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The East Kunlun Orogen is an important part of the East Tethys region and has received significant attention with
regards to the evolution of the Tethys Ocean. This contribution presents geochronological, whole-rock major and
trace element geochemical, and Sr-Nd-Hf isotopic data of magmatic rocks within the Kengdenongshe
polymetallic deposit in the eastern part of the East Kunlun Orogen. Here, we report zircon U—Pb ages of ca.
257 Ma and ca. 211 Ma for granite porphyry intrusions, and ca. 240 Ma for the rhyolitic tuff. These rocks are char-
acterized by high SiO,, variable Al,03 and K30, low Na,0, MgO and CaO contents, and high A/CNK ratios, which is
typical of S-type granitic rocks. They exhibit large-ion lithophile element enrichment, depletion of high field
strength elements, have low (La/Yb)y ratios, and negative Eu anomalies. They also display variable (37Sr/%55r);
ratios (0.709981 to 0.720907), negative enq (t) values (—8.7 to —5.5), and a wide (enriched) zircon ey
(t) range (—10.1 to —0.8). The geochemical and isotope data indicate magma derivation through dehydration
melting of heterogeneous crustal sources including clay-poor meta-sedimentary rocks and amphibolite, which
are both parts of the East Kunlun Orogen basement. These results provide evidence for the evolution of the
Paleo-Tethys Ocean in the East Kunlun Orogen including Late Permian (266-255 Ma) back-arc extension, Late
Permian to Middle Triassic (255-240 Ma) subduction, Middle Triassic (240-225 Ma) continental collision, and
Late Triassic (< 225 Ma) post-collisional extension. This study further suggests that the 257 Ma and 211 Ma gran-
ite porphyries are related to the asthenosphere upwelling in a back-arc basin and post-collision extensional set-
ting, respectively. The 240 Ma rhyolitic tuff is linked to anatexis associated with crustal thickening during
continental collision.
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1. Introduction

S-type granites are common constituents of collisional orogens and
are considered to be the markers of continental collision or post-
collisional events, as crustal thickening during continental collision
and post-collisional asthenospheric upwelling can induce crustal melt-
ing that is a key factor for generating S-type granitic rocks (e.g.
Barbarin, 1999; Liu and Zhao, 2018; Sylvester, 1998; Vernon, 1984). It
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has also been suggested that S-type granites could form in a back-arc
basin setting, explaining the generation of S-type granites in Circum-
Pacific orogens (Collins and Richards, 2008). S-type granites can provide
insights into the mechanism of crustal melting and help to further con-
strain the geodynamic processes of back-arc extension, continental col-
lision, and post-orogenic extension (Collins and Richards, 2008;
Sylvester, 1998).

The East Kunlun Orogen (EKO) is one of the major tectonic-
magmatic belts in the East Tethys domain. It records the history of ter-
rane accretion between Gondwana and Laurasia (Harris et al., 1988)
and the evolution of the Proto-Tethys Ocean in the Early Paleozoic and
the Paleo-Tethys Ocean during the Late Paleozoic to Mesozoic (Sengor,
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1979; Suess, 1981; Yin and Harrison, 2000; Mo et al., 2007; Liu et al.,
2017; Wu et al,, 2019). The opening of the Palo-Tethys Ocean at
345-333 Ma in the EKO is indicated by the presence of Carboniferous
ophiolites in the South Eastern Kunlun Suture (SEKS). Initial subduction
of the Palo-Tethys Ocean before 278 Ma is evidenced by Early Permian
arc magmatism (Chen et al,, 2001; Xiong, 2014). Numerous Late Perm-
ian to Triassic granitic rocks that were generated during the tectonic-
magmatic events associated with the Paleo-Tethys Ocean subduction
and subsequent continental collision are widely distributed in this re-
gion (Fig. 1; Ma et al., 2015; Chen et al., 2016; Dong et al., 2018; Xiong
et al,, 2019). Late Permian to Early Triassic calc-alkaline granite and
granodiorite with mafic magmatic enclaves are interpreted to have a
mixed source of oceanic slab and subcontinental mantle (Mo et al.,
2007; Xiong, 2014; Xiong et al.,, 2014). The Middle to Late Triassic me-
dium to high-K granitic rocks were mainly sourced from melting of oce-
anic slab or the lower continental crust during continental collision
(Huang et al., 2014; Wang et al., 2009). The evolutionary model of single
subduction in the Late Permian to Middle Triassic followed by Middle
Triassic continental collision has been established by studies on regional
magmatism (Chen et al., 2017; Xiong, 2014). However, the occurrence
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of regional mafic rocks and sedimentary units indicates that Late Perm-
ian back-arc extension was followed by continuous Late Permian to Tri-
assic subduction (Xiong et al., 2011; Zhao et al., 2019). A detailed study
of Late Permian to Triassic S-type granites in the EKO will provide a bet-
ter understanding of (1) the tectonic evolution of the Paleo-Tethys
Ocean, and (2) crustal melting processes in different tectonic settings
including back-arc extension and continental collision.

Late Permian to Triassic S-type granitic rocks were recently identi-
fied in the Kengdenongshe polymetallic deposit within the Gouli field
in eastern EKO (Fig. 2), which is the only known giant Au-Ag-Pb-Zn
polymetallic ore in the EKO. These S-type granitic rocks include the
Late Permian granite porphyry (Fig. 3, in drill core), Middle Triassic rhy-
olitic tuff, and Late Triassic granite porphyry (Fig. 3). Previous studies
showed that the mineralization is spatially and genetically associated
with Late Permian granite porphyry and Middle Triassic rhyolitic tuff
(Xia, 2017). Therefore, these magmatic rocks can provide information
on the tectonic setting and the genesis of the polymetallic deposit.

In this contribution, we present zircon U—Pb age, major and trace
element geochemical, and Sr-Nd-Hf isotopic data of the Late Permian
granite porphyry, ore-hosting Middle Triassic rhyolitic tuff, and Late

@) T I I 80° 90° 100°
(b)]
Qilian
Tarim Basin }R
e
Qinling
[40°
age
Lhasa N
-30° Lhasa block o
Fig 1(b) _%
v - o
Boundary 6/ ) _ = 08
) '( Himalaya block *
River 5 ) !
! ]
/ ’
0 1000km A Indian block
N
-~ -
(c) I *,\. =~ 235,219(3 N . ’
224(1 ST o) N\ N
RS ~~ —  228,234(4) 030 60__90km T W
. 0, N
p34(2) 22~2(2) % - Qaidama Basin \‘ >~ Wula “ .\
N\ . \\ - N =
\ 232-236(6 \ ~ \ ~
~ X < % . &5 255(6) 250(24) ) < N
b o o) 253(9) ==
N 237(5) ‘\ 7 \ \ \ \ |
‘ 230(6) |\ 216(25) TN
® 261(6) \
244(10) -\
X Q|_ || 29| 27g(19) | ANREN
\‘\ Kunlun = ! N 241(18)
~ ' Y | ~ 238(19)
ALY v N
36 v ) \ \
=~ East \_\ -3 | 262(27)
\\ — - T = —Kunlun=" Ulyre Oﬁ, \\
(PO . s, o . e
5 . 215(6) cea A )
Magmatism Sedimentary and Soul‘h ***** Eastern — — = — 7o 238(6\)\ /
volcanic rocks 205(6) 2441(8) Kunlun
[ ]Jurassic [ ] cenozoic Legend = /
. o . e o Age(Ma)and 258,255(12)~ / B\ Wen Ln
[l Permian to Triassic [__] Mesozoic ~ Fault 205(1) references 225(13)/// o (;1) S R gl‘
- , _ 218(14)// =
[ | girlﬁf_’i‘;'rf'anto [ Paleozoic @ City e felsicrocks 218( J/ ~ [N ’\,
- ) / 266(23)  Huashixia /253(21)55, 223(22)
35 [ proterozic [ ] Proterozoic ™ Ophiolite e maficrocks 255,252(15)' 345 (32)
92° 94° 96° 98° 1007
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Fig. 2. Geological map of the Gouli field showing the location of the Kengdenongshe polymetallic deposit. The age of the gabbro in the northern part of the Kengdenongshe is from Zhao

etal, 2019. SEKS: South Eastern Kunlun Orogen.

Triassic granite porphyry. The main objectives are to (1) obtain a better
understanding of the petrogenesis and tectonic setting of these Late
Permian to Triassic magmatic rocks, and (2) establish the evolution of
the Paleo-Tethys Ocean in the EKO.

