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Abstract:

The East Kunlun Orogen records the geological evolutions of the Neoproterozoic —
Early Paleozoic Proto-Tethyan Ocean and Late Paleozoic—Mesozoic Paleo-Tethys Ocean
along northern Gondwana. However, the late-stage evolution of the Proto-Tethyan Ocean
and the configuration of peri-Gondwana microcontinents during the Silurian — Devonian is
under debate. Here we report new geochronological and rieochemical data of A-type
granites from the western Wulonggou and the eastern Gculi «.reas in the East Kunlun
Orogen to deepen our understanding of these probleris. Zircon LA-ICP-MS U-Pb data
reveal that the Danshuigou monzogranite and Shensi..«@an syenogranite from the western
Wulonggou area were emplaced simultanecus‘’ at 418 + 3 Ma, while the Niantang
syenogranite from the eastern Gouli are. ‘was emplaced at 403 £ 2 Ma. All these rocks
display high-K calcic-alkalic to s*w~hoaitic and metaluminous to slight peraluminous
signatures, with relatively low C~O, ALO3, MgO and Sr, and high FeO«/MgO, Ga/Al, Zr,
and Nb, indicating their A-\pe .ffinity. Their moderate whole-rock eNd(t) (-5.3 —-0.6) and
zircon eHf(t) (-6.3 — o.-) avc different from those of depleted mantle and old basement rocks,
but similar to those of the Ordovician-Silurian granitoids in the East Kunlun Orogen. These
chemical signatures, together with the anhydrous, low-pressure and high-temperature
characteristics of the magmas, indicate that partial melting of the Ordovician-Silurian
granitoids generated these A-type granites. Regionally, these A-type granites and previously
reported A-type granites in the East Kunlun Orogen compose a Late Silurian — Middle

Devonian A-type granite belt. This belt, together with the regionally coeval molasse



formation and mafic-ultramafic rocks, indicate a post-collisional extensional regime for the
East Kunlun Orogen during the Late Silurian — Middle Devonian. Given that extensive
contemporaneous post-collision-related magmatic rocks have also been revealed in the
neighboring West Kunlun, Altyn, Qilian and Qinling blocks/terranes, we contend that the
Neoproterozoic — Early Paleozoic Proto-Tethyan Ocean that separated these blocks/terranes
from Gondwana had closed by the Late Silurian — Middle De'/onian, which]resulted in the
re-welding of the above blocks/terranes to northern Gordwaia or Gondwana-derived

microcontinents.
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1. Introduction

The Proto-Tethyan Ocean was an ancient ocean located along northern Gondwana
during the Paleozoic (Raumer and Stampfli, 2008; Li et al., 2018) and its geology is mainly
recorded in the Central Orogenic Belt of China. Several microcontinental blocks, such as
the Kunlun, Altyn, Qaidam, Qilian and Northern Qinling, were involved in the evolution of
this ancient ocean (Fig. 1A; Liet al., 2018 and references ther. ‘). Although, it is accepted
that the Proto-Tethyan Ocean formed during the break-u~ o tne supercontinent Rodinia
since the Neoproterozoic (Li et al, 2018 and referercaes therein), the timings and the
processes of the amalgamation of different microcuntn.onts (blocks/terranes) are debated
(Song et al., 2014; Xiong, 2014; Liu et al.. Z{16; Liet al., 2018). For example, both ~462
Ma (Xiong, 2014) and ~440 Ma (Song et al., 2014) have been proposed for the timing of the
amalgamation of the Qaidam and (y1.an blocks; both 500 Ma (Liu et al, 2016) and
post-380 Ma (Lietal., 2018) s be2n taken as the closure timing of the Shangdan Ocean (a
branch of Proto-Tethyar (c~un) which separate the Southern Qinling from Northern
Qinling. These ambiguit.'s obscure the reconstruction of the ocean-continent configuration

along northern Gondwana.

