.3 0.03227 2.5 .584
0.0589 3.5 30.12 2.8 0.0445 11 0.204 11 0.03325 2.8 .253 29.95 2.8 0.0480 4.3 0.221 5.2 0.03339 2.8 .540
0.1098 9.0 28.99 3.2 0.077 19 0.366 19 0.0346 3.2 .171 29.34 3.0 0.064 16 0.299 17 0.0341 3.0 .179
0.0692 3.4 31.21 2.5 0.0504 13 0.223 13 0.03210 2.5 .197 30.95 2.4 0.0561 4.2 0.250 4.9 0.03232 2.4 .499
0.0916 5.2 29.45 3.0 0.048 28 0.227 28 0.0341 3.0 .107 29.25 2.6 0.0504 10 0.237 10 0.03419 2.6 .253
0.101 11 28.42 3.3 0.057 32 0.227 32 0.0354 3.2 .100 28.06 2.8 0.064 19 0.313 19 0.03564 2.8 .148
0.0659 8.1 30.4 3.6 0.0360 27 0.164 28 0.0330 3.6 .132 29.9 3.5 0.0493 11 0.228 12 0.0335 3.5 .301
0.0855 5.1 30.52 3.2 0.037 38 0.170 38 0.0329 3.2 .083 29.25 2.8 0.0695 6.4 0.328 6.9 0.03418 2.8 .398
0.05161 1.5 29.33 2.1 0.0511 1.5 0.2406 2.6 0.03409 2.1 .813 29.31 2.1 0.05189 1.5 0.2441 2.6 0.03412 2.1 .822
0.05263 1.7 28.98 2.2 0.0510 2.1 0.2427 3.1 0.03451 2.2 .714 28.98 2.2 0.05089 1.8 0.2421 2.8 0.03451 2.2 .778

Note: Errors are 1-sigma; Pbc and Pb⁄ indicate the common and radiogenic portions, respectively. Error in standard calibration was 0.53% (not included in above errors but required when comparing data from different mounts). (1)
Common Pb corrected using measured 204Pb. (2) Common Pb corrected by assuming 206Pb/238U–207Pb/235U age-concordance. (3) Common Pb corrected by assuming 206Pb/238U–208Pb/232Th age-concordance.
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Fig. 5. (A) Classification of granitoid samples using the R1–R2 scheme of De la
Roche et al. (1980). 1 = data from granite samples of this study; 2 = data from garnet
and two-mica Himalayan leucogranites of Guo and Wilson (2012). (B) Composition
of the granites examined in this study in the A/NK-A/CNK plot of Maniar and Piccoli
(1989). 1 = biotite granite, 2 = biotite–muscovite granite, 3 = garnet–muscovite
granite, 4 = tourmaline–muscovite and garnet–tourmaline–muscovite leucogran-
ites, and 5 = aplite.
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5. Discussion

Li et al. (2013) divide Triassic post-ocean-closure granitoids
across central Asia into two phases: (1) an Early to Middle Triassic
(248–233 Ma) group that displays a large variation in eNd(t) values
from�5.3 to +5.8 and TDMmodel ages from 0.99 Ga to 1.15 Ga and
is interpreted to have been derived from a mixture of juvenile and
ancient continental crust, and (2) a Late Triassic (230–204 Ma)
group that is characterized by eNd(t) values from �2.3 to +1.0
and TDM model ages from 0.82 Ga to 1.21 Ga and inferred to have
been derived mainly from juvenile crust (also see Li et al., 2014b).
These authors further divide the Triassic central Asia igneous pro-
vince sub-regions: the Altai belt, the North Mongolia–Transbaikalia
belt, the central Mongolia–Erguna belt, the South Mongolia–
Xing’an belt, the Beishan–Inner Mongolia–Jilin belt, and the northern
margin of North China bel. In the scheme of Li et al. (2013), the Late
Triassic plutonic complex examined in this study belongs to the
second phase of Triassic igneous activities in the Altai belt. Based
on the geochemistry and petrology of Late Triassic plutonic rocks
in the Chinese Altai, Li et al. (2013) inferred that the late phase Tri-
assic plutonism was induced by a mantle plume (see their Fig. 12).