2. Geological background
2.1. Geology of the EKO and Gouli area

The EKO, which is an important part of the Tibetan plateau, is sepa-
rated by the North Eastern Kunlun Suture Zone from the northern
Qaidam Basin and by the Altyn fault belt from the western Tarim
Basin. It borders the southern Hoh Xil-Songpan-Ganze complex and
the eastern Qinling orogenic belt (Fig. 1a,b, Yang et al., 1996; Xu et al.,
2015). Two regional faults run through the EKO, including the Central
Eastern Kunlun Suture (CEKS) and the SEKS (Fig. 1c). These two suture
belts are related to the closure of the Proto-Tethys Ocean in the Early Pa-
leozoic and the Paleo-Tethys Ocean in Mesozoic, respectively (Dong
et al.,, 2018). Early Cambrian (522-509 Ma) ophiolites in the CEKS re-
cord the opening of the Proto-Tethys whereas Early Carboniferous
ophiolites (345-333 Ma) in the SEKS record the opening of the Paleo-
Tethys Ocean (Fig. 1c, Yang et al., 1996; Chen et al., 2001).

The EKO basement comprises middle to high grade metamorphic
rocks of the Paleoproterozoic Jinshuikou Group (2366-1600 Ma, Wang
et al., 2007; Chen et al,, 2006; Zhang et al., 2003) and the Xiaomiao For-
mation (1600-1035 Ma, Chen et al., 2006; Jin et al., 2015; Wang et al.,
2004). The major rocks types are paragneiss, amphibolite, marble,

orthogneiss, and migmatite (He et al., 2016), and are unconformably
overlain by the weakly metamorphosed volcanic rocks of the Ordovi-
cian Naij-Tai Group and discontinuous Carboniferous to Jurassic sedi-
ments and volcanic rocks (Chen et al., 2017, Fig. 2).

Previous studies mainly focused on the regional Late Permian to Tri-
assic magmatic rocks and include the following: (1) Late Permian gab-
bro derived from melting of upwelling asthenosphere in a back-arc
basin (Zhao et al., 2019); (2) Late Permian to Early Triassic calc-
alkaline granite and granodiorite with mixed source of slab and subcon-
tinental mantle (Xiong, 2014; Cheng et al., 2017), and calc-alkaline
mafic rocks derived from enriched mantle wedge in a subduction zone
(Xiong et al., 2011; Zhao et al., 2018); (3) Middle to Late Triassic me-
dium to high-K granitic rocks sourced from melting of oceanic slab or
lower continental crust in a continental collision zone (Huang et al.,
2014; Wang et al., 2009). (4) Late Triassic mafic dykes derived from par-
tial melting of the asthenosphere (Liu et al., 2017), felsic rocks derived
from the partial melting of the thickened lower continental crust
(Ding et al., 2011; Luo et al., 2014; Yu et al., 2015) in a post-collision
setting.

The Gouli area is located in the eastern margin of the EKO (Fig. 1c).
NWW-trending structures, including the CEKS and SEKS, control the
distribution of regional strata and magmatism in the Gouli district
(Fig. 2). The basement rocks are comprised of Proterozoic mid- to
high-grade metamorphic rocks and exposed throughout the region.
The main geological units in the Gouli area from south to north are
the SEKS, Late Permian to Triassic volcanic rocks and granitic intrusions,
the CEKS, Kengdenongshe back-arc basin gabbro and the S-type
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Fig. 3. Simplified geological map of the Kengdenongshe area.

granites, and extensive Triassic intrusions. The SEKS in the most south-
ern area (Fig. 2) represents the suture belt. The Late Permian to Triassic
volcanic rocks and granitic intrusions in north of the SEKS comprise the
magmatic assemblage. The Kengdenongshe back-arc basin gabbro near
the CEKS suggests the back-arc basin. The extensive Triassic intrusions
in the north of the CEKS compose the continental arc crust (Chen
et al,, 2017; Ma et al., 2015; Xiong, 2014; Zhao et al., 2019).

2.2. Geology of the Kengdenongshe area

The Kengdenongshe area is characterized by WNW-trending
faults, which control the distribution of the strata and ore bodies
(Fig. 3). The ore bodies are hosted within the Late Permian to Trias-
sic rhyolitic tuff. The tuff is bordered to the south by limestone and
marble of the Carboniferous Haoteluowa Formation, and to the
north by schist and gneiss of the Paleoproterozoic Jinshuikou
Group (Fig. 3). Both the Haoteluowa Formation and Jinshuikou
Group are separated from the tuff by northeast dipping thrust faults,
which are several kilometers long and ca. 20 m wide. Late Permian
granite porphyries intruded into the Jinshuikou Group gneiss and
exposed in the northern part of the Kengdenongshe area, but they
were mainly found in drill core (Fig. 3). The tuff layer trends E-W
for more than 8 km, with a width of more than 1 km. Late Triassic
granite porphyry intruded the tuff and is exposed in the
Kengdenongshe area for about 400m?2.

3. Petrography and analytical methods

Late Permian granite porphyry found in the drill core (ZK305, Fig. 3)
is purple to red in hand specimen and exhibits porphyritic texture
(Fig. 4a), with quartz (30 vol%), plagioclase (15 vol%), and K-feldspar
(5 vol%) phenocrysts embedded in a fine-grained quartz and plagioclase
groundmass (50 vol%) (Fig. 4d-g). The plagioclase phenocrysts
(3-4 mm) form subhedral laths with occasional twinning. The K-

feldspar phenocrysts (up to 6 mm) are usually subhedral to euhedral.
Accessory minerals include zircon, titanite, biotite, and sericite (less
than 5 vol%), and sericite occurs as an alteration product near the
orebodies.

The tuff is grey to green in hand specimen (Fig. 4b) and comprises
less than 2 mm sized subhedral to euhedral quartz (25-30 vol%), plagio-
clase (10-15 vol%), and K-feldspar (5-10 vol%) phenocrysts in a felsic
groundmass (40-45%) with accessory zircon, titanite and Fe—Ti oxides
and slight alteration mineral of barite (Fig. 4h-k).

The Late Triassic granite porphyry is pale red to green in hand spec-
imen and exhibits porphyritic texture (Fig. 4c). The samples contain
subhedral to euhedral quartz (30 vol%), plagioclase (5 vol%) and
K-feldspar (5 vol%) phenocrysts (1-3 mm) (Fig. 41-0). The phenocrysts
are hosted in a groundmass of quartz (40%) and plagioclase (20%) with
accessory magnetite, apatite, zircon, and biotite (less than 5 vol%).

After the petrographic examination, zircons were picked for zircon
U—Pb dating and in-situ Lu—Hf isotopic analysis. Fresh whole-rock
samples were powdered to less than a 200-mesh size for whole-rock
major and trace element geochemistry and Sr—Nd isotopic analyses.
Detailed analytical procedures and methods are presented in
Appendix A.

4. Results
4.1. Zircon U—Pb geochronology

Cathodoluminescence images and U—Pb isotopic data for the zircon
grains from granite porphyries and rhyolitic tuff are shown in Table 1
and Figs. 5 and 6. The samples of Late Permian granite porphyry come
from drill core ZK0305 (Fig. 3). The zircon grains are colorless, mostly el-
lipsoidal shaped with lengths between 50 and 150 um (length-width ra-
tios between 1 and 3) (Fig. 5a). The grains exhibit clear oscillatory
zoning and Th/U ratios of 0.54-1.41, compared with typical features of
magmatic zircons (Hoskin and Schaltegger, 2003). All data plots close
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Fig. 4. Representative photos and photomicrographs of the Late Permian granite porphyry (a, d-g), Middle Triassic rhyolitic tuff (b, h-k) and Late Triassic granite porphyry (c, I-0).Plg =

plagioclase; Qz = quartz; Kfs = K-feldspar; Bio = biotite; Mu = muscovite; Brt = barite.

to the U—Pb Concordia line (Fig. 6a,b), yielding a weighted average
mean age of 257 £+ 2 Ma (MSWD = 0.48).

Zircon grains from rhyolitic tuff are light yellow, euhedral columnar
shaped crystals with lengths between 70 and 200 pm and length-width
ratios between 1 and 3 (Fig. 5b). They display clear oscillatory zoning
and varying Th/U ratios of 0.49-1.58, indicative of a magmatic origin
(Hoskin and Schaltegger, 2003). Sixteen data points yield a concordant

age of 240 4+ 2 Ma (MSWD = 0.74, Fig. 6¢,d), which is the same as the
weighted mean 2°°Pb/?38U age.

