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The East Kunlun Orogenic Belt has undergone a composite orogenic process consisting of multiple oro-
genic cycles and involving many types of magmatic rocks spread over the whole district. However, due to
bad natural geographical conditions and complex superimposed orogenic processes, most of the Caledo-
nian orogenic traces were modified by the late tectonic uplift and denudation, so these rocks are poorly
studied. Multiperiodic magmatic activity during the Late Silurian (approximately 420 Ma)-Late Devo-
nian (approximately 380 Ma) exists in the Qimantagh area. We obtained 5 zircon U-Pb ages from the
Late Silurian—Late Devonian granitoids in the Qimantagh area. Those ages are 420.6 + 2.6 Ma (Nal-
ingguole biotite monzogranite), 421.2 + 1.9 Ma (Wulanwuzhuer potassium granite), 403.7 + 2.9 Ma
(Yemaquan granodiorite), 391.3 + 3.2 Ma (Qunli granite porphyry), and 380.52 + 0.92 Ma (Kayakedeng-
tage granodiorite). These granitoids belong to the sub-alkaline, high-K calc-alkaline, metaluminous or
weakly or strongly peraluminous series. The rocks are right oblique types, having overall relative LREE
enrichment and HREE depletion, though rocks from different times may exhibit different degrees of Eu
anomalies or overall moderate Eu depletion. The rocks are rich in large ion lithophile elements (LILE),
such as Rb, Th, and K, and high field strength elements (HFSE), such as Zr and Hf, and are depleted
in Ba, Nb, Ta, Sr, P, Eu, and Ti. The rocks have complex composition sources. The Late Silurian grani-
toids are mainly crust-derived. Most of the Devonian granitoids are crust-mantle mixed-source and only
some parts of them are crust-derived, especially the Middle Devonian granitoids. Those mid-acidic and
acidic intrusive rocks are formed in a post-collision tectonic setting, lithosphere delamination may have
occurred in the Early Devonian (407 Ma), and the study area subsequently experienced an underplating
of the mantle-derived magma at least until the Late Devonian (380 Ma).

1. Introduction EKOB is located in the Northern Qinghai—Tibet

Plateau, bounded by the Qaidam Basin to the

The East Kunlun Orogenic Belt (EKOB) is a long  north (Cheng 1994; Wang et al. 1990) and belonging
(5000 km) tectonic belt across Mainland China and ~ to the western part of Mainland China’s central
is a giant magmatic belt equivalent to the Gangdise  orogenic belt (Jiang 1992; Jiang et al. 2000; Yin
belt in the Tibetan Plateau (Mo et al. 2007). The et al. 1999; Liu et al. 2003) across the Paleo-Asian
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and Tethys tectonic domains. The belt has under-
gone a composite orogenic process consisting of
multiple stages and cycles over several eras, such as
the Early Paleozoic Caledonian cycle and the Late
Paleozoic—Early Mesozoic Hercynian—Indosinian cycle.
The plate subduction and collision in different
periods have left their traces on this area (Jiang
1992; Pan et al. 1996; Yin and Zhang 1997, 1998;
Zhu et al. 1999, 2005; Yang et al. 2009). Magmatic
rocks of various types and ages are spread over the
whole district, and the Caledonian and Variscan—
Indosinian tectonic-magmatic activity is significant
here. Previous research on the Variscan—Indosinian
granites is relatively abundant, but due to the bad
natural geographical conditions and the complex
superimposed orogenic process, most of the Cale-
donian orogenic traces were modified by the late
tectonic uplift and denudation, and are not well
preserved, so these traces are poorly studied.

In recent years, many geologists (Bai et al. 2004;
Wang et al. 2004; Zhao et al. 2008; Guo et al.
2011; Tan et al. 2011; Wang 2011) found multiple
Late Silurian—Late Devonian granitoids in the
Qimantagh region in the western part of the East
Kunlun Mountains and researched their geochemi-
cal characteristics and tectonic environment. How-
ever, they never performed a specific and detailed
discussion about the evolution process of the tec-
tonic environment during this period. We have car-
ried out detailed geological field studies, and with
the help of systematic geochemistry and LA-ICP-
MS zircon geochronological age data, confirmed
that mid-acidic and acidic granitoids existed dur-
ing the Late Silurian (approximately 420 Ma)-Late
Devonian (approximately 380 Ma). Hence, we con-
tribute to a beneficial discussion about the geo-
logical tectonic environment and evolution of the
area providing more detailed information on the
early Paleozoic orogenic cycle of the Qimantagh
area, laying a foundation towards understanding
the tectonic evolution of the EKOB and providing
a basis for the Proto-Tethys Ocean changing into
the Paleo-Tethys Ocean.

2. Geological setting

The EKOB is bounded by the Qaidam basin to the
north, the Bayan Har-Songpan Ganzi block to
the south, the Qinling-Dabie orogenic belt to the
east and the NE-trending Altyn Tagh Fault to
the west (figure la). The belt has the feature of
north—south dissimilitude and west—east differen-
tiation on regional geologic structures. The north-
ern, central, and southern Kunlun faults (Huang
et al. 1977, 1984; Jiang et al. 1994; Qu et al. 1994;
Yang 1994; Cao et al. 1999) divide the Kunlun
region into three distinct zones from north to south
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(Yuan et al. 2000), while Wutumeiren serves as the
boundary between the western (Qimantagh area)
and eastern (Dulan area) segments of the EKOB.

Qimantagh, across all of its geological tectonic
units from north to south, is the widest and most
exposed orogenic belt of the EKOB. According to
Pan’s (2002) classification scheme, it is composed
of five major tectonic units from north to south
(figure 1a): the Qaidam continental block (I1), the
northern early Paleozoic magmatic arc and junc-
tion belt of the Qimantagh (12), the Kunlun block
(I3), the South Kunlun subduction—collision com-
plex rock zone (I4), and the Yulong-Bayankala
marginal foreland basin (II1). There are also five
important deep faults in the region corresponding
to each unit: the Golmud buried fault (F5, the
northern branch of the northern Kunlun fault), the
Adatan fault (F4), the Nalingguole river fault (F'3,
the southern branch of the southern Kunlun fault),
the central Kunlun fault (F2), and the southern
Kunlun fault (F1).

The research of this article includes only the
Qimantagh area, which is limited to the north of
the central Kunlun fault (F2), the east of Yaziquan,
and the west of Wutumeiren across multiple tec-
tonic belts. Tectonic activities in the study area are
well developed, and the main faults are F5, F4, F3,
and F2 (figure 1a). These faults have obvious con-
trol significance to the regional tectonic-magmatic
activity. The magma activity of the Qimantagh
area is noticeably strong and has characteristics
from multiple eras corresponding to four orogenic
cycles: Precambrian (Proterozoic), Early Paleozoic
(e-Dj), Late Paleozoic-Early Mesozoic (D3—Tj3),
and Late Mesozoic-Cenozoic (after Early Jurassic).
The magmatic activity happened mainly during
the Caledonian, Variscan, and Indosinian—Yanshan
orogenies. The distribution of magmatic rocks,
especially mid-acidic and acidic intrusive rocks, is
very extensive, and the rock types include mainly
granodiorite-monzonitic granite-moyite. The dis-
tribution of the pluton (long axis direction),
controlled by regional tectonics, is to the north—
west, which is consistent with regional tectonic
lines (figure 1b). The strata outcropped in the
study area are relatively complete and range
from Archean to Cenozoic in age. The strata
mainly include the following: Changcheng Period,
Jinshuikou Group intermediate-deep metamorphic
rocks; Jixian Period, Langyashan Group shallow
metamorphic carbonates mingling with clastic
rocks; upper and middle Ordovician shallow meta-
morphic clastic rocks mingling with a small amount
of altered ultrabasic rocks; upper Devonian sandy
conglomerates and volcanic rocks; Carboniferous
carbonates and fine clastic rocks; lower Triassic
carbonates and thinly layered siltstones; upper Tri-
assic continental intermediate-acid volcanic series;
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Figure 1. Geological sketch map of intrusive rocks in Qimantagh area, East Kunlun Mountains.

and Cenozoic continental sandy conglomerates,
siltstones and some loose accumulation.