The East Kunlun Orogen (EKO), which has an Archean—Proterozoic basement, is one
of the microcontinental blocks involved in the evolution of the Proto-Tethyan Ocean (Wang
et al., 2007; Li et al., 2018) and present day is located in the northern Qinghai- Tibetan
Plateau (Fig. 1A). The EKO represents the connection between the Proto-Tethys and

Paleo-Tethys domain (Fig. 1A) and hosts abundant geological records regarding the



Neoproterozoic—Early Paleozoic and Late Paleozoic—Cenozoic two-stage orogenesis, which
correspond to the evolutions of the Proto-Tethyan Ocean (referred to as the Central Kunlun
Ocean in the EKO) and Paleo-Tethys Ocean (referred to as the A’nyemaqgen Ocean in the
EKO), respectively (Mo et al., 2007; Song et al., 2018). During the last decade studies have
mainly focused on the predominant Permian- Triassic rocks that are related to the evolution
of the Paleo-Tethys Ocean, indicating that this ocean opened during the Carboniferous,
subducted during the Permian-Early Triassic and closed in tie Lite Triassic (e.g., Xiong et
al.,, 2014; Chen et al., 2017). In regard to the evolution ©f u.c Proto-Tethyan Ocean, related
studies are sparse due to the later superimposed fe.*yno-magmatic events. Thus far, a
number of zircon U-Pb ages of Cambrian o ~iriites have been reported in the EKO
(555-481 Ma; Yang et al., 1996; Li, 200¢: ciu et al., 2011b; Wei, 2015), which are similar
to the ages from the remnants of ..~ F.oto-Tethyan Oceanic crust in the West Kunlun
(525-489 Ma; e.g., Zhangetal . 2004, Huang et al., 2014), Qilian (550-496 Ma; Song et al.,
2014 and references there'n) &.id Qinling blocks (534-457 Ma; Dong et al, 2011 and
references therein), .nu'~aung that a part of the Proto-Tethyan Ocean should have opened
during the Cambrian. The subduction of the Proto-Tethyan Ocean is evidenced by the
Cambrian-Silurian arc-related granitoids (518-436 Ma; Zhang et al., 2010; Liu et al., 2011a;
Li et al., 2015; Chen et al., 2016). However, the late-stage evolution of the Proto-Tethyan
Ocean is under debate and the dispute is centered around whether this ocean closed during
the Silurian-Devonian (Zhang et al, 2014; Song et al., 2018) or inherited by the

Paleo-Tethys Ocean through protracted subduction (Zhou et al., 2016; Dong et al., 2018).



Several Silurian-Devonian A-type granites are reported in the EKO, and although
sparse, the A-type granites describe an east-west trend (Fig. 1B). Given that A-type granites
can reflect extensional environments on a local or regional scale (Eby, 1992; Bonin et al.,
1998; Wu et al., 2002), the extensive A-type granites in the EKO offers an ideal opportunity
to investigate the late-stage evolution of the Proto-Tethyan Ocean. In this contribution, we
focus on A-type granites from the western Wulonggou and ea~tern Gouli areas in the EKO
and present their petrographic, geochronological, major and trac: elemental and Sr-Nd-Hf
isotopic data to: (1) study the origin of these A-type ¢-anwcs, (2) detect the rock-forming
setting and implications for the evolution of the Prow iethyan Ocean and (3) discuss the
evolution and regional configuration of the r.~rocontinents along northern Gondwana

during the Early Paleozoic.

2. Geological setting

The EKO is bounded by ."e Qaidam Basin to the north, the Qinling Orogen to the east,
the Bayan Har-Garze Te.vanr to the south and the Altyn Tagh Fault in the west (Fig.1A). It
is composed of the Northern Qimantag Belt, Northern East Kunlun Terrane and Southern
East Kunlun Terrane, which are separated by the Northern East Kunlun Suture zone (Dong
etal., 2018; Dongetal., 2019) and Central East Kunlun Suture zone (Fig. 1B; e.g., Meng et
al, 2013). The basement rocks exposed in the EKO are intermediate—high-grade
metamorphic rocks referred to as the Paleoproterozoic Jinshuikou and Kuhai Group,