Zircon grains in Late Triassic granite porphyry are similar to those in
Late Permian granite porphyry with regards to shape, size, and length-
to-width ratio. However, they appear darker in the cathodolumi-
nescence images (Fig. 5¢). They exhibit clear oscillatory zoning and
have Th/U ratios of 0.48-1.43, indicating their magmatic origin



Table 1
LA-ICP-MS zircon U—Pb dating data of the Kengdenongshe granite porphyries and rhyolitic tuff.

Sample No Th U Th/U  U-Th-Pb isotopic ratio Age (Ma)

ppm 207Pb/206Pb 10 207Pb/235U 10 206Pb/238U 10 ZOSPb/232Th 10 207Pb/206pb 10 207pb/235U 10 ZOGPb/ZBSU 10 ZOSPb/ZBZTh 10
B0305-1 (Late Permian granite porphyry)
1 513 929 0.55 0.0720 0.0019  0.4008 0.0120  0.0404 0.0005  0.0179 0.0005 985 52 342 9 255 3 358 9
2 328 520 0.63 0.0610 0.0014  0.3447 0.0098  0.0410 0.0005  0.0152 0.0004 640 50 301 7 259 3 305 8
3 305 566 0.54 0.0609 0.0014  0.3426 0.0096  0.0408 0.0005  0.0156 0.0004 634 49 299 7 258 3 312 8
4 284 390 0.73 0.0676 0.0018  0.3792 0.0119  0.0407 0.0006  0.0168 0.0006 856 55 327 9 257 3 336 12
5 766 543 141 0.0625 0.0019  0.3534 0.0122  0.0410 0.0006  0.0135 0.0004 692 65 307 9 259 4 271 7
6 440 815 0.54 0.0682 0.0017  0.3809 0.0111  0.0405 0.0005  0.0173 0.0005 875 49 328 8 256 3 347 10
7 712 1172 0.61 0.0915 0.0021  0.5149 0.0146  0.0408 0.0005  0.0227 0.0007 1456 44 422 10 258 3 453 13
8 781 1294  0.60 0.0928 0.0024  0.5190 0.0158  0.0406 0.0006  0.0227 0.0007 1483 49 425 11 257 3 453 14
9 630 1155 055 0.0636 0.0017  0.3512 0.0110  0.0401 0.0006  0.0167 0.0004 728 55 306 8 253 3 335 8
10 423 481 0.88 0.0539 0.0014  0.3053 0.0094  0.0411 0.0006  0.0129 0.0003 367 58 271 7 260 3 260 6
11 689 713 0.97 0.0692 0.0017  0.3877 0.0114  0.0406 0.0006  0.0150 0.0004 905 50 333 8 257 3 300 8
12 297 459 0.65 0.0625 0.0017  0.3520 0.0109  0.0409 0.0006  0.0156 0.0004 690 55 306 8 258 3 312 9
13 679 1024  0.66 0.0566 0.0014  0.3145 0.0095  0.0403 0.0006  0.0141 0.0004 476 55 278 7 255 3 282 8
14 702 1239 057 0.0585 0.0016  0.3257 0.0102  0.0404 0.0006  0.0159 0.0005 547 57 286 8 256 3 318 10
B0808-5-6 (Rhyolitic tuff)
1 314 343 0.92 0.0546 0.0016  0.2889 0.0097  0.0384 0.0005  0.0128 0.0005 396 63 258 8 243 3 258 10
2 794 1069  0.74 0.0778 0.0019  0.4036 0.0121  0.0376 0.0005  0.0180 0.0007 1142 48 344 9 238 3 361 14
3 726 1042 070 0.1057 0.0036  0.5636 0.0208  0.0387 0.0006  0.0231 0.0010 1727 60 454 14 245 4 461 19
4 764 1295 059 0.0565 0.0015  0.2960 0.0092  0.0380 0.0005  0.0148 0.0006 470 57 263 7 241 3 298 12
5 782 1148  0.68 0.0869 0.0025  0.4421 0.0146  0.0369 0.0005  0.0189 0.0008 1358 54 372 10 234 3 378 16
6 1371 1869 0.73 0.1241 0.0030  0.6457 0.0190  0.0378 0.0005  0.0255 0.0011 2016 42 506 12 239 3 508 22
7 499 1019 049 0.0623 0.0017  0.3253 0.0105  0.0379 0.0005  0.0151 0.0007 686 57 286 8 240 3 304 14
8 252 456 0.55 0.0678 0.0025  0.3524 0.0142  0.0377 0.0006  0.0151 0.0008 862 75 307 11 239 4 304 15
9 426 574 0.74 0.1145 0.0038  0.5955 0.0220  0.0377 0.0006  0.0204 0.0011 1872 59 474 14 239 4 408 21
10 548 970 0.56 0.0786 0.0021  0.4137 0.0133  0.0382 0.0005  0.0200 0.0011 1163 53 352 10 242 3 401 21
11 768 1320 058 0.1098 0.0026  0.5721 0.0163  0.0378 0.0005  0.0278 0.0008 1796 43 459 11 239 3 554 15
12 2090 1324 158 0.1355 0.0031  0.7111 0.0198  0.0381 0.0005  0.0177 0.0005 2171 39 545 12 241 3 354 10
13 1115 1526  0.73 0.1489 0.0033  0.7925 0.0217  0.0386 0.0005  0.0302 0.0009 2334 38 593 12 244 3 602 18
14 942 1531 061 0.0717 0.0016  0.3694 0.0103  0.0374 0.0005  0.0184 0.0006 977 46 319 8 237 3 369 11
15 776 1261  0.62 0.0724 0.0020  0.3732 0.0117  0.0374 0.0005  0.0157 0.0005 998 54 322 9 237 3 314 11
16 585 1013 058 0.1315 0.0031  0.6921 0.0200  0.0382 0.0005  0.0390 0.0015 2118 41 534 12 242 3 774 29
B0008-1-4 (Late Triassic granite porphyry)
1 500 798 0.63 0.0578 0.0018  0.2639 0.0094  0.0331 0.0005  0.0229 0.0006 523 69 238 8 210 3 458 12
2 756 1293 058 0.0596 0.0014 0.2749 0.0080  0.0335 0.0005  0.0140 0.0004 588 50 247 6 212 3 282 7
3 520 1080 048 0.0573 0.0014  0.2652 0.0079  0.0336 0.0005  0.0136 0.0004 501 53 239 6 213 3 272 7
4 872 1376  0.63 0.0556 0.0012  0.2529 0.0071  0.0330 0.0005  0.0132 0.0004 435 49 229 6 209 3 264 7
5 430 719 0.60 0.0771 0.0018  0.3521 0.0102  0.0331 0.0005  0.0146 0.0004 1124 46 306 8 210 3 293 8
6 616 764 0.81 0.0780 0.0025  0.3649 0.0129  0.0339 0.0005  0.0169 0.0005 1148 62 316 10 215 3 339 11
7 1149 1437 0.80 0.0570 0.0013  0.2617 0.0073  0.0333 0.0005  0.0120 0.0004 490 48 236 6 211 3 242 7
8 656 1161 057 0.0571 0.0018  0.2624 0.0092  0.0333 0.0005  0.0104 0.0004 496 68 237 7 211 3 209 7
9 1256 1310 0.96 0.0666 0.0015  0.3059 0.0085  0.0333 0.0005  0.0119 0.0003 826 45 271 7 211 3 238 5
10 853 932 0.92 0.0525 0.0016  0.2425 0.0084  0.0335 0.0005 0.0114 0.0003 307 68 220 7 212 3 230 6
11 330 687 0.48 0.0537 0.0017  0.2508 0.0089  0.0339 0.0005  0.0105 0.0003 360 70 227 7 215 3 212 6
12 1228 861 143 0.0662 0.0017  0.3044 0.0094  0.0334 0.0005  0.0111 0.0003 811 53 270 7 212 3 223 6
13 578 900 0.64 0.0543 0.0022  0.2568 0.0109  0.0343 0.0005  0.0125 0.0004 381 86 232 9 218 3 251 8

9FpS01 (020Z) 19€-09€ soya /v 3a ovyz X
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(a) Late Permian granite porphyry

(b)Middle Triassic rhyolitic tuff
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(c) Late Triassic granite porphyry

Fig. 5. Representative cathodoluminescence images of zircon grains with location of U—Pb (solid circle) and Hf (dotted circle) isotopic analysis for (a) Late Permian granite porphyry,
(b) Middle Triassic rhyolitic tuff and (c) Late Triassic granite porphyry. The numbers before the brackets are the U—Pb ages and within the brackets are the g (t) values.