The tectonic evolution of the EKOB under-
went four orogenic cycles. A metamorphic crys-
talline basement formed in the Paleoproterozoic,
and the tectonic environment belonged to a
passive continental margin environment in the
Mesoproterozoic—Neoproterozoic. The ancient Qai-
dam land collided with the micro-landmass of
central Kunlun in the Late Neoproterozoic, while
the EKOB formed under a wide range of events
in the Cambrian—Ordovician, forming many ocean
basins, such as the central Kunlun ocean basin and
the northern side of the slightly smaller Qiman-
tagh ocean basin. Ocean basins within the eastern
segment of the EKOB formed and expanded
towards the end of the Neoproterozoic and the
Middle Cambrian, and subduction lasted from the
Middle Cambrian to the Late Ordovician. The
ocean basins had completely closed by the Late
Silurian—-Middle Devonian and subsequently expe-
rienced the principal collision—post-collision oro-
genic stages (Mo et al. 2007). The slight difference

between the western and eastern segments of the
EKOB is that the western segment of the central
Kunlun Ocean subducted towards the north in the
Late Ordovician to the Early Silurian, while the
Qimantagh Ocean subducted from north to south.
The ocean basin completely closed in the Early
Silurian (the closing time is slightly earlier than
that of the eastern segment), and the development
of the continental molasse formation in the Late
Devonian marks the end of the early Paleozoic
orogenic cycle (at present, there is no unified
theory of when the Qaidam block and the central
Kunlun continent collided or when the study area
turned into a post-collision environment). After
the early Paleozoic orogenic cycle, the regional
Paleo-Asian Ocean began converging from west
to east (Xiao et al. 1990), while the Paleo-Tethys
Ocean of the southern EKOB underwent exten-
sion (Fang and Liu 1996). The south Kunlun
ocean basin in the EKOB formed in the Early
Permian, inferring that the south Kunlun ocean
basin began opening in the Early Carboniferous.
The small, previously closed central Kunlun ocean
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basin opened once again and became the marginal
sea or back-arc basin in the eastern segment of the
EKOB. The EKOB was in the major subduction
orogenic period in the Middle-Late Permian to
Early Triassic (240-260 Ma), when the southern
Kunlun ocean subducted towards the north, and
entered the collision—post-collision intracontinental
orogenic stage in the Late Triassic. The EKOB
experienced lithosphere delamination (Gao and Jin
1997; Be’dard 2006; Chen et al. 2005) and an
underplating of mantle-derived magmas at the
end of the Late Triassic to the Early Jurassic,
which resulted in the formation of the Qaidam
basin (Mo et al. 2007). Following the Late
Paleozoic—Mesozoic orogenic stage, the Tethys
tectonic domain transferred into the Neo-Tethys
tectonic evolution stage, and the subjected posi-
tion of the Neo-Tethys also moved southward to
the Bangong Nujiang and Yarlung Zangbo Suture
Zones. In the Late Mesozoic—Cenozoic, East
Kunlun only experienced remote effects, mainly
displaying the formation and development of the
thrust structure system, the shortening level of
the continental crust, the formation and evolution
of the Qaidam basin, and the strong uplift of the
East Kunlun Mountains (Mo et al. 2007).

3. Sample descriptions

Five representative plutons were selected and
5 samples corresponding to each pluton in the
Qimantagh were collected. The details are as
follows.

Most of the Nalingguole pluton is covered by
Quaternary sediments, so there are few exposed
outcrops. The rock types of this pluton are primarily
monzonitic granite; for example, sample K5
(biotite monzonitic granite) is located to the east
of the Nalingguole River, and the latitude, longitude,
and height of the sample are 92°51.585'E,
36°48.309'N, and 3191 m, respectively. Biotite
monzonitic granite is grey to off-white in colour
with a medium-fine granular texture and mas-
sive structure, consisting mainly of quartz (approx-
imately 25%), plagioclase (approximately 30%),
K-feldspar (approximately 30%), biotite (approxi-
mately 10%), hornblende (approximately 5%), and
accessory minerals including titanite, magnetite,
apatite and zircon. In figure 2(a and b), the follow-
ing are observed: the quartz possesses a subhedral—
anhedral texture and exhibits wavy extinction;
the plagioclase displays multiple twins; the centre
of the K-feldspar exhibits kaolinisation; the dark
brown to brown biotite shows chloritisation and
opaque iron materials; and the light green horn-
blende displays a band structure, two groups of
diamond cleavage and simple twins.
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The Yemaquan granodiorite pluton has only
sparse exposure. Sample K13-1 (GPS: 92°00.654'E,
36°58.939'N, height: 3707 m) was collected from
drill core ZK10033. It is off-white in colour with
a medium-fine granitic texture and massive struc-
ture. The main minerals are subhedral-anhedral
quartz (approximately 30%), plagioclase (approxi-
mately 40%), and potassium feldspar (approxi-
mately 20%). The secondary minerals are biotite
and hornblende (total approximately 10%), and the
accessory minerals are mainly zircon, apatite, mag-
netite, and ilmenite. In figure 2(c and d), we can
see that kaolinisation has occurred in the plagio-
clase and K-feldspar, so the surfaces are dirty. The
biotite has partly turned into pennine and presents
an indigo interference colour, and the yellow-green
hornblende, which has developed a simple twin, has
an interference colour of level 3 blue.

Granite porphyry (K21-2) in the Qunli mine was
collected from borehole ZK1701, and it is off-white
to light reddish in colour with a medium grain
porphyritic structure and massive structure. In
figure 2(e and f), it can be seen that the phe-
nocrysts and the matrix mainly consist of quartz,
K-feldspar and seldom biotite. Some quartz phe-
nocrysts have euhedral crystals, while some were
corroded into harbour by the matrix. The potas-
sium feldspar phenocrysts exhibit kaolinisation, so
the surface is dirty. The biotite phenocryst has
developed a dark rim due to alteration.

The Kayakedengtage complex, located in the
southeastern Qimantagh Mountain, is a batholith,
and the exposed area covers approximately 386
km?. The distribution direction of the complex is in
the WNW-ESE direction, and the long axis direc-
tion roughly parallels the Nalingguole river fault
(F3). The complex has multiple types of rocks,
mainly consisting of gabbro, diorite, quartz diorite,
granodiorite, monzonitic granite and syenogranite,
which are products of a typical magmatic mixing
process (Chen et al. 2006). The monzonitic granite
and granodiorite are the main rock types, and their
exposed areas are 218 and 83 km?, respectively.
We collected one sample (K36) of the Kayakedeng-
tage complex in the field, and the specific loca-
tion of sample K36 (granodiorite) is 91°39.075'E,
36°56.232'N with a height of 4409 m. The rock is
off-white in colour with medium-fine granitic tex-
ture and massive structure. The main minerals are
quartz (approximately 30%), plagioclase (approx-
imately 40%), and potassium feldspar (approxi-
mately 20%). The secondary minerals are biotite
and hornblende (total approximately 10%), and
the accessory minerals are mainly zircon and
apatite. In figure 2(g and h), the plagioclase
contains long and short columnar crystals, mul-
tiple twins and carbonation. The K-feldspar has
Carlsbad twins, while some alkali-feldspars are
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Figure 2. Petrographic characteristics of granites in Qimantagh area. Abbreviations: Qtz: quartz; Pl: plagioclase; Kfs:

potassic feldspar; Hbl: hornblende; Bi: biotite.

microcline with lattice twins. The dark brown
biotite has partly turned into pennine and presents
an indigo interference colour, whereas the yellow-
green hornblende has developed diamond cleavage
and has an interference colour of level 3 blue.

The Wulanwuzhuer pluton body has an irregular
shape, but because it was affected by the later tec-
tonic and erosion, it is even more complex. The
overall distribution direction of the body is towards

the northwest. The rock association of this pluton
is primary granodiorite-monzogranite-potassium
granite. We collected one sample (K46-2) of the
Wulanwuzhuer pluton in the field, and the location
of sample K46-2 (potassium granite) is 91°54.198'E,
37°14.968'N. The rock is reddish in colour with a
medium-fine granular texture and massive struc-
ture. In figure 2(i and j), quartz (approximately
25%), potassium feldspar (approximately 45%),
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and plagioclase (approximately 20%) are the major
mineral components, while biotite and hornblende
(total approximately 10%) are the secondary min-
erals and zircon and apatite are the main accessory
minerals. There are two stages of quartz: the
early quartz is larger and irregularly shaped,
while the later particles are smaller and are
distributed around the gap between the larger
quartz and feldspar. The K-feldspar has Carlsbad
twins, and the minority of alkali-feldspar is
microcline with lattice twins. Generally, the biotite
irregularly fills the gap between the potassium
feldspar and quartz.

4. Analytical methods

4.1 Zircon U-Pb geochronology

Representative samples for zircon separation are
selected according to standard procedures, fol-
lowed by mechanical crushing and magnetic and
electromagnetic analyses. Pure zircon grains were
handpicked using a binocular microscope, and
together with several grains of standard zircon
TEMORA, they were mounted onto an epoxy
resin disc and ground down so that their inte-
riors were exposed and polished. After preparing
the mount, the zircons were first photographed by
optical microscopy, and then cathodoluminescence
(CL) images were obtained. Next, LA-ICP-MS
in situ trace element and isotope analysis were per-
formed. Related tests and analyses were conducted
at the Tianjin Institute of Geology and Mineral
Resources, according to the procedures from
Li et al. (2009). ICPMS Datacal procedures deve-
loped by Dr. Liu at the China University of
Geosciences and Isoplot software developed by
Kenneth R Ludwig were used for data processing,
and common lead correction was handled through
the Andersen (2002) method.

4.2 Major and trace element analyses

As part of a detailed observation of collected
samples, whether in the field or under a micro-
scope, representative samples with no weathering
were crushed in a contamination-free environment
to less than 200 mesh. Major elements and trace
elements were analyzed at the Southwest Metallur-
gical Geology Laboratory, Chengdu City, Sichuan
Province, China. The major elements were anal-
ysed by XRF (X-ray fluorescence spectrometer).
The test methods included the weight, X-ray fluo-
rescence, and titration methods, and the precision
was better than 5%. The trace elements were ana-
lysed by the spectrometer ICE3500 atomic absorp-
tion instrument, iCAP6300, XRF, AFS2202E
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atomic fluorescence spectrometer, and the NexION
ICP-MS 300X, 802w spectrograph. The precision
was better than 5% if the trace element content was
more than 10x107°; otherwise, the precision was
better than 10%.