Mesoproterozoic Xiaomiao Formation and Meso-Neoproterozoic Wanbaogou Group



(Zhang et al., 2005; Wang et al., 2007). Among them, the Jinshuikou Group and Xiaomiao
Formation are distributed in the Northern Qimantag belt and the Central East Kunlun
Terrain; The Kuhai and Wanbaogou groups are located in the Southern East Kunlun Terrain
(Dong et al., 2018). The overlying strata include Paleozoic and Mesozoic sedimentary,
low-grade metamorphic and volcanic rocks (e.g., Zhang et al., 2005). Among them, the
Ordovician Naij Tal Group, which mainly occur in the So'thern East Kunlun Terrane,
consists of meta-sandstone, metapelite and meta-volcanic rocks (e.g., Chen et al., 2014).
This group is unconformably overlain by the Devonie' Miuuniushan Formation (400-423
Ma), which is composed of conglomerate, sandstone .:d continental volcanic rocks (e.g.,
Lu et al., 2010). Overlying the Maoniushan For..»at,on is the Carboniferous—Permian strata
that consist of marine and paralic clastic #.rmations (Xiong et al., 2014). Magmatic rocks
are widespread in the EKO and <. ouminated by granitoids, with minor mafic and
ultramafic rocks. The ultramafic rocks mainly compose three regional ophiolite belts, i.e.,
Northern East Kunlun Sut:ve .une, Central East Kunlun Suture zone and Southern East
Kunlun Suture Zone, v.hien pass through the whole EKO from west to east (Fig. 1B). The
ophiolites from the Central East Kunlun Suture zone and Southern East Kunlun Suture Zone
show age populations that are dominantly Cambrian (522-467 Ma) and Carboniferous
(345-332 Ma), corresponding to ridge expansions of the Proto-Tethyan Ocean and
Paleo-Tethys Ocean, respectively (Yang et al.,, 1996; Chen et al., 2001; Liu et al., 2011b;
Wei, 2015), with the ophiolite from the Qimantag representing relics of Early Paleozoic

back-arc basin (501—486 Ma; Meng et al., 2015; Zheng et al., 2016; Dong et al., 2019).



The predominant granitoids include I-, S- and A-type units, which show two distinct
emplacement episodes (470-380 Ma and 260-220 Ma) (Mo et al., 2007; Xiong et al., 2015;
Chen et al., 2017) and display time-varying lithology from early calc-alkaline granodiorites
to late monzogranites and syenogranites in both episodes (Xiong et al., 2014; Xiong et al.,

2015; Chen et al., 2016).

The Wulonggou and Gouli areas are located in the wester, “«nd eastern part of the EKO,
respectively (Fig. 1B). In the Wulonggou area, the princinal strata are composed of
Proterozoic metamorphic rocks (e.g., gneiss and schis.> and the Ordovician Tanjianshan
Group low-grade meta-sedimentary and meta-volca.iic .ocks, which were intruded by the
Devonian and Triassic magmatic rocks (Fiv. 1c). The Devonian magmatic intrusions
include gabbro, syenogranite, porphyritic n.~nzogranite and alkali-feldspar granite (Luetal.,
2013), with the Triassic intrusions na’‘a.,” comprising plagiogranite, diorite and granodiorite
(Fig. 1C; Ding et al., 2014). Sinila” Proterozoic metamorphic rocks (Wang et al., 2007) and
low-grade meta-volcanic an' r.eta-sedimentary rocks (herein referred as Ordovician Naij
Tai Group; e.g., Chen ~t al, 2014) are also exposed in the Gouli area. In addition,
Carboniferous-Permian sedimentary rocks are exposed in the northern part of the Gouli area
(Fig. 1D). Further, magmatic rocks are dominated by the Ordovician granodiorite (472 Ma;

unpublished report) and Devonian syenogranite with minor Triassic monzogranite in this

area (Fig. 1D).