(Hoskin and Schaltegger, 2003). Thirteen grains from this sample plot
on the Concordia line and yield a weighted mean 2°°Pb/2*8U extrusive
age of 211 £+ 2 Ma (MSWD = 0.57, Fig. 6e-f).

4.2. Major and trace elements geochemistry

The whole-rock major and trace element compositions are pre-
sented in Table 2. The granite porphyries display relatively high LOI
(loss on ignition) values, suggesting that they possibly underwent alter-
ation after emplacement. Overall, only Ba and U contents from the gran-
ite porphyries are inconsistent and show linear correlation with LOI
values (Figs. 8a and 9). Considering that the later formation of barites
due to hydrothermal alteration is prevalent in the Kengdenongshe
area (Xia, 2017), we infer that the Ba contents of these rocks were al-
tered. However, the samples from the granite porphyries have consis-
tent contents of other elements (e.g. Sr, K, and LREE) (Fig. 9), and
these elements do not show a linear correlation with the LOI values
(Fig. 8b,c). Therefore, except Ba and U, the other elements can be used
to trace the petrogenesis and tectonic setting of the granite porphyries.
As for the rhyolitic tuff, only the sample BO806-0-1 contains some al-
tered minerals including sericite and chlorite and has inconsistent ele-
mental and isotopic composition with other samples, indicating
alteration effect. Other samples with low LOI values and consistent com-
positions can be used to evaluate the petrogenesis and tectonic setting.

The Late Permian granite porphyry shows relatively more variable
Si0, (69.3-76.3 wt%), Al,03 (10.80-13.00 wt%), lower MgO
(1.95-3.12 wt%) and higher K,0 (5.70-7.70 wt%) contents than the
Late Triassic granite porphyry (SiO, = 72.9-75.9 wt%, AlLbO3 =
11.05-11.80 wt%, MgO = 2.76-4.89 wt%, K,0 = 3.07-6.81 wt%). Both
of the rocks show low CaO (<0.20 wt%) and Na,O contents
(<1.10 wt%) and high A/CNK ratios (1.40-3.03), which are characteristic
of S-type granites (Fig. 7). The major oxides show negative correlations
with SiO, (Fig. 8), indicating fractional crystallization during magma
evolution. The granite porphyries show enrichment of the incompatible
elements (e.g., Rb, Th, and U) and depletion of high field strength ele-
ments (HFSE: e.g., Nb, Ta, and Ti) (Fig. 9). They exhibit moderate light
rare earth element (LREE) enrichment relative to heavy rare earth ele-
ment (HREE), and a negative Eu anomaly, with (La/Yb)y ratios of
8.48-11.19 and Eu/Eu* values of 0.24-0.36. The trace element geochem-
istry also indicates an upper continental crust (UCC) affinity (Fig. 9).

The rhyolitic tuff shows high SiO, contents, variable Al,05 and K50
contents, and low MgO, Na,0 and CaO contents, and A/CNK ratios of
1.06-2.86. It is also characterized by the enrichment of incompatible

elements (Rb, Ba, Th, and U) and the depletion of HFSE (Nb, Ta, P, and
Ti) (Fig.9). The (La/Yb)y ratios of 5.86-20.06 and Eu/Eu*of 0.39-0.77 in-
dicate LREE enrichment and the presence of a negative Eu anomaly.
These geochemical features are similar to those of the granite porphy-
ries and indicate a UCC affinity.

4.3. Whole-rock Sr and Nd isotopes

The Sr—Nd isotopic compositions of the granite porphyries and rhy-
olitic tuff are presented in Table 3 and Fig. 10a. The Late Permian granite
porphyry has an (87Sr/%Sr); of 0.709918, exg (t) values of —6.0, and
two-stage Nd model age, Topym (Nd), of 1.49 Ga. The rhyolitic tuff has
variable Sr—Nd isotopic compositions with (87Sr/%6Sr); ranging be-
tween 0.711666 and 0.720325, eng (t) ranging between —8.4
and —5.7, and T,py (Nd) between 1.31 and 1.84 Ga. The outlier sample
in Fig. 10a is the altered sample B0806-0-1. The Late Triassic granite
porphyry has a narrow range of (87Sr/%6sr); (0.718115-0.719052),
end (t) (—6.3 to —6.4), and Topv (Nd) (1.40-1.50 Ga).

4.4. Zircon Lu—Hf isotopes

The Lu—Hf isotopic data of zircons from the granite porphyries and
rhyolitic tuff are illustrated in Table 4 and Fig. 10b-d. The Late Permian
granite porphyry displays relatively homogeneous %°Hf/!””Hf ratios of
0.282479 to 0.282605 and & (t) values from —4.9 to —0.1 with Topy
(Hf) values from 1.61-1.95 Ga. The rhyolitic tuff has variable
166Hf/177Hf ratios of 0.282304 to 0.282662, & (t) values from —11.6
to +0.5 and Topy (Hf) values from 1.03-1.73 Ga. The Late Triassic gran-
ite porphyry displays '*®Hf/!””Hf ratios of 0.282424 to 0.282776 and &y¢
(t) values of —12.3 to +-0.1, and has an ancient Topy (Hf) values ranging
between 1.67 and 2.17 Ga.

5. Discussion
5.1. Rock classification

Granitic rocks are generally divided into A-, M- I-, and S- types ac-
cording to their petrographic and geochemical characteristics
(Chappell, 1999). The Kengdenongshe granite porphyries and rhyolitic
tuff are characterized by the absence of alkali mafic minerals, low
FeO", and high Ba contents (Fig. 9), and are therefore not A-type granites
(Bonin, 2007; Jia et al., 2009). They display enriched Nd—Hf isotopic
compositions, high SiO, contents (>69.0 wt%), which excludes them to
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Fig. 6. Zircon U—Pb Concordia plots and bar charts for (a) Late Permian granite porphyry, (b) Middle Triassic rhyolitic tuff and (c) Late Triassic granite porphyry.

be classified as mantle-derived M-type granites (Whalen, 1985) that
typically show low SiO, contents and depleted isotopic compositions
(Collins et al., 1982; Pitcher, 1983).

The late Permian to late Triassic granite porphyries and rhyolitic tuff
show high SiO, contents and A/CNK ratios of 1.06-3.03. These geochem-
ical features indicate their high silica and peraluminous nature
(Fig. 7a,b), which are similar to those of S-type granites or highly frac-
tionated I-type granites (Chappell, 1999; Clemens, 2003). The evolution
of the granite porphyries and rhyolitic tuff via fractional crystallization of
feldspar and plagioclase is supported by the Harker diagrams in which
SiO, shows a negative correlation with both Al,05 and K,O (Fig. 8d,e),

and strong negative Eu anomaly. The relationships between Rb and Sr,
and the Y/Sr and Rb/Sr ratios (Fig. 11a,b) also indicate fractional crystal-
lization of K-feldspar and plagioclase. The granite porphyries exhibit a
negative correlation between SiO, and MgO, FeO" and TiO, (Fig. 8g-i),
further suggesting fractional crystallization of ferromagnesian minerals
and Fe—Ti oxides. Although fractional crystallization occurred during
magmatic evolution, the formation of these rocks is mainly controlled
by partial melting, as suggested by the positive correlation between La
and the La/Sm ratio (Fig. 11c). The samples have relatively high Zr and
Zr/Hf ratio values, which are different from those of highly fractionated
I-type granites, and they occur in the field of unfractionated granites in
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Table 2

Major elements (wt%) and trace elements (ppm) data of samples from Kengdenongshe granite porphyries and rhyolitic tuff.
Samples B0303-0-2 B0305-1 B0305-2 B0305-3 B0305-4 B0806-0-1 B0806-4-1 B0806-26-5 B0806-28-1 B0806-29-2