5. Results

5.1 Zircon U-Pb geochronology

Five representative samples were selected for the
LA-ICP-MS zircon U-Pb analysis. All the results
are listed in table 1 and the CL images are shown
in figure 3.

Zircon grains from sample K5 are mostly light-
yellow and transparent to semi-transparent. The
grains occur as short column-long columnar pris-
matic crystals with lengths of 100~200 pm, indi-
vidually 300 pm, and length/width ratios of 1.0 to
3.0. The CL image clearly shows oscillatory zoning,
suggesting a magmatic origin. The analysed zir-
cons yield Th (48-701 ppm) and U (218-2134 ppm)
with Th/U (0.11-0.65), although Th/U is rela-
tively milder, demonstrating the magmatic origins
of the grains. A total of 32 spots on 29 zircon grains
are used for dating, and the edge and core gave the
same age. In addition, the ages of spots 3, 9, 20,
and 21 (respectively, the 2°°Pb/?33U ages are 353,
373, 287, and 193 Ma) are younger, while the other
28 spots’ 2Pb/#8U ages are relatively concen-
trated from 405~431 Ma. These data yield a
weighted mean age of 420.6+2.6 Ma (MSWD=2.8)
(figure 3a), which belongs to the Late Silurian
and represents the formation age of the monzonitic
granite. Moreover, because the oscillatory zoning
suggests a magmatic origin, the 420.6 + 2.6 Ma
can represent the crystallisation age of the unit.

Zircon grains from sample K46-2 are mostly
light-yellow and occur as short column-long colum-
nar prismatic crystals with lengths of 100 ~ 200 pm
and an aspect ratio of 1:1 to 2:1. The CL image
clearly displays oscillatory zones. Thirty-four
better shaped zircon grains, which exhibit clear
oscillatory zoning, were selected for dating (a total
of 36 spots). Save for spots 3, 9, 20, and 21, whose
ages are younger due to missing lead (respectively,
the 2%Pb /38U ages are 399 Ma, 348 Ma, and 397
Ma), the 2°°Pb/23*U ages for the other 32 spots are
relatively concentrated from 409~435 Ma. These
data yield a weighted mean age of 421.2 £+ 1.9 Ma
(MSWD=2.1) (figure 3b), belonging to the Late
Silurian and representing the emplacement age of
moyite.

Zircon grains from sample K13-1 are light-yellow
and occur as short column-long columnar crys-
talline forms that are 100 ~ 300 um long. The CL
image clearly shows oscillatory zones, suggesting a
typical magmatic origin, and most of the zircons



Table 1. LA-ICP-MS U-Pb zircon data of granites in Qimantagh area (K5, K/6-2, K13-1, K21-2, K36).
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Content (x107)

Pb

79
17
76
134
23
131
44
50
45
39
29
73
30
58
81
61
56
76
41
86
22
63
35
64
52
64
67
26
61
29
50
16

44
65
44
43
56
48
61
110
56
55
"
33
44
46
47
36
69
60
36

U Th Th/U

1127
243
1297
2134
294
1873
634
731
629
535
397
1083
412
837
1144
863
854
1115
629
1743
682
970
517
959
788
946
947
337
899
392
739
218

598
970
658
625
827
700
923
1178
791
809
1146
467
599
644
695
469
1100
885
516

412

48
435
228

85
264
163
147
318
138
181
217
149
191
312
278
194
328
150
701
265
162
137
178
158
196
229
220
184
119
146

91

182

79
203
217
206
194
199
343
399
259
237
129
230
242
165
244
197
228
185

0.37
0.2

0.34
0.11
0.29
0.14
0.26
0.2

0.51
0.26
0.46
0.2

0.36
0.23
0.27
0.32
0.23
0.29
0.24
0.4

0.39
0.17
0.27
0.19
0.2

0.21
0.24
0.65
0.2

0.3

0.2

0.42

0.3
0.08
0.31
0.35
0.25
0.28
0.22
0.29
0.5
0.32
0.21
0.28
0.38
0.38
0.24
0.52
0.18
0.26
0.36

206Pb/
238U

0.0671
0.0692
0.0563
0.0658
0.0663
0.0654
0.0675
0.0682
0.0596
0.0668
0.0672
0.0687
0.0681
0.0674
0.066

0.0672
0.0672
0.0671
0.0654
0.0456
0.0305
0.0663
0.0649
0.0664
0.0671
0.0683
0.0676
0.068

0.0684
0.0692
0.0682
0.069

0.0697
0.0684
0.0663
0.0676
0.0687
0.0677
0.0672
0.0638
0.0677
0.0672
0.0673
0.0671
0.0681
0.0675
0.0687
0.0675
0.0554
0.0675
0.0675

lo

0.0006
0.0006
0.0007
0.0006
0.0007
0.0007
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0007
0.0006
0.0009
0.0007
0.0006
0.0006
0.0006
0.0005
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0007
0.0006
0.0006
0.0006
0.0006
0.0006

0.0008
0.0006
0.0006
0.0005
0.0005
0.0005
0.0005
0.0006
0.0006
0.0006
0.0005
0.0008
0.0006
0.0013
0.0005
0.0007
0.0014
0.0006
0.0008

207Pb/
235U

0.5107
0.5369
0.4215
0.5172
0.5047
0.4973
0.5252
0.5245
0.4519
0.5276
0.5365
0.5281
0.5326
0.5356
0.5363
0.5157
0.5211
0.5291
0.5085
0.3284
0.212

0.506

0.4998
0.5267
0.5107
0.5356
0.5583
0.5418
0.5629
0.5299
0.5646
0.5588

0.5251
0.5082
0.5111
0.5098
0.5122
0.5218
0.536
0.5448
0.513
0.51
0.5043
0.5086
0.5298
0.5359
0.51
0.5161
0.531
0.5083
0.5177

Isotope ratio

lo

0.0057
0.0111
0.0045
0.0051
0.0134
0.0087
0.0099
0.0055
0.0117
0.007

0.0202
0.0055
0.0081
0.0063
0.0155
0.0122
0.0048
0.0117
0.0055
0.005

0.0088
0.0059
0.0069
0.006

0.005

0.0051
0.0055
0.0072
0.0046
0.0071
0.0052
0.0112

0.0077
0.0056
0.0059
0.0059
0.0056
0.0057
0.0064
0.0062
0.0056
0.0061
0.0051
0.0073
0.0084
0.0115
0.0058
0.0061
0.0066
0.0055
0.0065

207Pb/
206Pb

0.0552
0.0563
0.0543
0.057

0.0552
0.0551
0.0564
0.0557
0.055

0.0573
0.0579
0.0557
0.0568
0.0576
0.0589
0.0556
0.0563
0.0572
0.0564
0.0523
0.0505
0.0554
0.0559
0.0575
0.0552
0.0569
0.0599
0.0578
0.0597
0.0555
0.0601
0.0587

0.0546
0.0539
0.0559
0.0547
0.0541
0.0559
0.0579
0.0619
0.0549
0.055

0.0544
0.055

0.0565
0.0576
0.0539
0.0555
0.0695
0.0546
0.0556

lo

0.0007
0.0012
0.0007
0.0006
0.0012
0.0012
0.0009
0.0008
0.0013
0.0008
0.0021
0.0007
0.0008
0.0009
0.0025
0.0011
0.0007
0.0011
0.0007
0.0007
0.0011
0.0007
0.001

0.0009
0.0007
0.0007
0.0007
0.0009
0.0007
0.0008
0.0008
0.0012

0.0007
0.0005
0.0006
0.0006
0.0006
0.0006
0.0007
0.0007
0.0006
0.0006
0.0005
0.0008
0.0008
0.0011
0.0006
0.0006
0.0007
0.0006
0.0007

206Pb/
238U

419
431
353
411
414
409
421
425
373
417
420
429
424
421
412
420
419
419
409
287
193
414
405
414
419
426
421
424
426
431
425
430

435
426
414
422
428
422
419
399
422
419
420
419
424
421
428
421
348
421
421

lo

T SN & B T L

U © = W00 Ut Wk kW WwWwwwwks & o

Age (Ma)

207Pb/
235U

419
436
357
423
415
410
429
428
379
430
436
431
434
436
436
422
426
431
417
288
195
416
412
430
419
436
450
440
453
432
455
451

429
417
419
418
420
426
436
442
420
418
415
418
432
436
418
423
433
417
424

lo

—
B 00 ~1 = i s © Ot

—_ —_ = — —
OB O WUl k= oo o

O = DO R R R OO O 00 Ot

Gt Ot Ot O O © =1 O = Ot Ot Ot Ut Ot Ot Ot Ot Ut O

207Pb/
206Pb

419
464
382
490
421
417
468
442
412
504
525
441
482
515
565
437
463
498
466
297
217
428
448
513
421
488
601
520
592
433
606
556

396
367
449
400
375
450
524
672
410
414
386
412
471
515
365
430
915
397
436

177

28
48
29
25
49
50
37
32
53
29
78
30
32
33
92
45
26
41
28
30
50
28
39
34
28
29
26
34
25
34
27
45

29
23
25
25
24
24
25
25
24
25
22
31
32
41
25
25
20
23
26
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Table 1. (Continued.)