3. Petrography and sampling

3.1. Danshuigou monzogranite and Shenshuitan syenogranite from the Wulonggou



area

3.1.1 The Danshuigou monzogranite

The Danshuigou monzogranite that is located in the middle of the Wulonggou area was
emplaced into the Proterozoic metamorphic rocks and Ordovician Tanjianshan Group
low-grade metamorphic rocks (Fig. 1C). It shows a porphyritic texture (Fig. 2A). The
phenocrysts are composed of euhedral to subhedral plagioclase and alkali-feldspar (3-6 mm
in length) (Fig. 2B-C). The groundmass is made up cf arhedral quartz, subhedral
plagioclase, alkali-feldspar, interstitial biotite, minor s'bheural hornblende and accessory
minerals (Fig. 2B-C). The alkali-feldspar including -iicrocline, perthite and orthoclase
composes about 40% of the monzogranite .: .olume, with volume proportions for

plagioclase, quartz and biotite being ~3b.~ 20% and 4%, respectively.

3.1.2. The Shenshuitan syeno( ras.:*e

The Shenshuitan syenogr: nne that is situated in the west of the Wulonggou area was
emplaced into the Ordovici.n metamorphic rocks (Fig. 1C). It has a light red color and
coarse-grained texture (:"ig. 2D). The sizes of the primary minerals are approximately 3-8
mm in length (Fig. 2E-F). This intrusion has same mineral assemblage as the Danshuigou
monzogranite and is also composed of euhedral-subhedral alkali-feldspar (40-50 %),
plagioclase (25-35 %), anhedral quartz (20-30 %), interstitial biotite (2 %) and hornblende
(1 %) with minor accessory minerals. The grain sizes of light-color minerals (alkali-feldspar
and plagioclase) are larger than those of dark-color minerals (biotite and hornblende; Fig.

2E-F). The identical mineral compositions between the monzogranite and syenogranite,



together with their close spatial relationship (Fig. 1C) and same rock-forming ages

(discussed below), may imply that they were sourced from a same parental magma.

3.2. Niantang syenogranite from the Gouli area

The Niantang syenogranite from the Gouli area was emplaced into the Proterozoic and
Ordovician metamorphic rocks and was covered by the Carboniferous—Permian
sedimentary rocks (Fig. 1D). The syenogranite displays a light v:d color and coarse-grained
texture (Fig. 2G) and is composed of perthite (35-40%), mic,~r'ine (10-15%), plagioclase
(10-15%), quartz (30-35%), interstitial biotite (3-5 %,, minor hornblende (0.5-1 %) and

accessory minerals (Fig. 2H-1).

Sample locations for the Danshuige: n.2nzogranite, Shenshuitan syenogranite, and

Niantang syenogranite are illustrated n Fig. .C and Fig. 1D.

4. Analytical methods

Fresh samples selectrd ~r whole-rock geochemistry analyses were crushed into
200-mesh powders. Ha,drcked zircons were prepared for laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) U-Pb isotope analyses and multi-collector
LA-ICP-MS Hf isotope analyses. Major elements of all samples were analyzed using X-ray
fluorescence (XRF) spectrometry at the Australian Laboratory Services’ (ALS) Chemex
(Guangzhou) Co. Ltd with analytical precision better than 5 %. Whole-rock trace elements
and Sr-Nd isotopes, and zircon U-Pb-Hf isotopes of samples from the Wulonggou area

(Danshuigou monzogranite and Shenshuitan syenogranite) were analyzed at the State Key



Laboratory for Mineral Deposits Research, Nanjing University, and those of samples from
the Gouli area (Niantang syenogranite) were analyzed at the State Key Laboratory of
Geological Processes and Mineral Resources, China University of Geosciences, Wuhan.

Detailed analytical procedures and methods are presented in Appendix A.

5. Results

5.1. Zircon U-Pb ages

Zircon LA-ICP-MS U-Pb ages from the Dansnuiyou monzogranite (WDG-1;
N36°13'08", E95°55'38"), Shenshuitan syenogranite (v'SAG-6; N36°13'04", E95°54'32")
and Niantang syenogranite (B1031-1; N35°40'5"", £98°22'18") are summarized in Table S1,
Appendix B and are illustrated togethe’ v it representative cathodoluminescence (CL)
images of zircons in Figure 3. Zircoi. arains extracted from the above three samples are all
transparent and colorless. The leratic of the zircons from the three intrusions are about
100-300, 80-250, 80-250 pm, .‘ith aspect ratios of4:1t0 1.5:1,4:1 t0 1.5:1, and 5:1 to 11,
respectively. Oscillatory zoi.'ngs of most zircons are notable with some zircons show dark
and unobvious zonings (n addition, all the zircons show high Th/U ratios (0.42-0.67,
0.52-0.80 and 0.44-0.70, respectively; Table S1, Appendix B), suggesting they are

magmatically derived (Wu and Zheng, 2004).