Late Permian granite porphyry Rhyolitic tuff
Si0, 76.3 69.3 72.5 70.0 74.6 772 80.7 83.1 80.4 794
TiO, 0.08 0.10 0.09 0.10 0.09 0.16 0.05 0.07 0.07 0.07
Al,04 10.80 12.45 13.00 12.33 12.09 12.75 9.89 8.20 8.98 8.44
Fe,03 0.88 1.20 0.73 1.19 0.92 1.96 043 0.25 0.45 0.09
MgO 1.95 3.12 2.30 3.09 2.57 0.58 0.57 0.83 1.11 0.12
Ca0 0.05 0.06 0.20 0.06 0.12 0.05 0.02 0.22 0.30 0.18
Na,0 0.57 0.31 1.08 0.31 0.66 0.24 0.09 0.06 0.03 0.13
K,0 5.70 7.70 6.29 7.62 6.65 4.63 5.22 345 3.02 7.01
P,05 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.01
LOI 2.80 4.27 345 423 2.67 2.19 1.55 1.82 2.38 0.92
A/NK 1.52 1.40 1.51 1.40 1.46 2.35 1.70 213 2.70 1.08
A/CNK 1.51 1.40 1.48 1.40 1.44 233 1.70 2.03 2.49 1.06
Sc 9.73 13.30 12.30 13.17 12.16 8.18 8.60 5.49 6.79 10.40
v 6.73 15.70 10.40 15.54 12.40 20.70 7.98 84.70 138.00 5.34
Cr 5.52 4.49 6.52 445 5.23 13.00 6.89 7.58 5.19 8.65
Co 234 154 169 152 153 71 179 299 118 486
Ni 92.8 64.9 66.3 64.3 62.3 31.8 86.4 143.0 441 202.0
Ga 22.7 31.0 284 30.7 28.2 321 22.7 242 249 13.0
Rb 15.5 22.8 243 22.6 224 23.7 14.0 5.6 14.1 3.1
Sr 63 84 148 83 110 39 98 295 457 434
Y 50 51 46 50 46 44 32.7 35.1 36.8 30.8
Zr 167 193 196 191 185 290 141 155 148 136
Nb 15.5 2238 243 22,6 224 23.7 14.0 5.6 141 31
Ba 6950 12,400 10,700 12,276 10,973 2210 19,500 14,700 40,600 34,900
La 583 70.3 73.7 69.6 68.4 101.0 393 52.6 55.7 51.1
Ce 95 115 123 114 113 173 66 87 91 85
Pr 10.20 12.30 13.00 12.18 12.02 17.70 7.27 9.27 9.74 8.79
Sm 6.42 7.50 7.60 7.43 717 9.63 5.30 5.44 6.08 5.25
Nd 335 40.0 41.8 39.6 389 55.7 254 29.9 323 284
Eu 0.76 0.68 0.59 0.68 0.60 1.80 0.71 1.12 139 1.28
Gd 6.27 7.32 6.89 7.24 6.75 8.09 4.77 5.19 7.19 4.78
Tb 1.10 1.18 113 1.17 1.10 1.27 0.80 0.79 0.88 0.75
Dy 6.90 7.53 6.74 7.45 6.78 6.96 5.00 4.82 5.23 4.57
Ho 1.50 1.62 145 1.60 1.46 143 1.09 1.05 1.12 0.95
Er 4.54 4.92 4.60 4.87 4.52 4.38 3.47 332 343 2.84
Tm 0.71 0.79 0.72 0.78 0.72 0.68 0.57 0.52 0.56 0.44
Yb 493 5.54 5.05 5.48 5.03 4.80 4.11 3.73 3.80 293
Lu 0.77 0.88 0.79 0.87 0.79 0.75 0.65 0.59 0.58 043
Hf 5.53 6.45 6.62 6.39 6.21 843 5.52 4.67 4.68 4.10
Ta 3.7 4.0 4.1 39 39 29 3.6 3.8 2.1 42
Pb 126 56 87 56 68 59 290 49 62 48
Th 31.5 37.8 40.8 374 373 535 269 23.1 25.8 203
§) 121 73 7.1 7.2 6.8 10.8 7.9 5.7 4.6 11.7
(La/Yb)n 8.48 9.10 1047 9.10 9.75 15.09 6.86 10.12 10.51 12.51
Eu/Eu* 0.36 0.28 0.24 0.28 0.26 0.61 0.42 0.64 0.64 0.77
Samples B0806-29-3 B0808-5-6 B0303-8-1 B0303-11-1 B0008-1-2 B0008-1-3 B0008-1-4 B0008-1-5 B0008-1-6
Rhyolitic tuff Late Triassic granite porphyry

Si0, 76.6 82.0 90.1 834 729 75.9 729 74.8 744
TiO, 0.08 0.04 0.08 0.13 0.09 0.08 0.09 0.09 0.09
Al,04 12.00 8.39 4.40 7.00 11.80 11.05 11.80 11.48 11.43
Fe,0; 0.44 0.53 0.27 0.30 1.55 0.91 1.03 1.24 0.97
MgO 0.88 1.82 0.50 0.91 4.89 2.76 2.98 3.84 2.87
Ca0 0.14 0.10 0.01 0.56 0.04 0.09 0.19 0.07 0.14
Na,0 0.10 0.13 0.02 0.07 0.32 0.27 0.24 0.30 0.26
K>0 7.19 4.24 1.38 2.10 3.07 5.14 6.81 413 5.43
P,05 0.02 0.01 0.01 0.03 0.02 0.02 0.02 0.02 0.02
LOI 1.56 2.12 1.43 2.96 5.24 2.73 333 4.00 3.03
A/NK 1.51 1.74 2.88 2.92 3.06 1.84 1.52 231 1.81
A/CNK 148 1.71 2.86 2.41 3.03 1.81 1.48 2.29 1.77
Sc 12.10 6.23 4.56 6.24 5.83 6.95 11.90 6.42 943
\ 11.60 4.83 20.70 22.40 15.30 12.70 8.38 14.07 10.54
Cr 8.66 6.35 9.14 8.76 9.59 544 14.30 7.55 9.87
Co 240 249 391 350 124 136 190 131 163
Ni 116.0 117.0 155.0 135.0 49.1 55.6 97.4 52.6 76.5
Ga 232 176 16.6 11.7 35.2 26.5 20.5 31.0 235
Rb 18.0 119 0.7 24 20.7 19.8 17.7 204 18.8
Sr 158 48 352 562 27 52 80 39 66
Y 48.5 46.5 34 342 44 37 42 41 39
Zr 177 105 113 156 163 168 171 166 170
Nb 18.0 119 0.7 24 20.7 19.8 17.7 204 18.8
Ba 13,900 6310 21,100 27,400 715 8490 16,400 4626 12,446

(continued on next page)
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Table 2 (continued)
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Samples B0806-29-3 B0808-5-6 B0303-8-1 B0303-11-1 B0008-1-2 B0008-1-3 B0008-1-4 B0008-1-5 B0008-1-6
Rhyolitic tuff Late Triassic granite porphyry

La 66.6 394 28.1 46.7 60.3 64.4 61.4 62.7 62.9
Ce 111 71 43 72 104 107 105 106 106
Pr 11.80 7.70 434 7.62 10.90 11.50 11.40 11.26 11.45
Sm 7.33 6.06 2.51 418 6.17 6.83 7.20 6.53 7.02
Nd 37.8 26.7 14.1 243 34.2 36.7 37.0 35.6 36.9
Eu 0.99 0.79 0.65 0.73 0.60 0.70 0.70 0.66 0.70
Gd 6.75 6.15 2.83 443 5.83 6.34 7.14 6.12 6.74
Tb 1.15 1.08 0.37 0.48 0.99 1.00 1.12 1.00 1.06
Dy 7.07 6.87 2.18 2.42 6.10 5.80 6.82 5.98 6.31
Ho 1.50 1.48 0.46 0.51 1.35 1.26 1.44 131 1.35
Er 4.49 4.43 141 1.57 423 3.87 4.40 4.07 4.14
Tm 0.70 0.70 0.23 0.24 0.68 0.61 0.67 0.65 0.64
Yb 494 4.82 1.57 1.67 4.68 413 4.66 443 4.40
Lu 0.76 0.73 0.24 0.27 0.72 0.65 0.73 0.69 0.69
Hf 5.84 4.23 3.11 4.03 5.16 5.42 5.71 532 5.57
Ta 4.5 34 1.5 3.2 29 31 29 3.0 3.0
Pb 118 192 918 138 395 368 46 383 207
Th 341 22.4 10.1 149 30.5 33.0 325 31.9 32.8
U 6.0 6.0 34 2.5 104 49 5.9 7.7 54
(La/Yb)n 9.67 5.86 12.84 20.06 9.24 11.19 9.45 10.15 10.27
Eu/Eu* 0.42 0.39 0.75 0.51 0.30 0.32 0.30 0.31 0.31

LOI = loss of ignition, A/NK = Al/Na + K in atomic ratio, A/CNK = Al/Ca + Na + K in atomic ratio. The La and Yb contents of chondrite used to calculate (La/Yb)N are from Sun and
McDonough (1989).