Spots

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

K13-1

© 00 O U i W N =

O W N NNDNININLIRNDNL & & e s e e s e
KRS S X IO REWRN R, OO0 G W~ O

Content (x107°%)

Pb

39
105
75
28
53
55
38
31
48
59
78
88
56
88
44
49
66

19
32
2
6
14
5
10

Ut 00 00 © = I &

38

U

555
1188
1132

398

787

839

525

477

694

900
1062

680

787
1178

637

679

935

248
482
31
93
194
80
143
60
93
106
134
114
110
78
568
67
126
160
50
65
70
405
98
129
710
73
174
129
175
256
69
200

Th

174
297
275
143
176
196
226
122
272
197
266
185
266
293
124
181
412

141
241
10
30
105
34
65
21
55
49
58
63
43
30
254
28
75
68
23
41
34
243
32
75
334
38
85
54
49
141
31
90

Th/U

0.31
0.25
0.24
0.36
0.22
0.23
0.43
0.26
0.39
0.22
0.25
0.27
0.34
0.25
0.2

0.27
0.44

0.57
0.5

0.32
0.32
0.54
0.43
0.45
0.35
0.59
0.47
0.43
0.55
0.4

0.38
0.45
0.42
0.6

0.43
0.47
0.63
0.48
0.6

0.33
0.58
0.47
0.52
0.49
0.42
0.28
0.55
0.45
0.45

206Pb/
238U

0.0692
0.0671
0.0635
0.0662
0.0671
0.0663
0.0664
0.0656
0.0673
0.0672
0.0674
0.0862
0.0677
0.0697
0.0673
0.0678
0.067

0.0658
0.0609
0.0634
0.0643
0.0645
0.0634
0.066

0.0651
0.0635
0.0635
0.0646
0.0662
0.0659
0.0644
0.0624
0.0659
0.0642
0.0633
0.065

0.0638
0.0634
0.0663
0.0635
0.0644
0.0646
0.0655
0.0625
0.0661
0.0561
0.0672
0.0332
0.0658

lo

0.0006
0.0006
0.0008
0.0006
0.0007
0.0007
0.0006
0.0006
0.0006
0.0006
0.0005
0.0008
0.0005
0.0007
0.0005
0.0006
0.0007

0.0006
0.0006
0.0007
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0007
0.0006
0.0007
0.0007
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0007
0.0006
0.0004
0.0006
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207Pb/
235U

0.5237
0.5436
0.5291
0.5259
0.5101
0.5322
0.5358
0.507

0.5238
0.515

0.5424
2.5905
0.5075
0.5352
0.5138
0.5218
0.5202

0.5064
0.4718
0.502

0.4905
0.4933
0.4963
0.5025
0.4964
0.5038
0.5079
0.501

0.5115
0.5133
0.4959
0.4701
0.514

0.4985
0.5071
0.4982
0.5068
0.5241
0.5092
0.521

0.4979
0.4952
0.5157
0.4708
0.5191
0.4254
0.5403
0.2319
0.5239

Isotope ratio

lo

0.0071
0.0113
0.006
0.0071
0.0052
0.0056
0.0093
0.0065
0.0059
0.0054
0.0062
0.0569
0.0063
0.0086
0.0085
0.0091
0.0055

0.0046
0.0041
0.0367
0.0124
0.0076
0.0154
0.0092
0.0234
0.0143
0.0126
0.0073
0.0111
0.012

0.0152
0.0028
0.0162
0.009

0.0103
0.0186
0.0178
0.0124
0.0044
0.0131
0.0089
0.0075
0.0151
0.0065
0.0091
0.0086
0.0056
0.019

0.007

207Pb/
206Pb

0.0549
0.0587
0.0605
0.0576
0.0551
0.0582
0.0586
0.0561
0.0565
0.0556
0.0584
0.2178
0.0543
0.0557
0.0554
0.0558
0.0563

0.0558
0.0562
0.0574
0.0553
0.0554
0.0567
0.0552
0.0553
0.0576
0.058
0.0563
0.056
0.0565
0.0558
0.0546
0.0566
0.0563
0.0581
0.0555
0.0576
0.06
0.0557
0.0595
0.056
0.0556
0.0571
0.0546
0.0569
0.055
0.0583
0.0507
0.0577

lo

0.0007
0.0006
0.0008
0.0008
0.0006
0.0006
0.001

0.0007
0.0006
0.0006
0.0006
0.0039
0.0006
0.0008
0.0009
0.0009
0.0006

0.0005
0.0005
0.0043
0.0014
0.0009
0.0018
0.001

0.0026
0.0016
0.0014
0.0008
0.0012
0.0013
0.0017
0.0004
0.0018
0.001

0.0012
0.002

0.002

0.0014
0.0005
0.0015
0.001

0.0009
0.0016
0.0008
0.001

0.0012
0.0006
0.0042
0.0008

206Pb/
238U

431
419
397
413
419
414
414
409
420
419
420
533
422
434
420
423
418

411
381
396
402
403
397
412
407
397
397
403
413
411
402
390
411
401
396
406
399
396
414
397
403
404
409
391
413
352
419
211
411

Age (Ma)
207py,

lo U 1o
4 428 6
4 441 9
5 431 5
3 429 6
4 418 4
4 433 5
4 436 8
4 416 5
3 428 5
4 422 4
3 440 5
5 1208 29
3 417 5
4 435 7
3 421 7
4 426 7
4 425 4
4 416 4
4 392 3
4 413 30
4 405 10
4 407 6
4 409 13
4 413 8
4 409 19
4 414 12
4 417 10
4 412 6
4 419 9
4 421 10
4 409 13
3 391 2
4 421 13
4 411 7
4 417 8
4 410 15
4 416 15
4 428 10
4 418 4
4 426 11
4 410 7
4 408 6
4 422 12
4 392 5
4 425 7
4 360
4 439 5
3 212 17
4 428 6

207Pb/
206Pb

408
557
620
515
418
538
551
456
471
437
545
2965
385
440
428
445
465

444
460
507
424
430
481
422
424
513
529
463
454
473
446
396
475
465
534
434
516
603
439
587
454
435
494
396
490
412
541
225
520

lo

29
22
27
29
23
23
37
28
24
23
23
29
27
32
37
37
22

21
20
163
56
35
69
41
105
63
54
33
48
50
67
16
70
40
46
82
76
50
20
55
40
38
64
32
40
48
23
191
29



Table 1. (Continued.)

NN N
W N =

Spots  Pb
K21-2
1 17
2 14
4 16
5 27
6 38
7 29
8 13
9 15
10 16
11 16
12 23
13 28
14 19
15 12
16 25
17 49
18 21
19 34
20 23
21 19
22 28
23 14
24 28
25 53
26 20
27 14
28 27
29 12
30 29
31 12
32 23
K36
1 2
2 6
3 3
4 6
5 3
6 3
7 6
8 5
9 9
10 7
11 6
12 7
13 4
14 5
15 6
16 11
17 3
19 5
20 5
5
5
5
6

[N}
g
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Content (x107°)

U

257
127
211
374
487
390
181
170
191
210
288
345
250
152
320
542
295
450
280
263
315
346
410
629
283
391
324
139
332
166
249

31
91
38
85
45
41
85
81
136
111
93
106
69
72
93
165
50
74
75
83
79
80
92

Th

193
199
154
307
861
367
132
224
238
192
297
388
250
125
302
625
200
402
341
167
334
174
305
e
200
621
397
220
680
135
816

17
39
19
45
25
23
57
34
82
70
40
68
27
46
49
134
24
31
42
46
37
40
52

Th/U

0.75
1.57
0.73
0.82
1.77
0.94
0.73
1.32
1.25
0.91
1.03
1.12
1
0.82
0.95
1.15
0.68
0.89
1.22
0.63
1.06
0.5
0.74
1.24
0.71
1.59
1.23
1.58
2.05
0.82
3.27

0.55
0.43
0.5

0.53
0.57
0.56
0.67
0.42
0.6

0.63
0.42
0.64
0.39
0.64
0.53
0.81
0.47
0.42
0.56
0.55
0.46
0.49
0.57

206Pb/
238U

0.0518
0.0639
0.0639
0.0595
0.0533
0.0623
0.0617
0.0631
0.0643
0.061

0.0649
0.0623
0.0615
0.0641
0.0629
0.0636
0.0626
0.0631
0.0634
0.0624
0.0652
0.0363
0.061

0.0638
0.0617
0.0249
0.0633
0.0607
0.0599
0.0615
0.0608

0.0609
0.0618
0.0619
0.0605
0.061

0.0606
0.0622
0.0629
0.061

0.0606
0.061

0.0607
0.0609
0.0603
0.0607
0.0607
0.0606
0.0606
0.0608
0.0608
0.0608
0.0608
0.0606

lo

0.0005
0.001

0.0006
0.0006
0.0006
0.0006
0.0005
0.0006
0.0006
0.0005
0.0007
0.0006
0.0005
0.0006
0.0006
0.0007
0.0006
0.0006
0.0006
0.0006
0.0007
0.0003
0.0005
0.0007
0.0006
0.0002
0.0006
0.0006
0.0006
0.0005
0.0006

0.0005
0.0004
0.0005
0.0004
0.0005
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0005
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004