Seventeen analyses of zircons were conducted for the Danshuigou monzogranite and
reveal 206Pbf38U ages range of ca. 412-425 Ma. These data are plotted in a group on the
concordia curve and yield a weighted mean 2°°Pb/?®U date of ca. 418 + 3 Ma (MSWD =

0.62; n = 17; Fig. 3A), which is consistent with previous work (418-420 Ma; Lu et al.,



2013). We thus suggest that the Danshuigou monzogranite formed at ca. 418 Ma. Seventeen
spots of zircons were analyzed for the Shenshuitan syenogranite, and yield a 2°6Pb/238U age
population of ca. 412-426 Ma, with a weighted mean 2%6Pb/238U age of ca. 418 + 3 Ma
(MSWD = 0.48; n = 17; Fig. 2B), identical with that of the Danshuigou monzogranite.
Eighteen analyses of zircons from the Niantang syenogranite yield 206Pb/238U ages of 399 to
407 Ma and give a weighted mean 296Pb/238U age of ca. 403 + ©~ Ma (MSWD = 0.27; n=18;

Fig. 3C), representing the emplacement age.

5.2. Major and trace element geochemistry

Major and trace element data for all rocks ar. h.ed in Table S2, Appendix B and
illustrated in Figures 4-6. The Danshuigou moncogranite shows relatively medium SiO>
(63.5-71.4 Wt.%), low CaO (1.66-3.22 w.%) and MgO (0.70-1.40 wt.%), but high total
alkali (K20+Na0=6.91-8.19 wt.'4", Te203" (3.56-6.31 wt.%) and FeO/MgO ratios
(4.04-4.58), which are similar w typical A-type granites (Frost, 2001). In the R1-R2
classification diagram, the ac*a mainly fall in the monzogranite field (Fig. 4A; Roche et al,
1980). In the K20 v. SiO2, (Na2O+K:0-CaO) vs. SiO2 and A/NK vs. A/CNK
discrimination diagrams (Fig. 4B—D; Maniar and Piccoli, 1989; Frost, 2001), all samples
fall in high-K to shoshonitic, alkali-calcic and metaluminous—weakly peraluminous fields.
In Harker diagrams, with increasing SiO2, the CaO, Fe20s3', P.Os, Sr, Ba, Zr and Nb
contents decrease, with slight increases in FeO¢/MgO (Fig. 5). Rare earth element (REE)
patterns of these samples show light rare earth elements (LREES) enrichment and negative

Euanomalies (Fig. 6A). Trace element spider diagrams display enrichment in Rb, Th, U, La



and Pb and relative depletion in Ba, Nb, Sr, Pand Ti (Fig. 6B).

In comparison, the Shenshuitan syenogranite has higher SiO2 (72.4-78.6 wt.%), K20
(4.62-5.15 wt.%) and FeOt/MgO ratios (4.18-5.70), and relatively lower Fe2Os' (0.81-2.28
wt.%), CaO (0.53-1.14 wt.%) and TiO2 (0.13-0.34 wt.%). In the geochemical classification
diagrams, all data fall in the syenogranite field or the boundary between syenogranite and
alkali granite, and display high-K, calc-alkalic to alkali-calcic >d metaluminous to weakly
peraluminous characteristics (Fig. 4). In Harker diagrams, all carples are plotted in a linear
trend defined by the Danshuigou monzogranite (Fig. ): this together with close spatial
relationship and identical ages between the two intrisio..~, suggests they may derive from a
similar parental magma via a differcnt uegree of crystal fractionation. In
chondrite-normalized REE patterns and pr.mitive mantle-normalized trace elements spider
diagrams, the Shenshuitan syenog ara: shows a similar trend with that of Danshuigou

monzogranite, but displays a more notably negative Eu, Ba, Nb, Ta, Sr, P and Ti anomalies,

which are similar to the Sili.>n -Devonian A-type granites from the EKO (Fig. 6C-D).