In this study, we find that the biotite and two-mica granite was
derived from a clay-poor source during vapor-absent melting at a
higher temperature, whereas the coeval leucogranite was derived
from a clay-rich source during vapor-present melting at a lower
temperature. The similarity in trace element composition between
the schist exposed in the Bodonch metamorphic complex and the
leucogranite hosted by the complex support the link that the schist
was the protolith of the leucogranite.

Anatexis in the Mongolian Altai may be attributed to the follow-
ing mechanisms: pressure-release melting induced by normal
faulting (Harris and Massey, 1992) or locally focused erosion
(Beaumont et al., 2001; Zeitler et al., 2001), flux melting during
continental subduction (Le Fort et al., 1987), and shear (England
et al., 1992; Harrison et al., 1998) and radiogenic (Huerta et al.,
1998) heating during crustal thickening, and underplating of juve-
nile mafic magma during partial melting of the upper mantle (e.g.,
Li et al., 2013). Since our work is rather preliminary, the data col-
lected from this study are insufficient to precisely pinpoint the
mechanism of anatexis. Nevertheless, our work provides some
general bounds on the potential geologic processes leading the
emplacement of the observed granites.

Extension-induced pressure-release melting was proposed for
the occurrence of the Himalayan leucogranites by Harris and Mas-
sey (1992). This model is based on the assumption that the South
Tibet Detachment (STD) is a normal fault, a notion that is no longer
valid in light of the recent geologic mapping that shows the STD
merges with the Main Central Thrust acting as a passive roof thrust
(Yin, 2006; Webb et al., 2007, 2011; Webb, 2013). In addition, the
timing and petrology of the Himalayan leucogranites are also
inconsistent with decompression melting (Harrison et al., 1998).
In our study area, we found no evidence for the present of Triassic
extensional faults that bound the Bodonch metamorphic complex,
a structural requirement if the metamorphic complex is exhumed
by extensional faulting. As such, we rule out the possibility that
pressure release via normal faulting was the mechanism of Triassic
crustal melting in the Mongolian Altai.

Focused erosion is commonly associated with collision-induced
mountain building (Beaumont et al., 2001; Zeitler et al., 2001). As
the Bodonch metamorphic complex is bounded by the Bulgan
thrust, and the mutual cross-cutting relationships between the
granites and shear-zone fabrics indicate coeval magmatism and
thrusting were coeval, it is possible that focused erosion in the Bul-
gan thrust hanging wall caused pressure-release melting of the
crustal material. Shear heating along the Bulgan thrust and accre-
tion of radiogenic material in the footwall of the Bulgan thrust
could also facilitate melting, as inferred for the occurrence of the
Himalayan leucogranites (England et al., 1992; Harrison et al.,
1998). Finally, the sediments thrust below the Bulgan thrust may
have experienced dehydration and the release fluids (e.g., Le Fort
et al., 1987) could further facilitate melting in the hanging wall
of the Bulgan thrust.

Our inference that Late Triassic crustal melting and emplace-
ment of granites in the Mongolia Altai occurred during crustal
thickening is consistent with the regional constraints on the timing
and kinematics of major faults in the Chinese Altai. There, the ages
of a north-dipping thrust system with the Ertix thrust as the lead-
ing structure were determined by dating syn-kinematic monazite
in the Ertix shear zone and the 40Ar/39Ar histories of the thrust
hanging walls (Briggs et al., 2007, 2009). These efforts constrain
the timing of the Chinese Altai thrust system, which is correlative
along strike to the structures examined in this study, to have been
active between 264 Ma and 160 Ma (Briggs et al., 2009). As the clo-
sure of the Paleo-Asia Ocean in the region occurred in the Late Car-
boniferous (Han et al., 2011) and locally in the earliest Permian
(Zhang et al., 2012), thrusting in the Chinese Altai should have
all occurred in an intracontinental setting along a convergence
boundary between the Junggar Terrane and the Paleozoic Altai
arc (Briggs et al., 2009).