207Pb/
235U

0.3983
0.4878
0.5023
0.4487
0.3949
0.4753
0.4666
0.4857
0.4994
0.472

0.5006
0.4878
0.4926
0.4845
0.4926
0.4813
0.4758
0.4813
0.4787
0.4693
0.5024
0.2759
0.4729
0.4972
0.4686
0.1786
0.4937
0.4772
0.4424
0.4706
0.4784

0.4923
0.5027
0.4886
0.4889
0.4649
0.491

0.4948
0.5303
0.457

0.4557
0.464

0.5442
0.4796
0.485

0.4545
0.4937
0.503

0.4868
0.5026
0.4694
0.4787
0.4609
0.4914

Isotope ratio

lo

0.0045
0.0212
0.0063
0.0048
0.0066
0.008

0.0061
0.0058
0.0064
0.0058
0.0051
0.0045
0.0049
0.0098
0.0042
0.0072
0.0061
0.0081
0.0055
0.0063
0.0047
0.0045
0.0082
0.0088
0.0086
0.0017
0.0064
0.0082
0.0043
0.0065
0.0039

0.0403
0.0153
0.0479
0.0161
0.031

0.0301
0.0127
0.0147
0.0157
0.0195
0.0199
0.0129
0.0217
0.0279
0.0136
0.0113
0.0227
0.0163
0.0207
0.0291
0.0144
0.013

0.0177

207Pb/
206Pb

0.0557
0.0554
0.057

0.0546
0.0538
0.0553
0.0548
0.0558
0.0563
0.0561
0.056

0.0568
0.0581
0.0548
0.0568
0.0549
0.0551
0.0553
0.0548
0.0545
0.0559
0.0551
0.0562
0.0565
0.0551
0.0519
0.0565
0.057

0.0535
0.0555
0.0571

0.0586
0.0589
0.0572
0.0586
0.0553
0.0588
0.0577
0.0611
0.0544
0.0545
0.0552
0.065
0.0571
0.0583
0.0543
0.059
0.0602
0.0583
0.06
0.056
0.0571
0.055
0.0588

lo

0.0008
0.0016
0.0008
0.0008
0.0009
0.001

0.0007
0.0007
0.0008
0.0007
0.0006
0.0005
0.0006
0.001

0.0005
0.0006
0.0007
0.001

0.0006
0.0008
0.0006
0.0009
0.001

0.0011
0.0011
0.0006
0.0007
0.001

0.0006
0.0008
0.0005

0.0049
0.0018
0.0056
0.0019
0.0037
0.0035
0.0015
0.0017
0.0018
0.0023
0.0023
0.0016
0.0026
0.0033
0.0016
0.0014
0.0027
0.0019
0.0024
0.0034
0.0017
0.0015
0.0021

206Pb/
238U

326
399
400
373
334
390
386
395
402
382
405
389
385
400
393
397
391
395
396
390
407
230
382
399
386
159
396
380
375
385
380

381
387
387
379
382
379
389
393
382
380
381
380
381
378
380
380
379
379
380
380
380
380
380

Age (Ma)
207Pb/
lo 235U 1o
3 340 4
7 403 18
4 413 5
4 376 4
3 338 6
3 395 7
3 389 5
3 402 5
4 411 5
3 393 5
4 412 4
4 403 4
3 407 4
4 401 8
4 407 3
4 399 6
4 395 5
4 399 7
4 397 5
4 391 5
4 413 4
2 247 4
3 393 7
4 410 7
4 390 7
2 167 2
4 407 5
4 396 7
3 372 4
3 392 5
4 397 3
3 407 33
2 414 13
3 404 40
2 404 13
3 388 26
3 406 25
2 408 10
3 432 12
2 382 13
3 381 16
2 387 17
2 441 10
2 398 18
3 401 23
2 380 11
2 407 9
3 414 19
2 403 13
3 413 17
3 391 24
2 397 12
2 385 11
2 406 15

207Pb/
206 Pb

442
427
490
398
362
425
405
445
464
455
451
485
533
406
485
408
417
425
402
393
449
415
461
472
415
282
474
492
352
432
495

483
588
431
553
424
27
519
644
386
392
421
775
494
541
384
568
655
750
602
453
496
413
558

179

lo

32
66
29
32
39
40
30
28
30
28
23
21
24
42
20
26
27
39
24
32
26
37
41
44
44
24
27
38
26
32
18

184
66
218
69
148
128
55
60
75
94
94
50
100
123
67
51
97
69
88
135
67
63
7
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Table 1. (Continued.)

Content (x107°)

Spots Pb U Th
25 4 71 33
26 5 73 33
27 8 126 51
28 4 61 27
29 5 8 55
30 2 30 21
31 7 114 61
32 14 220 106

Th/U
0.47
0.45
0.4
0.44
0.68
0.7
0.54
0.48

206 Pb/
238U

0.0607
0.0607
0.0608
0.0608
0.0609
0.0607
0.0609
0.0604

lo

0.0004
0.0004
0.0004
0.0005
0.0004
0.0006
0.0004
0.0004
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207Pb/
235U

0.4744
0.4935
0.4726
0.4635
0.4586
0.4549
0.4561
0.5163

30 spots
403.7+2. 9Ma

0. 045

Ll I LI |
0.035 | ! !

0.025

Isotope ratio Age (Ma)
207py, 206py, 207py, 207py,

lo  2°ph 10 28U 10 PU 10 *Pb 1o
0.0251 0.0567 0.003 380 3 394 21 480 116
0.0163 0.0589 0.0019 380 2 407 13 564 71
0.0088 0.0564 0.0011 380 2 393 7 468 42
0.0356 0.0553 0.0042 381 3 387 30 423 168
0.0137 0.0547 0.0016 381 2 383 11 398 66
0.0535 0.0543 0.0066 380 4 381 45 385 271
0.0124 0.0543 0.0014 381 2 382 10 384 60
0.0136 0.062  0.0017 378 2 423 11 756 58

(b)

K46-2

32 spots

1004 | 421.241. 9Ma

31 spots

0.062 380.52+0.92Ma
T
T 1
=T
0. 060 [ M Ll N NS
1 IRRARNRRRRRRRRRRRRRRRNE]
1 MEM LU
0.058
0.3 0.4 0.5 0.6
20bp,239y

Figure 3. Cathodoluminescence (CL) images of representative

zircon grains and Concordia plots of granites in Qimantage

area. Solid circles indicate the locations of LA-ICP-MS U-Pb dating.

have dark hyperplasia edges. The analysed zircons
have Th content and U content values of 10-334
and 31-710 ppm, respectively, with Th/U ratios
from 0.28 to 0.63. Although the Th/U is relatively

mild, the ratio as a whole is greater than 0.4, sug-
gesting a magmatic origin for the zircon (Belousova
et al. 2002; Zhong et al. 2006). A total of 32 spots
on 28 zircon grains are used for dating, though
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the ages of spots 29 and 31 (respectively, the
206Ph /238U ages are 352 and 211 Ma) are younger
due to missing lead. The age of spot 29 may be
the age of a late stage magmatic transformation,
while the age of spot 31 may be that of late stage
metamorphic or hydrothermal zircon. The other 30
206Ph /238U ages are relatively concentrated from
381~419 Ma. These data yield a weighted average
age of 403.7 £ 2.9 Ma (MSWD =3.9) (figure 3c),
which belongs to the Early Devonian and repre-
sents the formation age of granodiorite.

Zircon grains from sample K21-2 are mostly short
column and much less than 100 pwm, individually
100 ~ 200 pum, and mostly show clear oscillatory
zones in CL image 3, suggesting a magmatic origin.
The concentrations of the trace elements Th and
U in the zircon grains are larger (Th: 125-861 ppm;
U: 127629 ppm), and the change in Th/U (0.5
3.27) is relatively larger, denoting magmatic zir-
con as the ratios are all >0.4 (Belousova et al.
2002; Zhong et al. 2006). A total of 32 spots on
31 zircon grains are used for dating, but spot 3
has no result and spots 1, 5, 6, 23, 27, and 30
(respectively, the 2%°Pb /238U ages are 326, 373, 334,
230, 159, and 375 Ma) are younger. The 2°Pb/***U
ages of the other 25 spots are relatively concen-
trated from 380 to 407 Ma. These data yield a
weighted average age of 391.3+3.2 Ma (MSWD=
4.3) (figure 3d), belonging to the Middle Devonian
and representing the diagenetic age of granite
porphyry.

Zircon grains from sample K36 are mostly light-
yellow and transparent to semi-transparent, and
they occur as short column prismatic crystals,
though only some are long and the crystals are
mostly 100 ~ 200 um long. The CL image shows
clearly oscillatory zones, suggesting a magmatic
origin. The concentrations of the trace elements
Th and U in the zircon grains are 17-134 and
30220 ppm, respectively. The change in Th/U
(0.39-0.81) is relatively milder, though almost
all the ratios are >0.4, showing magmatic
zircon (Belousova et al. 2002; Zhong et al. 2006).
Because of the numerous zircon grains in this
sample, we only selected 31 of them (a total of 32
spots) for dating. Spot 18 has no result, while the
206Ph /238U ages of the other 31 spots are relatively
concentrated from 378 to 393 Ma. These data yield
a weighted mean age of 380.52 4+ 0.92 Ma with a
small MSWD value (0.62) (figure 3e), belonging to
Late Devonian and representing the formation age
of granodiorite.