Samples from the I'liantang syenogranite shows high SiO2 (69.9-74.5 wt.%), K20
(5.11-6.05 wt.%) and Na,O (3.23-3.73), medium Fe203" (1.90-3.08 wt.%) and CaO
(0.82-1.32 wt.%), but much higher FeOt/MgO ratios (6.68-10.85). In the geochemical
classification diagrams, most samples are plotted in the syenogranite area and display
shoshonitic, alkali-calcic to alkalic, and metaluminous to weakly peraluminous
characteristics (Fig. 4). In Harker diagrams, the CaO, Fe203', P20Os, Sr, Ba, Zr show weakly

negative relationship with SiO2 (Fig. 5) although the data concentrate in a narrow area,



which may be due to limited crystal fractionation. The LREEs and LILEs are enriched, and
the high field strength elements (HFSEs, e.g., Nb, Ta, Zr, Hf, HREES) are more enriched
than typical Silurian I-type granites (Santougou) from the EKO, although some of the
elements display negative anomalies (e.g., Nb, Ta) in trace element spider diagram (Fig.

6E-F).

5.3. Whole rock Sr-Nd isotopes and zircon Lu—Hf isotop.s

The Sr—Nd isotope compositions are presented in Tahle S%, Appendix B and the Nd
isotope compositions are further illustrated in Figure ../A. The Danshuigou monzogranite
displays 8’Rb/86Sr ratios of 2.04-6.48 with high initi-l ® 3r/28Sr (0.713519-0.726415; t=418
Ma) and negative eNd(t) (-2.6 — -3.5; t=418 Ma). The Nd two-stage model ages (T2omNd)
vary from 1369 to 1444 Ma. The Shenshu'*an syenogranite shows higher 8 Rb/86Sr ratios
(up to 15.11) and a wide range of ir i1 #”Sr/88Sr 0f 0.705437-0.772205 (=418 Ma), which
are features of many A-type gr: ni~ (e.g., Wu et al., 2002). It also displays scattered TopmNd
(1209-1478 Ma) and simnc- ~Nd(t) (-3.9 — -0.6) compared with those of Danshuigou
monzogranite. The Niai:ang syenogranite has initial 87Sr/26Sr of 0.704960-0.714585 (for
comparison with granites from the Wulonggou area we calculated the ratios back to 418

Ma), negative eNd(t) (-5.3 — -4.7) and consistent TopmN?(1536-1584 Ma).

The Hf isotopic data of zircons are summarized in Table S4, Appendix B and
illustrated in Fig. 7B. 17®Hf177Hf of the Danshuigou monzogranite and Shenshuitan
syenogranite are of 0.282351-0.282501 and 0.282379-0.282505, respectively. The two

intrusions have indistinguishable ¢Hf(t) (-6.3— -1.1 and -5.5 — -1.1, respectively) and Hf



two-stage model ages (T2om™) (1059-1268 Ma and 1064-1252 Ma, respectively),
suggesting they were derived from the same source. In contrast, the Niantang syenogranite
has higher 176Hf177Hf (0.282527-0.282718) and eHf(t) (-0.1- 6.4), and younger TopmH

(973-1272Ma).

6. Discussion

6.1. A Late Silurian—Millde Devonian A-type granite belt

A large amount of I-type granites and minor S- and £ -ty,. < granites have been revealed
in the EKO (Zhang et al., 2005; Mo et al., 2007). Tre «"sence of aluminous-rich minerals,
such as muscovite and cordierite, in the De:.uigou monzogranite, Shenshuitan and
Niantang syenogranites can distinguish u.>se rocks from typical S-type granites. The
relatively low ALO3 (Table S2, App.ndix B) and negative relationship between P20s and
SiO2 of the three intrusions (Fic 5LV also exclude the possibility of an S-type affinity,
which commonly shows an op.nosite trend (Chappell and White, 1992). To distinguish
A-type and I-type granies, an integrated discussion of major and trace elements, and a
comprehensive comparie,n between A-type granites and contemporaneous typical I-type
granites from the same area are required, especially for units that are highly differentiated

(Whalen et al., 1987; King et al., 1997).