Fig. 11d. Thus, these granitic rocks can be classified as S-type rather than
highly fractioned I-type granites. The occurrence of muscovite and the
absence of amphibole as an accessory mineral is also typical of S-type
granites (e.g., Jiao et al., 2015). The La vs SiO, and Y vs Rb diagrams
(Fig. 7c,d) confirm the S-type affinity of the granite porphyries and rhy-

olitic tuff.
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5.2. Tectonic evolution of the EKO from back-arc extension to continental

collision and Post-collision

The EKO is linked to the evolution of the Palo-Tethys Ocean and sub-
sequent continental collision during the Permian and Triassic. As men-
tioned above, the model based on studies of regional I-type granitic
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Fig. 7. (a) Na,0 + K30 vs SiO, diagram (after Middlemost, 1994); (b) A/CNK vs SiO, diagram; (c) La vs SiO, diagram, and (d) Y vs Rb diagram for the Late Permian granite porphyry, Middle
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Fig. 8. Selected oxide plot for the Late Permian granite porphyry, Middle Triassic rhyolitic tuff, and Late Triassic granite porphyry.

rocks, which envisages single subduction of the Palo-Tethys Ocean from
Late Permian to Early Triassic, is inconsistent with the distribution of re-
gional mafic intrusions and sedimentary rocks, and lacks evidence from
the studies on regional S-type granites. Therefore, we revised the tec-
tonic evolution of the East Kunlun Orogen during Late Permian to Late
Triassic in combination with regional granitic rocks, mafic intrusions,
sedimentary units, structure, and crust maturity.

The petrographic observations and geochemical characteristics of
the 257 Ma granite porphyry, 240 Ma rhyolitic tuff, and 211 Ma granite
porphyry, suggest that they belong to S-type granitic rocks, which are
typically considered to form during continental collision or in a post-
collision setting (e.g., Barbarin, 1999; Liu and Zhao, 2018; Sylvester,
1998; Vernon, 1984; Wang et al., 2018; Zhu et al., 2018). Moreover,
the S-type rocks are also used to constrain the back-arc extensional set-
tings in subduction zones (e.g. Collins and Richards, 2008; Zhu et al.,
2018).

The 257 Ma granite porphyry has relatively high Zr + Nb + Ce + Y
contents (Fig. 11d). This geochemical feature is similar to the granitic
rocks forming in an extension setting (Whalen et al., 1987) and thus

suggesting that the 257 Ma granite porphyry may also have been gener-
ated in an extension setting. Nearby the Kengdenongshe area, the Late
Permian mafic rocks (266-262 Ma, Kong et al., 2017; Zhao et al,,
2019), which were derived from partial melting of upwelling astheno-
sphere, show a geochemical affinity with back-arc basin basalt, suggest-
ing Late Permian back-arc extension. Furthermore, the Kengdenongshe
area is located north of numerous arc magmatic rock occurrences (situ-
ated between the SEKS and CEKS, Xiong, 2014), which indicate that the
Late Permian S-type granite and mafic rocks were generated within a
back-arc area.

Regional Late Permian to Middle Triassic (266-242 Ma) basic mag-
matic rocks (Fig. 1¢) display a tholeiite to calc-alkaline geochemical sig-
nature while the tectonic settings changes from back-arc basin to
continental arc (Zhao et al.,, 2019). The granitic intrusions can be classi-
fied with the 255-240 Ma calc-alkaline granite and granodiorite, which
are considered to have been formed by mixing of slab-derived felsic
magma and subcontinental mantle-derived mafic magma during oce-
anic subduction (Dong et al., 2018; Xiong et al., 2014), and
240-225 Ma high-K calc-alkaline granitic rocks which were sourced
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from oceanic-slab melting or melting of a thickened lower continental
crust associated with continental collision (Song et al., 2013; Wang
et al., 2009). The change from Early Triassic medium-K calc-alkaline to
Middle and Late Triassic high-K calc-alkaline magmatism reflects the
changes of crustal maturity during the transition from oceanic subduc-
tion to continental collision in the Middle Triassic (Deng et al., 2015).
Furthermore, the transformation from open to tight folding during the
Middle Triassic is consistent with the transformation from oceanic sub-
duction to continental collision (Li, 2012). The unconformable contact
between Early to Middle Triassic marine Xilikete Formation sedimen-
tary and Middle to Late Triassic lake facies Babaoshan Formation sug-
gests that the ocean had disappeared before the sedimentation of the
Middle Triassic Babaoshan Formation (Chen et al., 2017). Therefore,
the Middle Triassic S-type rhyolitic tuff should have been generated in
a collisional setting.

The Late Triassic granite porphyry has similar geochemical features
as the Late Permian granite porphyry with high Zr + Nb 4+ Ce +Y
values, which suggests that it may also have been generated in an ex-
tensional setting including a back-arc basin and post-collision setting.
In the EKO, the Late Triassic mafic rocks (216 Ma, Fig. 1¢) are considered
to be derived from partial melting of a mixed mantle source composed
of enriched lithospheric mantle and MORB-type asthenospheric mantle
(Liu et al,, 2017), and are associated with post-collisional extension and
related orogenic collapse (Hu et al., 2016). The occurrence of regional
Late Triassic A-type granites (Ding et al., 2011; Hu et al., 2016; Yu
et al, 2015) also indicates Late Triassic post-collisional extension. Fur-
thermore, the materials derived from upwelling asthenosphere and
delaminated lithosphere contributed to the generation of regional Late
Triassic granitic rocks (Hu et al., 2016; Luo et al., 2014; Yu et al,,
2015), confirming asthenosphere upwelling in a Late Triassic post-
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Table 3

Sr—Nd isotopic compositions of samples from the Kengdenongshe granite porphyries and rhyolitic tuff.
Number Samples Age(Ma)  ®7Rb/%6sr  87sr/®5sr 120 (37sr/%5sr);  7Sm/'INd °Nd/'Nd  +£20 eNd(t) Topm(Ga) Tpm(Ga)
B0303-0-2 granite porphyry 257 11.68 0.75250  0.00004 0.709918 0.115847 0.512195 0.000012 —6.0 1.51 1.49
B0303-11-1  rhyolitic tuff 240 0.75 0.71439  0.00006 0.711666 0.103983 0.512203 0.000008 —5.5 1.47 132
B0806-0-1 rhyolitic tuff 240 32.36 0.83070  0.00004 0.720325 0.104508 0.512049 0.000012 —8.7 1.72 1.54
B0806-4-1 rhyolitic tuff 240 8.94 0.74218  0.00004 0.711689 0.126135 0.512208 0.000012 —6.2 1.52 1.64
B0806-28-1  rhyolitic tuff 240 1.66 0.71748  0.00004 0.711817 0.113787 0.512190 0.000008 —6.2 1.52 1.47
B0806-29-3  rhyolitic tuff 240 7.68 0.73903  0.00006 0.712842 0.117221 0.512189 0.000016 —6.3 1.53 1.52
B0808-5-6 rhyolitic tuff 240 15.04 0.76504  0.00006 0.713752 0.137201 0.512224 0.000010 —6.3 1.52 1.84
B0008-1-2 granite porphyry 211 2211 0.78729  0.00006  0.720907 0.109057 0.512191 0.000010 —6.4 1.51 1.40
B0008-1-3 granite porphyry 211 16.22 0.76680  0.00006 0.718115 0.112499 0.512193 0.000010 —6.4 1.51 1.44
B0008-1-4 granite porphyry 211 11.31 0.75301 0.00006  0.719052 0.117632 0.512205 0.000010 —6.3 1.50 1.50

(37Sr/%6Sr); and engq(t) values are calculated at t = 266 Ma based on present-day (*47Sm/***Nd)cur = 0.1967 and (***Nd/***Nd)cur = 0.512638.
Tapm values are calculated based on present-day ('47Sm/'**Nd)py = 0.2137 and (***Nd/'**Nd)py = 0.51315. Ngp = 1.42 x 107! year~! (Steiger and Jager, 1977), Ngm =

6.54 x 107 "2 year™' (Lugmair and Marti, 1978).

collision extensional setting. Therefore, the 211 Ma granite porphyry
was likely generated in a post-collision extensional setting.