5.2 Whole rock geochemistry

The major and trace element analysis results of
the Late Silurian—Late Devonian granitoids in the
Qimantagh area are listed in table 2.
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5.2.1 Major elements

The Late Silurian granitoid belongs to the sub-
alkaline series (figure 4a), consisting mainly of
monzonitic granite and rarely granodiorite and
alkali-granite (figure 4b). Overall, the rock types
plot in the high-K calc-alkaline field in the K,O
vs. Si0, diagram (figure 4c). They exhibit met-
aluminous to weakly and strongly peraluminous
characteristics on a plot of A/NK ws. A/CNK
(figure 4d).

The Early Devonian granitoid also belongs
to the subalkaline series (figure 4a), but the
lithology is relatively scattered, including quartz
diorite, quartz monzodiorite, and especially gra-
nodiorite and monzogranite (figure 4b). In the
K;0 ws. SiO, diagram (figure 4c), the rock types
mainly plot in the high-K calc-alkaline field in
general. All the same, they also exhibit meta-
luminous to weakly and strongly peraluminous
characteristics on a plot of A/NK ws. A/CNK
(figure 4d).

The Middle Devonian granitoid belongs to the
subalkaline series, but it has a trend towards an
alkaline series evolution (figure 4a). The lithology
of the Middle Devonian granitoid is mainly mon-
zonitic granite and granodiorite (figure 4b), but at
the same time, this stage shows high potassium
characteristics. The rock types mainly plot in the
high-K calc-alkaline field, though parts of them
drop into the shoshonite field (figure 4c). In the
A/NK ws. A/CNK diagram, they exhibit meta-
luminous to weakly peraluminous characteristics
(figure 4d).

The Late Devonian granitoid also belongs to
the subalkaline series (figure 4a), but the lithology
is relatively scattered, including quartz diorite,
quartz monzodiorite, and especially granodiorite
and monzonitic granite (figure 4b). The rock types
mainly plot in the high-K calc-alkaline field, though
parts of them distributed into the medium-K
calc-alkaline field in the K,O ws. SiO, diagram
(figure 4c). As with the Late Silurian and Early
Devonian granitoids, the Late Devonian granitoid
exhibits metaluminous to weakly and strongly per-
aluminous characteristics on a plot of A/NK wvs.
A/CNK (figure 4d).

5.2.2 Trace elements

The Late Silurian granitoid has chondrite-norma-
lised REE patterns (figure 5a) that are enriched
in light rare earth elements (LREE) (LREE/
HREE=4.76-18.15, average 9.08 (La/Yb)x = 4.33—
33.36, average 11.91), with moderately negative
Eu anomalies (0.15-0.86, average 0.53), and are
depleted in heavy rare earth elements (HREE)
((Tb/Yb)x =1.06-2.5, average 1.51).
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Figure 4. (a) (NagO+K20) vs. SiO2 plot; (b) Quartz-alkali-feldspar diagram; (c¢) K2O vs. SiOg plot; (d) A/NK vs. A/CNK
plot. Symbols: solid line according to Peccerillo and Taylor (1976) and short dash line according to Middlemost (1985).

The Early Devonian granitoid has chondrite-
normalised REE patterns (figure 5b) that are also
enriched in LREE (LREE/HREE=5.73-12.35, ave-
rage 8.07 (La/Yb)y =4.64-19.66, average 10.06),
with weakly negative Eu anomalies (0.35-1.08, ave-
rage 0.72) that occasionally trend towards positive
anomalies, and border on flat HREE ((Tb/Yb)x=
0.65-2.90, average 1.67) on the whole, though some
may be slightly enriched in HREE.

The Middle Devonian granitoid has chondrite-
normalised REE patterns (figure 5c) that are
also enriched in LREE (LREE/HREE=3.57-
20.67, average 9.40 (La/Yb)ny=2.30-32.78, ave-
rage 12.75), with somewhat strongly negative
Eu anomalies (0.08-0.81, average 0.40), and are
depleted in HREE ((Tb/Yb)y=0.77-2.37, average
1.58), though some may be slightly enriched in
HREE.

The Late Devonian granitoid has chondrite-
normalised REE patterns (figure 5d) that are

greatly enriched in LREE (LREE/HREE=6.30—
29.09, average 13.20 (La/Yb)n=7.23-53.96, average
19.97), with weakly negative Eu anomalies (0.47—
1.18, average 0.82) that trend towards strongly
negative, and as a whole have nearly flat HREE
((Tb/Yb)x=1.42-2.40, average 1.79). In addition,
the Late Devonian granitoid shows similar char-
acteristics to the Early Devonian granitoid, which
may reflect the similarity of their source rock and
tectonic environment.

In the primitive-mantle normalised spidergrams
(figure 6), the Late Silurian-Late Devonian grani-
toid shows similar or roughly consistent trace ele-
ment characteristics; namely, they are enriched
in large ion lithophile elements (LILE), such as
Rb, Th and K, and high field strength elements
(HFSE), such as Zr and Hf, and are depleted
in Ba, Nb, Ta, Sr, P, Eu, and Ti. The enrich-
ment and depletion of trace elements in the Late
Silurian—Late Devonian granitoid may be slightly
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Figure 5. Chondrite-normalized REE patterns (after Sun and McDonough 1989). Symbols as in figure 4(a).
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Figure 6. Primative mantle-normalized trace element spidergrams (after Sun and McDonough 1989). Symbols as in
figure 4(a).

different over time, which may be related to the element characteristics are still very similar to
main and accessory minerals in the rock and those of volcanic arc granites in a subduction
the specific environment. However, these trace environment.
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6. Discussion

6.1 Timing of multiperiodic magmatism
in the Late Silurian to Late Devonian

According to the LA-ICP-MS zircon U-Pb dating
results, multiperiodic magmatic activity existed
in the Qimantagh area during the Late Silurian
(approximately 420 Ma)-Late Devonian (approxi-
mately 380 Ma). In addition, the majority of
206Ph /238U ages of the zircon grains are small val-
ues, mainly in the two periods 399-373 and 353—
326 Ma (respectively, Middle-Late Devonian and
Early Carboniferous), which suggests that there
was significant magmatic activity that made some
zircon grains recrystallise. K21-2 and K36 (391.3
and 380.52 Ma recrystallisation ages, respectively)
also confirmed that Middle-Late Devonian mag-
matic activity existed in the study area. Early
Carboniferous (353-326 Ma) magmatic activity
may be associated with the opening of the south
Kunlun ocean basin. In addition, there are smaller
206Ph /238U ages matching the Early Permian (287
Ma), Late Triassic (230 and 211 Ma), Early
Jurassic (193 Ma) and Late Jurassic (159 Ma),
which primarily correspond to tectonic events from
the Late Paleozoic to Early Mesozoic orogenic cycle
including the Early Permian—Late Triassic subduc-
tion and collision, and the Jurassic post-orogeny
spreading and collapse.

In recent years, a growing number of Late
Silurian to Late Devonian granitoids were gradually
found, such as the Wulanwuzhuer porphyry granite
(416.7 £ 3.3 Ma) (Sun et al. 2009) and peralumi-
nous monzongranite (413 £ 5 Ma) (Tan et al.
2011), the Adatan syenogranite (412.9 + 2.1 Ma)
(Wang 2011), the Donggou biotite monzogranite
(410.2 £ 1.9 Ma) (Wang et al. 2004), the Akechuke-
sai quartz diorite (407.7 = 7.5 Ma) (Luo et al. 2004),
the Bokelike porphyritic monzongranite (408.3 +
5.3 Ma) (Luo et al. 2004), the Bayinguole gabbro
(386.9 + 2.6 Ma, 386.4 + 3.2 Ma) (Luo et al. 2004),
and the Kayakedengtage complex pluton of gabbro
and monzonitic granite (respectively, 403.3 £+ 7.2
and 394 £+ 13 Ma) (Chen et al. 2006).

From the Late Silurian to the Late Devonian, the
outcropped granitoids have almost no time gaps
among them, further confirming that multiperiodic
magmatic activity existed in the Qimantagh area
during this period.

6.2 Compositions of the rock

Granitoids are genetically classified as either man-
tle origin (e.g., Turner et al. 1992; Han et al. 1997;
Volkert et al. 2000), mixed origin, with various
proportions of crust- and mantle-derived compo-
nents (e.g., Poli and Tommasini 1991; Barbarin
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and Didier 1992; Wiebe 1996; Altherr et al. 2000;
Chen et al. 2002; Bonin 2004) or crustal origin (e.g.,
Chappell and White 1992; Chappell 1999).