Fig. 6. (A–D) are Harker diagrams showing oxides against SiO2 measured from our samples. (E) A U vs. Th plot with data points distinguishable between those from the
leucogranite samples from the biotite granite, biotite–muscovite granite, and aplite samples. (F) A Ta vs. Nb plot with samples displaying an increasing trend of Ta with
increasing Nb. (G) A Zr vs. Hf plot in which all samples show a positive linear correlation between Zr and Hf with a similar slope. (H) A Rb/Ba vs. Rb/Sr diagram. 1 = biotite
granite, 2 = biotite–muscovite granite, 3 = garnet–muscovite, tourmaline–muscovite and garnet–tourmaline–muscovite leucogranites, 4 = aplites, 5 = paragneiss data from
Jiang et al. (2012), 6 = schists and paragneiss of studied area. The boundary between series in K2O–SiO2 is from Rickwood (1989). Lines in Rb/Ba–Rb/Sr is from Sylvester
(1998). 1 = clay poor, 2 = clay rich sources are divided by the dashed line.

B. Dash et al. / Journal of Asian Earth Sciences 117 (2016) 225–241 237



Fig. 7. (A) Primitive-mantle-normalized multi-element diagram. (B) Chondrite-normalized rare earth elements diagram. In both diagrams, samples 1–5 are samples collected
along the banks of Bulgan River, where 1 = biotite granite; 2 = biotite–muscovite granite; 3 = tourmaline–muscovite leucogranite; 4 = garnet–muscovite-leucogranite; and
5 = garnet–tourmaline–muscovite leucogranite. Samples 6 and 7 are granite samples collected along the banks of Bodonch River, where 6 = aplite, 7 = garnet–muscovite–
leucogranite; samples 8 and 9 in (A and B) are data from Himalayan garnet and biotite muscovite granite after Guo and Wilson (2012).
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The inference of Late Triassic granites in the Mongolian Altai as
anatexis is also consistent with their geochemical characteristics
established from this study. According to Harris and Inger (1992),
high concentrations of Rb and low concentrations of Ba and Sr indi-
cate a fluid-absent melt source for the Himalayan leucogranites.
Similar values of Rb, Ba, and Sr contents have been reported from
trench sediments (Shimoda et al., 2003). Another characteristic of
leucogranite is their high 87Sr/86Sr initial ratios. For example, the
Himalayan leucogranites have a high initial Sr ratio of 0.7401–
0.7620 (Deniel et al., 1987; Mukhopadhyay, 2001). In northwestern
China, garnet-bearing leucogranites are characterized by Sr initial
ratio of 0.706 and proposed partial melting from juvenile crust
(Wu et al., 2004). Generally the heterogeneous isotopic ratio of
the leucogranites was explained by the isotopic heterogeneity of
the source (Mukhopadhyay, 2001). Our samples show heteroge-
neous initial Sr ratios requiring melt sources from little recycled
(Sri 0.7058 from biotite–muscovite granite) and highly recycled
(Sri 0.5828 from garnet–muscovite granite) crust. The low Sri ratio
of the biotite–muscovite granite may have been derived from a
juvenile source or melting of mafic lower crust.

Paired Cenozoic leucogranite and biotite granites also occur in
the Himalayan orogen, which are related to vapor-absent and
vapor-present melting, respectively (e.g., Harrison et al., 1998).
Both types of granites were related to shear heating along the Main



Fig. 8. CL images of zircon grains from a biotite–muscovite granite (sample number 62-09). Zircon zoning, dating spots, and corresponding U–Pb ages are also shown.