In summary, the tectonic evolution of the EKO during Late Permian
to Late Triassic involved five stages: (1) Initial subduction of the
Paleo-Tethys Ocean commencing before 278 Ma; (2) Late Permian
back-arc extension (Fig. 13a); (3) Late Permian to Early Triassic active
subduction of the Paleo-Tethys Ocean (Fig. 13b); (4) Middle Triassic

continental collision (Fig. 13c); (5) Late Triassic post-collisional exten-
sional setting (Fig. 13d).

5.3. Multi-stage melting of upper continental crust

It has been proposed that peraluminous melts can be produced by
dehydration melting of metaluminous protoliths at low HO-activity
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Table 4
Hf isotopic data for zircons of sample B0305-1 from Late Permian granite porphyry, B0808-5-6 from rhyolitic tuff and BO008-1-4 from Late Triassic granite porphyry.

Number 176yp 1 77HE 17614/ 77HE 178Hf/ TTHE 20 enr(0) eqe(t) 20 Tpm(Hf) (Ga) Tpmz(Hf) (Ga) FLumr
B0305-1 Late Permian granite porphyry

1 0.035819 0.001445 0.282549 0.000022 —-79 —-25 13 1.01 1.75 —0.96
2 0.041447 0.001683 0.282566 0.000023 -73 -1.9 13 0.99 1.71 —0.95
3 0.024241 0.001006 0.282479 0.000021 —104 —49 13 1.09 1.95 —0.97
4 0.040920 0.001625 0.282523 0.000024 —8.8 —34 13 1.05 1.83 —0.95
5 0.066520 0.002523 0.282496 0.000031 —-9.8 —4.6 15 1.11 1.92 —0.92
6 0.031841 0.001303 0.282524 0.000021 —8.38 —34 13 1.04 1.82 —0.96
7 0.071728 0.002820 0.282605 0.000022 —59 —0.7 13 0.96 1.61 —0.92
8 0.062539 0.002463 0.282564 0.000023 -73 -2.1 13 1.01 1.72 —0.93
9 0.053101 0.002193 0.282532 0.000020 -85 —3.2 1.2 1.05 1.81 —0.93
10 0.062295 0.002527 0.282514 0.000034 —9.1 -39 16 1.09 1.87 —0.92
11 0.030822 0.001263 0.282583 0.000022 —6.7 -13 13 0.95 1.65 —0.96
12 0.059658 0.002419 0.282554 0.000026 -7.7 -25 14 1.03 1.75 —0.93
13 0.030930 0.001175 0.282586 0.000024 —6.6 —-1.1 13 0.95 1.64 —0.96
B0808-5-6 Rhyolitic tuff

1 0.062656 0.002517 0.282567 0.000035 -73 —24 1.6 1.01 1.73 —0.92
2 0.033231 0.001408 0.282430 0.000023 —12.1 -7.0 13 1.17 1.43 —0.96
3 0.033143 0.001374 0.282396 0.000025 —133 —83 13 1.22 1.49 —0.96
4 0.058598 0.002256 0.282659 0.000045 —4.0 0.9 1.9 0.87 1.02 —0.93
5 0.056365 0.001998 0.282304 0.000035 —16.5 —-11.6 1.6 137 1.66 —0.94
6 0.039011 0.001582 0.282589 0.000023 —6.5 —-15 13 0.95 1.14 —0.95
7 0.090293 0.003588 0.282567 0.000039 -7.3 —2.6 1.7 1.04 1.20 —0.89
8 0.059116 0.002260 0.282520 0.000050 -89 —4.0 2.1 1.07 1.27 —0.93
9 0.059993 0.002486 0.282522 0.000026 —89 —4.0 14 1.08 1.27 —0.93
10 0.029455 0.001244 0.282343 0.000026 —15.2 —10.1 14 1.29 2.35 —0.96
11 0.044621 0.001826 0.282522 0.000023 —8.8 -39 13 1.06 1.26 —0.94
12 0.079953 0.003234 0.282654 0.000034 —4.2 0.6 1.6 0.90 1.04 —0.90
13 0.087949 0.003582 0.282662 0.000031 -39 0.8 15 0.90 1.03 —0.89
14 0.095329 0.003841 0.282655 0.000039 —4.2 0.5 1.7 0.91 1.04 —0.88
15 0.087725 0.003480 0.282575 0.000043 -7.0 —23 1.8 1.03 1.18 —0.90
16 0.057672 0.002259 0.282572 0.000042 —7.1 —22 1.8 1.00 1.18 —0.93
17 0.189491 0.006033 0.282560 0.000044 —7.5 —3.2 1.9 1.13 123 —0.82
18 0.034923 0.001486 0.282565 0.000021 -73 —23 13 0.98 1.18 —0.96
19 0.040683 0.001671 0.282552 0.000070 —7.8 —2.8 2.7 1.01 121 —0.95
20 0.108734 0.004147 0.282651 0.000039 —43 0.3 1.7 0.93 1.05 —0.88
21 0.045691 0.001861 0.282559 0.000042 -7.5 —2.6 1.8 1.00 1.20 —0.94
B0008-1-4 Late Triassic granite porphyry

1 0.073406 0.002811 0.282536 0.000030 —84 —4.1 15 1.06 1.85 —0.92
2 0.108011 0.004240 0.282553 0.000036 —7.8 -3.7 1.6 1.08 1.82 —0.87
3 0.066379 0.002606 0.282542 0.000034 —8.1 —3.8 16 1.05 1.83 —0.92
4 0.065084 0.002621 0.282494 0.000044 —9.8 —5.6 19 1.12 1.97 —0.92
5 0.045926 0.001852 0.282456 0.000053 —11.2 —6.8 2.1 1.15 2.07 —0.94
6 0.090957 0.003579 0.282424 0.000043 —123 —8.2 1.8 1.26 2.17 —0.89
7 0.087661 0.003244 0.282472 0.000069 —10.6 —6.4 2.7 1.17 2.03 —0.90
8 0.115624 0.004135 0.282526 0.000032 —-8.7 —4.6 15 1.12 1.89 —0.88
9 0.062763 0.002503 0.282544 0.000037 —8.1 —3.8 1.7 1.04 1.82 —0.92
10 0.085084 0.003368 0.282593 0.000049 —6.3 —22 2.0 0.99 1.69 —0.90
12 0.080057 0.003079 0.282591 0.000036 —6.4 —2.2 1.6 0.99 1.70 —0.91
12 0.068521 0.002769 0.282583 0.000048 —6.7 —24 2.0 0.99 1.71 —0.92
13 0.074960 0.002518 0.282493 0.000042 -9.38 —56 1.8 1.12 1.97 —0.92
14 0.051072 0.002075 0.282596 0.000045 —6.2 —-19 1.9 0.96 1.67 —0.94
15 0.072784 0.002531 0.282499 0.000029 -9.7 —5.4 14 1.11 1.95 —0.92

The parameter used in our calculations: ('7Lu/'”’Hf)cyur = 0.0332, (17°Hf/"77Hf)cyur = 0.282772 (Blichert-Toft and Albaréde, 1997); ('7Lu/'77Hf)pm = 0.0384, ("7SHf/'7"Hf)py =
0.28325 (Griffin et al.,, 2000); N(17Lu) = 1.867 x 10~ " a~! (Soderlund et al., 2004). The '7®Lu/'7’Hf (C) = 0.015 (Griffin et al., 2000).

conditions (Rapp and Watson, 1995; Sylvester, 1998) or by melting of
metamorphic rocks in the UCC, including clay-rich metapelites, clay-
poor metagreywackes and amphibolite (Petford and Atherton, 1996;
Sylvester, 1998; Patino-Dounce, 1998; Koester et al., 2002). The melts
from dehydration melting of metaluminous protoliths usually have
low K;0/Na,0 ratios and relatively high contents of mafic minerals
(Sylvester, 1998), which is inconsistent with the Kengdenongshe gran-
ite porphyries and rhyolitic tuff that show high K;0/Na,0 (>9.6) mass
ratios and minor contents of mafic minerals (only biotite).