Based on the major elemental systematics, the
Late Silurian—Late Devonian granitoids are typical
of the high-K calc-alkaline, metaluminous or
weakly or strongly peraluminous rocks. The lithology
is mainly granodiorite and monzogranite. But from
the Early Devonian, the rocks have a trend of
quartz-diorite—quartz-granodiorite—-monzogranite,
apparently containing intermediate-basic rocks,
indicating that mantle component most likely
participated in the magmatic activities. Some
scholars (Luo et al. 2004; Chen et al. 2006; Mo
et al. 2007) also noted that underplating of the
mantle-derived magma had happened in the study
area since the Early Devonian. The origin of the
high-K calc-alkaline rocks has been the subject
of some studies, and two main models have been
proposed to interpret their petrogenesis: (1) pure
crustal melts from partial melting of mafic lower
crust at relatively high pressures (e.g., Roberts
and Clemens 1993; Liu et al. 2002) or (2) evolution
result of a mixture of crustal- and mantle-derived
magmas (e.g., Barbarin 1999; Ferre’ and Bernard
2001; Chen et al. 2003; Yang et al. 2007). The Late
Silurian granitoids may be generated by partial
melting of mafic lower crust at relatively high pres-
sures and belong to crustal origin. But from the
Devonian, there are mixed origin granitoids, with
various proportions of crust- and mantle-derived
components.

From the REE distribution patterns and Eu
anomaly, the REE distribution characteristics
of crust-mantle mixed-source granites are light
REE enrichment, inconspicuous Eu depletion and
0Eu>0.5 (an average of 0.8 or so), and the REE
distribution patterns are a right-dipping, nearly
smooth type (Luo 1986; Zhao et al. 2008). Never-
theless, the REE distribution patterns of a crust-
derived granitoid are a ‘V’ type curve, showing
relatively obvious Eu depletion (approximately
moderate to significant depletion) and relative
HREE enrichment (Luo 1986). There are both ‘V’
type curves and smooth curves for the REE distri-
bution in the study area. The REE distribution
patterns are mainly ‘V’ type curves for the Late
Silurian and approximately moderate to significant
Eu depletion, suggesting that the Late Silurian
granitoids are of crustal origin. However, the pat-
terns are mostly an obviously smooth curve for the
Devonian and weakly negative or inconspicuous Eu
anomalies, especially the Early Devonian and Late
Devonian, implying that the Early Devonian and
Late Devonian granitoids are mainly mixed origin,
although there are still some crustal source granites
at the same time, especially the Middle Devonian
granitoids. Obvious Eu anomalies (average 0.40) in
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the Middle Devonian granitoid may be related to
strong fractional crystallisation of the plagioclase
during magma evolution, which is corroborated by
the Middle Devonian rocks with high differentia-
tion indices (DI) (70.56-94.68).

According to the primitive-mantle normalised
spidergrams, the granitoids show similar or roughly
consistent trace element characteristics of enriching
in LILE (such as Rb, Th and K), HFSE (such as Zr
and Hf) and depleting in Ba, Nb, Ta, Sr, P, Eu, and
Ti. They also present a certain evolution trend of
the orogenic belt, namely, the common enrichment
of Rb, Th, Zr and Hf, significant depletion of Ti, Sr,
P and Ba. As shown in the spider diagram, com-
pared to Rb and Th, Ba is obviously depleted. The
negative Ba anomalies in the granite suggest a par-
tial melting of crustal rock (Wan 1999). The grani-
toids are characterized by pronounced negative Ba,
Nb and Ti anomalies and enriched in LILEs and
LREEs, suggesting typical crustal melts. However,
these features are not always related to the crustal-
derived melts and they might point to partial melting
of an enriched mantle, which was metasomatized
by fluids prior to melting (Hawkesworth et al.
1993; Rottura et al. 1998; Cameron et al. 2003).
Compared to rocks from other times, the Middle
Devonian granites have pronounced Ba, Sr, P and
Ti depletion. This observation may be due to the
strong fractional crystallisation of feldspar minerals
such as potassium feldspar, plagioclase and apatite,
while Ti depletion may be related to the fractional
crystallisation of Ti-rich minerals such as ilmenite,
sphene, and rutile during the evolution process.
The Ti depletion also suggests that the magma
was derived from the crust because Ti does not
easily enter the melt and residue in the source.
Thus, the strong Ti depletion and the relatively
weak Nb and Ta depletion in the study area are
due to the fractional crystallisation of ilmenite in
the source. This observation is consistent with the
rocks that experienced strong fractional crystallisa-
tion and belonged to highly differentiated granite,
which mainly reflects the characteristics of the
source.

In addition, some elemental ratios could indicate
compositions of the rock. Bea et al. (2001) note
that the Nd/Th ratio is approximately 3 for crust-
derived rocks and over 15 for mantle-derived rocks.
The Nd/Th ratios of the Late Silurian granitoid
(0.91-3.73, average 1.97) mostly show characteris-
tics of a crustal source. However, the Nd/Th ratios
of granitoids since the Early Devonian (0.44-7.04)
indicate crust and mantle mixing, which denotes
an underplating of mantle magma and a change
in the tectonic setting during this period. Taylor
and McLennan (1985) believe that K and Rb tra-
velled upward to the sialic layer, so they are
more depleted in the mantle. Sr mainly exists in
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plagioclase as a substitute for Ca. As a result, high
Rb/Sr ratios in the granitoids suggest a primarily
upper crust source. Tischendorf (1986) also stated
that the Rb/Sr ratio was an important parame-
ter to trace the origin. The Rb/Sr ratio is <0.05
for mantle-derived magma, 0.05-0.5 for mixed
crust-and-mantle magma, and over 0.5 for crust-
derived magma. The Rb/Sr ratios of the Late Silu-
rian granitoid (0.71-10.98, average 1.83) suggest
a crustal reservoir as the major source, but the
Rb/Sr ratios of the granitoids since the Early Devo-
nian (0.12-22.73) indicate crust and mantle mixing
in parts of the samples.

Therefore, on the whole, the Late Silurian to
Late Devonian granitoids have complex composi-
tion sources. The Late Silurian granitoids are mainly
crust-derived, high-K calc-alkaline peraluminous
granite. However, mantle-derived compositions were
involved in the magmatism starting from the Early
Devonian, and the granitoids contained characte-
ristics of a crust-mantle mixed source. Most of the
Devonian granitoids are crust-mantle mixed-source,
high-K calc-alkaline metaluminous and weakly pe-
raluminous granite, and only some parts of them
are crust-derived, high-K calc-alkaline peralumi-
nous granite, especially the Middle Devonian gran-
itoids. Due to strong crystallisation differentiation,
highly fractionated granites possibly emerged in
the Middle Devonian. These complex composition
sources may be related to a relatively more com-
plex tectonic environment and even its evolution
process.

6.3 Tectonic setting

Some scholars (Bai et al. 2004; Wang et al. 2004,
2011; Sun et al. 2009; Tan et al. 2011) state that
the research area was in a syn-collision tectonic
environment during the Late Silurian (approxi-
mately 421-410 Ma). Zhang et al. (2012) firmly
contend that the Qaidam continental block and
the central Kunlun block were still in a state of
collision in the Early Devonian (395 Ma). Other
scholars (Cao et al. 2011; Wu et al. 2012) believe
that the research area had been in the beginning
of a syn-collision convergence environment since
the Early Silurian (approximately 430 Ma), while
others (Wang et al. 2004; Chen et al. 2006; Li et al.
2013) argue that the Qimantagh area was in a col-
lision orogenic stage that continued until at least
the Late Devonian. Zhao et al. (2008) contend
that the Early Devonian granitoid was formed in
a post-collision tectonic setting; due to the geo-
chemical plots, parts of the granite belong to syn-
collision S-type granite, so some scholars believe
that it formed in an intercontinental collision
orogenic process, namely, a syn-collision tectonic
setting.
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In recent years, research found that a continen-
tal collision phase is not conducive to the ascent of
magma. Although magmatism was widely distri-
buted during the plate period, it was very sparse.
However, most of the magmatism typically occurs
after, rather than before, the collision period, na-
mely, the post-collision tectonic setting described
by Liegeois (1998). In this sense, the exposed Late
Silurian to Late Devonian high-K calc-alkaline
granites indicate that the study area may have
been in an intracontinental collision orogenic
stage, during which significant amounts of post-
collision high-K calc-alkaline peraluminous granite
and metaluminous or weakly peraluminous granite
form.

In our present study, we suggest that the regional
tectonic setting during this period should belong to
an intracontinental collision orogenic process, fur-
ther developing post-collision granites. Moreover,
additional granites emplaced in the syn-collision
stage may have formed during the post-collision
process, which is also confirmed in the tectonic
setting discrimination diagrams (figures 7, 8). In
figure 7(a), almost all the Late Silurian-Late Devo-
nian granitoids drop into the collision setting gran-
ites and show an evolutionary tendency towards
intraplate granites; in figure 7(b), parts of the
granitoids drop into volcanic-arc granites (VAG),
which may be related to a source that inherited
the characteristics of volcanic arc; in the Rb—
Y+Nb and Rb-Yb+Ta tectonic environment dis-
crimination diagrams (figure 8), the Late Silurian—
Late Devonian granitoids are also virtually all
post-collision granites in the research area. There-
fore, the Late Silurian-Late Devonian granitoids

Rb/10

Hf 3Ta
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are post-collision granites that formed during an
intracontinental collision orogeny.