B. Dash et al. / Journal of Asian Earth Sciences 117 (2016) 225–241 239
Central Thrust zone, as its motion was coeval with the emplace-
ment of the granites. However, the Himalayan leucogranites were
created in the up-dip segment of the Main Central Thrust where
dehydration of subducted sediments released fluids to facilitate
partial melting of the crust and thus the formation of the
leucogranites (Harrison et al., 1998). In contrast, the biotite granite
was formed by partial melting of dehydrated sediments subducted
along the Main Central Thrust at a higher temperature (Harrison
et al., 1998).
Ordovician-Carboniferou
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Fig. 9. Schematic tectonic model showing possible genesis of
At a face value, the anatexis origin for the Mongolia Altai gran-
ites appears to be inconsistent with the inferences that Late Trias-
sic granite in the Chinese Altai, which is located some 150–200 km
west of our study area, was derived from a mantle source (e.g., the
high-K Ala’er granite dated at �210 Ma; Wang et al., 2014). How-
ever, this apparent discrepancy can be reconciled if the Late Trias-
sic Chinese and Mongolian Altai granites were both induced by
continental subduction that created two settings for the occur-
rence of granitic magmatism (Fig. 9). First, the high-K Ala’er-type
Mafic magma
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Late Triassic granites in the Altai region of central Asia.



240 B. Dash et al. / Journal of Asian Earth Sciences 117 (2016) 225–241
granite was emplaced in regions where a thick mantle lithosphere
was thinned by convective removal such as in Tibet as inferred by
England and Houseman (1989). Alternatively, mantle melting
could have been induced by continental subduction, a mechanism
used to explain the occurrence of Cenozoic high-K magmatism in
central Tibet (Tapponnier et al., 2001; Wang et al., 2001), slab tear
leading to local rifting and basaltic underplating across an orogen
(e.g., the Himalaya; see Yin, 2000). Second, the Bodonch-type gran-
ite was created along the intracontinental thrust zone (e.g., Bulgan
thrust), where melting was induced by combined shear heating,
radiogenic heating, flux melting, and decompression-induced
melting through erosion (Fig. 9).

It is important to note that this work is highly preliminary due
to the reconnaissance nature of the study. As such, several impor-
tant problems remained unresolved. First, it remains unclear the
total duration of granitic magmatism in the Mongolian Altai as a
result of a lack of systematic dating of the igneous complex inves-
tigated in this study. Second, the timing of the Bulgan thrust shear
zone in Mongolia is poorly known. The inferred coeval crustal
thickening and magmatism is based on extrapolation of age con-
straints from the Chinese Altai, which may not be valid for the
region in western Mongolia. Finally, our proposed continental
subduction model via Late Triassic movement of the Irtysh–Ertix–
Bulgan thrust system is highly speculative and requires detailed
and integrated studies along different segments of this regionally
significant structure.
6. Conclusions

In this study we document field relationships and geochemical
characterization of a Late Triassic granitic complex in the western
Mongolian Altai. The plutonic complex occurs as sills, dikes, and
small stocks and its composition varies from biotite granite, two-
mica granite, to leucogranite. Structurally, the plutonic complex
occurs in the hanging wall of a segment of the regionally exten-
sively (>1500 km long) Irtysh–Ertix–Bulgan thrust; the plutonic
bodies both cut and are deformed by the shear fabrics in this regio-
nal thrust shear zone. The above relationship suggests that the
duration of felsic magmatism and thrusting was temporally over-
lapping. Major and trace element data and isotopic analysis indi-
cate that the felsic complex in our study area was derived from
partial melting of meta-sediments, with the biotite and two-mica
granite generated through vapor-absent partial melting and the
leucogranite derived from flux melting. Although the Late Triassic
granitic complex in the western Mongolian Altai is most likely
originated from anatexis, the coeval granite in the Chinese Altai
west of our study area in the hanging wall of the Irtysh–Ertix–
Bulgan thrust was inferred by early studies to have been
derived from mantle melting. In order to reconcile these seeming
contradictory observations, we propose a Himalayan-style
intracontinental-subduction model that predicts three settings
for the occurrence of felsic magmatism: (1) along the intraconti-
nental thrust zone where granite was entirely generated by ana-
texis as in the Mongolian Altai, and (2) in the hinterland region
of the intracontinental thrust (i.e., the Irtysh–Ertix–Bulgan thrust)
where convective removal and/or subduction of continental-
mantle lithosphere may have induced mantle-derived melts as in
the Chinese Altai.
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