We propose that clay-poor meta-sedimentary in the UCC were the
main source for the granite porphyries and rhyolitic tuff. Evidence for
this includes the following. (1) The granite porphyries and rhyolitic

tuff show high SiO, contents and high A/CNK ratios, and display similar
geochemical features with the UCC (Fig. 9), indicative of melting of a
UCC source. (2) The Nb/Th and Ta/U ratios are usually used to distin-
guish the magma sources as these elements have a similar partition co-
efficient and the ratios are hardly influenced by magma evolution. The
porphyries and rhyolitic tuff all plot nearby the UCC on the (Ta/U)py
vs (Nb/Th)py diagram (Fig. 12a). (3) They have low (Na,0 + K,0)/
(MgO + TiO, + FeQ") and Al,03/(MgO + TiO, + FeO") mass ratios, in-
dicative the derivation from melting of clay-poor rocks (Fig. 12 b,c).
(4) The felsic intrusions in the Kengdenongshe display low Rb/Ba and
Rb/Sr, and high CaO/Na,O0 ratios. Peraluminous granites derived from
plagioclase-rich, clay-poor meta-sedimentary usually have higher
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CaO/Na,0 (>0.3) ratios than those from clay-rich metapelites (<0.3)
(Sylvester, 1998), as well as the lower Rb/Ba and Rb/Sr ratios
(Janousek et al., 2004). (5) The eng (t) and €y¢ (t) values range between
—8.4 to —5.7 and —12.3 to +0.5, respectively. These values overlap
with those of global sediments (Vervoort and Blichert-Toft, 1999), sug-
gesting that their parental magma was derived predominately from
crustal meta-sedimentary rocks. (6) The corresponding two-stage Hf
modal ages of the rhyolitic tuff and granite porphyries range between
1.03 and 1.73 Ga, and between 1.67 and 2.17 Ga, respectively, which
are the same with regional basement of Paleoproterozoic Jinshuikou
Group (2366-1600 Ma, Wang et al., 2007; Chen et al., 2006; Zhang
et al,, 2003) and Xiaomiao Formation (1600-1035 M., Chen et al,,
2006; Jin et al., 2015; Wang et al., 2004). This implies a significant con-
tribution of ancient continental crust to the formations of the
Kengdenongshe granite porphyries and rhyolitic tuff.

It is suggested that the geochemical features of S-type granites may
be influenced by peritectic entrainment, fluid-flux melting, magma
mixing and source heterogeneity (e.g Stevens et al., 2007; Villaros
et al., 2012; Weinberg and Hasalova, 2015). Peritectic assemblage en-
trainment usually is the dominant mechanism for the compositional
variations of garnet/cordierite-rich S-type granites (Gao et al., 2016),
but these minerals are not found in this study. Furthermore, peritectic
entrainment usually causes wide variations of major oxides (Stevens
et al,, 2007), which is also inconsistent with the features of the S-type
granites in our study. The most significant feature of water-fluxed

melting is its capacity to produce voluminous melting (Weinberg and
Hasalova, 2015), thus the source of the small-scale granite porphyries
may not be water-rich. In most cases granitic magmas are produced
by decompression melting or heat input during lithospheric extension
and asthenosphere upwelling in the back-arc basin, not through hy-
drous fluxing (Bea, 2012; Collins et al., 2016). The melting of upper
crustal regions in collision zones is also usually characterized by fluid-
absent conditions (Powell, 1983; Thompson, 1983). Therefore,
peritectic entrainment and fluid-flux melting are probably not responsi-
ble for the generation of these S-type granites.

Possible magma mixing or source heterogeneity is suggested by the
positive correlations between FeO and MgO contents (Fig. 12). How-
ever, the small-scale rock masses do not have any enclaves and their
compositions are consistent, i.e. they are unlikely to be the results of
magma mixing. Although the rocks display a wide range of Hf isotopic
values, the granitic rocks in the EKO related to magma mixing actually
have more uniform isotopic compositions than the end members
(e.g., Chenetal., 2017). Villaros et al. (2012) suggested that the variable
zircon ey (t) values of S-type granites are usually inherited from hetero-
geneous magma sources. The wide range of two-stage Hf model ages
(T2pm) (1.04-2.35 Ga) also indicates that crustal materials of different
ages may have been involved in the genesis of these granites.
Geochemically, the samples of the granitic porphyries and rhyolitic
tuff overlap with meta-sediments and amphibolites (Fig. 12b,c) further
suggesting a heterogeneous crustal source comprising clay-poor
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Fig. 12. (a) Primitive-mantle normalized plot of Ta/U vs Nb/Th (after Niu and Batiza, 1997). Data of primitive mantle and average oceanic basalts (OIB, E-MORB, N-MORB) are from Sun and
McDonough (1989). Crust compositions (BCC, LCC, UCC) are from Rudnick and Gao (2003). (b,c) Al,03/(FeO + MgO + TiO,) vs Al,05 + FeO + MgO + TiO, and (Na,0 + K,0)/
(FeO + MgO + TiO2) vs Nay0 + K;0 + FeO + MgO + TiO, plots (fields of partial melting in felsic metapelites, metagreywackes, and amphibolite obtained from experimental studies;
Douce, 1999). (d) FeO" vs MgO plot. UCC: upper continental crust; BCC: bulk continental crust; LCC: lower continental crust; PM: primitive mantle; OIB: ocean island basalt; E-MORB:
enriched middle oceanic ridge basalt; MP: metapelites; MGW: metagreywackes; AMP: amphibolite.

meta-sedimentary rocks and amphibolite, which both are included in
the Proterozoic Xiaomiao Formation and Jinshuikou Group (Zhao
et al, 2018).

The key factor for crustal melting and generation of S-type granites is
anatexis after crustal thickening, or heat input through asthenospheric
upwelling or mantle convection (Bea, 2012; Zhu et al., 2018). The Late
Permian gabbro in the northern part of the Kengdenongshe area indi-
cates that asthenopsheric upwelling likely occurred during the Late
Permian (Kong et al., 2017; Zhao et al., 2019). Asthenopsheric upwelling
in a back-arc basin can provide adequate heat for the melting of upper
continental crust (Bea, 2012), resulting in the formation of the 257 Ma
granite porphyry in the Kengdenongshe area (Fig. 13a). Asthenospheric
upwelling in a back-arc basin has also been used to explain the genera-
tion of numerous S-type granites in the Circum-Pacific orogens (Collins
and Richards, 2008). The Middle Triassic transformation of regional
medium-K calc-alkaline to high-K calc-alkaline magmatism (Wang
et al., 2009; Xiong, 2014) indicates Middle Triassic crustal thickening,
as the medium-K calc-alkaline rocks relate to a crustal thickness of
17-40 km and the high-K calc-alkaline rocks relate to a crustal thick-
ness>40 km (Deng et al., 2015). The meta-sedimentary successions bur-
ied during the crustal thickening in continent-continent collision were
the most plausible source for the peraluminous S-type granite
(Barbarin, 1999). Thus, the Middle Triassic rhyolitic tuff might be linked
to anatexis during continental collision. In the Late Triassic,

asthenosphere upwelling was documented by the studies of regional
mafic rocks and granitic rocks (Liu et al., 2017). Asthenospheric upwell-
ing likely induced crustal melting and generated the Late Triassic S-type
granitic rocks in a post-collisional setting (e.g., Sylvester, 1998; Fig. 13d).

6. Conclusions

(1) S-type felsic igneous rocks in Kengdenongshe yield zircon U—Pb
ages ranging from Late Permian (ca. 257 Ma) to Late Triassic (ca.
211 Ma).

The tectonic evolution of the EKO during the Late Permian to Late
Triassic involved Late Permian back-arc extension, continuous
Late Permian to Early Triassic subduction, Middle Triassic conti-
nental collision, and Late Triassic post-collisional extension.

The Kengdenongshe granite porphyries and rhyolitic tuff were
formed from heterogeneous crustal sources including clay-poor
meta-sedimentary rocks and amphibolite in the
Paleoproterozoic Xiaomiao Formation and Jinshuikou Group
basement.

The Late Permian and Late Triassic granite porphyries are associ-
ated with asthenospheric upwelling in back-arc basin and post-
collision extensional settings, respectively. The Middle Triassic
rhyolitic tuff formed during crustal thickening in the continental
collision zone.
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Fig. 13. Schematic model showing the tectonic evolution of the Paleo-Tethys Ocean in the
EKO. LPGP: Late Permian granite porphyry; LTGP: Late Triassic granite porphyry.
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