In addition, the trace elements have consistent
characteristics with volcanic-arc granites in a sub-
duction setting. However, the ocean basin closed
sometime before the Late Silurian (Chen et al,
2002; Mo et al. 2007; Lu et al. 2010; Zhang et al.
2010; Liu et al. 2012). Therefore, it is impossible
that the study area was in a subduction stage in
the Late Silurian—Late Devonian. The only possible
explanation is that the magma source rock inher-
ited the characteristics of a volcanic arc (Hooper
et al. 1995; Li and Lu 1999); that is to say, the
granites were derived from the partial melting of
the original rocks, which were restored in the crust
or the lithosphere during the subduction and colli-
sion periods in a certain tectonic setting (Liu 2000;
Xiao et al. 2002). Li and Lui (1999) also suggested
the concept of ‘retarded type calc-alkaline volcanic
rocks’, which describes a phenomenon where the
rocks show characteristics of volcanic-arc granite
without the presence of a volcanic arc.

Just as Bonin et al. (1998) pointed out, the
post-collision event started with magmatic pro-
cesses still influenced by subducted crustal mate-
rials. The dominantly calc-alkaline suites show a
shift from normal to high-K to very high-K associa-
tions. Source regions are composed of depleted and
later enriched orogenic subcontinental lithospheric
mantle, affected by dehydration melting and gene-
rating more and more K- and LILE-rich magmas.
In the vicinity of intracrustal magma chambers,
anatexis by incongruent melting of hydrous mine-
rals may generate peraluminous granitoids bearing
mafic enclaves. The post-collision event ends

Rb/30

(b)

Post COLG

Hf 3Ta

Figure 7. (a) Rb/10-Hf-3Ta and (b) Rb/30-Hf-3Ta. VAG: volcanic arc granites, ORG: ocean ridge granites, WPG: within-
plate granites, Syn-COLG: syn-collision granites and Post-COLG: post-collision granites. Symbols as in figure 4(a).



192 Nana Hao et al.
10000 10000
(@) (b)
1000 | syn-COLG 1000 f syn-COLG
WPG
e}
o« 100 p i 100
Post-gela
10 | 10
o VAG ORG
1 " s L ! 1 L L
1 10 100 1000 10000 0.1 1 10 100 1000
Y+Nb Yb+Ta

Figure 8. (a) Rb/10-Hf-3Ta and (b) Rb/30-Hf-3Ta. VAG: volcanic arc granites, ORG: ocean ridge granites, WPG: within-
plate granites, Syn-COLG: syn-collision granites and Post-COLG: post-collision granites. Symbols as in figure 4(a).

with emplacement of bimodal post-orogenic. Post-
collision granite suites are a case of multisource
multiprocess magmatism.

Although the Late Silurian—Late Devonian gran-
itoids are post-collision granites that formed during
an intracontinental collision orogeny, according to
the characteristics of major and trace elements and
the rock sources, there are seemingly some dif-
ferences between the Late Silurian and Devonian
granites in evolution process of the tectonic setting;
that is, the mechanism for the formation of the gra-
nites may have varied over time. As Xiao et al.
(2002) suggested that the post-collision tectonic
setting experienced a long and complicated pro-
cess, including large-scale plate motion along
the shear zone, closure, lithosphere delamina-
tion, subduction of small oceanic plates, and the
formation of rifts coupled with various types of
magmatism. On the R1-R2 tectonic setting dis-
crimination diagrams (figure 9), the granitoids
are associated with the orogenic environment.
Although most of the granites are in the syn-
collision area, they may have only been emplaced
in the syn-collision stage and formed in a post-
collision stretch tectonic setting. Moreover, most
of the Late Devonian granites dropped into the
late-orogenic stage area, indicating the end of the
orogenic stage.

Therefore, the Late Silurian-Late Devonian
granitoids are post-collision granites that formed
during an intracontinental collision orogeny. This
special tectonic setting is also in accordance with
the complex composition sources.

Thus, based on the previous research results,
the authors consider the evolution process of
the subduction and even syn-collision have ended
at least before the Late Silurian (420 Ma)
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Figure 9. Plot of granites in Qimantagh area on the R1-R2
diagram of Batchelor and Bowden (1985). Symbols as in
figure 4(a).

(figure 10a). The paper concludes that the 420.6 +
2.6 Ma (sample K5, biotite monzonitic granite) and
421.2 + 1.9 Ma (sample K46-2, potassium granite)
samples were formed during a conversion period
involving syn-collision extruding orogenesis pro-
gressing towards a post-collision stretch tectonic
regime (420 Ma). These two samples were gener-
ated by partial melting of mafic lower crust that
was restored during the subduction and collision
periods (figure 10b). Next, lithosphere delamina-
tion may have occurred in the Early Devonian
under a layer of thickened continental crust. This
process lead to the upward gushing of mantle
magma, providing a heat (heats and melts crustal



FEvolution of Late Silurian—Late Devonian tectonic environment

(a)subduction ~Late Silurian (420Ma

—— — K
back-arc spreading

N

Late Silurian ~420Ma

N

(c) the early of post-collision

S

(d) the middle of post-collision

S

(e)the end of post-collision

%
A,
Relaminatio En
——

-Magma-Oceanic crustMContinental crust [ 2]Molasse
:lUpper mantle :’Asthenosphere Subduction complex

Figure 10. The Late Silurian-Late Devonian tectonic evo-
lution model in the Qimantagh area. (a) The subduction
and even syn-collision have ended at least before 420 Ma;
(b) a conversion period from syn-collision extruding oroge-
nesis to a post-collision stretch tectonic regime; (c) litho-
sphere delamination occurred under a layer of thickened con-
tinental crust; (d) lithosphere extension and thinning and
the continued upward movement of the mantle magma, and
the middle-shallow crustal rocks partially melted; (e) the
underplating of mantle-derived magma still existed.

material) and material source (mixes the molten
and mantle-derived magma that is infused into
the melting crust source) and resulting in the for-
mation of the 403.7 + 2.9 Ma K13-1 (granodior-
ite) sample (figure 10c), which reflects a mixture
of enriched subcontinental lithospheric mantle-
derived and lower crustal-derived magmas. In this
scenario, the lithospheric mantle-derived basaltic
melt first mixed with granitic magma of crustal
origin at depth. Then, the melts, which subse-
quently underwent a fractional crystallization and
crustal assimilation processes, could ascend to shal-
lower crustal levels to generate a variety of rock
types ranging from diorite to granite. The trend
from diorite to granite is also observed, especially
the Early Devonian and Late Devonian. With the
progressive lithosphere extension and thinning and
the continued upward movement of the mantle
magma, which provided uninterrupted heat and
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material sources to the crust until the Middle
Devonian period, the middle-shallow crustal rocks
partially melted, resulting in the formation
of the 391.3+3.2 MaK21-2 granite porphyry
(figure 10d), which underwent strong crystallisa-
tion differentiation, and belong to highly fractio-
nated granites. This type of relatively loose and
stretch post-collision tectonic setting lasted at least
until the early Late Devonian, resulting in the for-
mation of the 380.52 £ 0.92 Ma K36-2 (granodi-
orite) sample. In addition, there is a basic gabbro
mass of similar age (380.3 + 1.5 Ma) (Ren et al.
2012) in the same place that co-exists well with the
granitoid. This observation confirms the existence
of tectonic magmatic activity during this period;
namely, the underplating of mantle-derived magma
still existed in the Qimantagh area during the Late
Devonian (380 Ma). Eventually, the development
of the continental molasse in the Late Devonian
marked the end of the Qimantagh area’s Early
Paleozoic Caledonian orogenic cycle (figure 10e).

7. Conclusions

From our study of Late Silurian-Late Devonian
granitoids in the Qimantagh area of the East
Kunlun orogenic belt, we arrived at the following
conclusions:

e Multiperiodic magmatic activity existed in
the Qimantagh area during the Late Silurian
(approximately 420 Ma)-Late Devonian (appro-
ximately 380 Ma). The zircon U-Pb ages of 5 sam-
ples in the Qimantagh area are 420.6 + 2.6 Ma
(Nalingguole biotite monzogranite), 421.2 £+ 1.9
Ma (Wulanwuzhuer potassium granite), 403.7 +
2.9 Ma (Yemaquan granodiorite), 391.3 4+ 3.2 Ma
(Qunli granite porphyry), and 380.52 4+ 0.92 Ma
(Kayakedengtage granodiorite).

e The Late Silurian—Late Devonian granitoids
belong to the subalkaline, high-K calc-alkaline,
metaluminous or weakly or strongly peralumi-
nous series. The rocks are right oblique types,
having overall relative LREE enrichment and
HREE depletion and different degrees of Eu
anomalies, trending towards moderate Eu deple-
tion at different times, and are enriched in LILE,
such as Rb, Th and K, and HFSE, such as Zr
and Hf, and depleted in Ba, Nb, Ta, Sr, P, Eu,
and Ti.

e The Late Silurian—Late Devonian granitoids have
complex composition sources. The Late Silurian
granitoids are mainly crust-derived and mantle-
derived material was involved in the magma-
tism starting from the Early Devonian, as well
as the granitoid-contained characteristics of a
crust-mantle mixed source. Most of the Devonian
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granitoids are crust-mantle mixed-source, and
only some parts of them are crust-derived, espe-
cially the Middle Devonian granitoids.

® The Late Silurian—Late Devonian granitoids were
formed in a post-collision tectonic setting. Litho-
sphere delamination may have occurred in the
Early Devonian (407 Ma), and the study area
subsequently experienced an underplating of the
mantle-derived magma at least until the Late
Devonian (380 Ma).
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