In general, A-type granites have higher Na,O+K20, FeOt/MgO, Ga/Al, HFSEs (e.g.,
Zr and Nb) and lower CaO and Sr than typical I-type granites (e.g., King et al., 1997). All
samples from the three intrusions (Danshuigou, Shenshuitan and Niantang) display high

total alkali (6.91-9.78 wt.%), high FeOt/MgO (4.04-10.85) and 10,000xGa/Al (2.51-3.08)



ratios, but low CaO (0.53-3.22 wt.%) contents, which are distinct from the
contemporaneous Santougou I-type granite from the EKO (Fig. 1B; Fig. 5A and C), but are
consistent with chemical characters of typical A-type granites (Loiselle and Wones, 1979;
Whalen et al.,, 1987; Creaser et al., 1991). In addition, the high Fe* (FeOt/(MgO+FeOt;
0.80-0.92; Table S2) of these samples are chemically similar to ferroan granitoids (Frost,
2001), indicative of an A-type affinity. As to trace eleme~ts, the relatively low-silica
Danshuigou monzogranite and high-silica Niantang syeogrnite show much lower
plagioclase-compatible elements, such as Ba and Sr, ~onared to the Santougou I-type
granite (Fig. 5E-F), while the HFSEs (e.g., Zr and Nu, are much higher than typical I-type
granites (Fig. 5G-H), assuring their A-type a™h. tv. The relatively high-silica Shenshuitan
syenogranite also shows much lower Ba a.>. Sr (Fig. 5E-F), but the HFSES (e.g., Zr and Nb)
are relatively lower (Fig. 5G-H) w!u~h ubscure the A-type affinity of this syenogranite.
However, given that the Shenshu.*an syenogranite shares consistent Nd-Hf isotopes with the
Danshuigou monzogranite (Fic. 7) and the close spatial relationship between the two
intrusions, we suggest J"au wey were from the same or extremely similar magma source. In
this context, the A-type affinity (such as high HFSEs) of the Shenshuitan syenogranite was
probably erased to some extent by fractional crystallization (King et al., 1997). Samples
from the three intrusions show identical REE and trace element patterns with the
contemporaneous A-type granites from the EKO, distinguishing themselves from other
granite types from this orogen (Fig. 6). The fact that all samples are plotted in the

within-plate field in the Rb vs. Yb+Nd space (Pearce et al., 1984) and in the A-type granite



area in the discrimination diagrams (Whalen et al., 1987) also support the above conclusion

(Fig. 8).

On the other hand, A-type granites are characterized by anhydrous, high-T and low-P
properties (e.g., Loiselle and Wones, 1979), which can also be used to separate themselves
from other types of granites. Zircon saturation thermometer (Tzr) based on bulk-rock
composition can offer a minimum estimate of magma te.voerature if the magma is
undersaturated in Zr (Watson et al., 2006). The absence nt nbcrited zircons in the three
intrusions indicates that the primary magmas were undei_~turated in Zr (Fig. 3; Miller et al.,
2003). In this case, the high Tzr of the Danshuigov mo.~zogranite (841-884 °C; Table S2,
Appendix 2; Fig. 9A) and Niantang syenogré.ite (3811-857 °C; Table S2, Appendix 2; Fig.
9A) imply a high-temperature origin. e relatively lower Tz of the Shenshuitan
syenogranite (775-797 °C; Table £2. »xnpendix 2; Fig. 9A) could be due to some extent
crystal fractionation given the higher silica content compared to that of the Danshuigou
monzogranite, and thus we «'se contend to its high-temperature origin. As for the pressure
of magma, experimem.! studies indicate that ratios of some major elements (i.e.,
AbLO3/(FeOt+MgO+TiO2)) can provide an estimate of the pressure of magma (Patino Douce,
1999). The low CaO/(FeOt+MgO+TiO2) and AkOs/(FeOt+MgO+TiO2), and high
(K20+NaO2)/(FeOt+MgO+TiO2) ratios of the three intrusions indicate that the magmas
formed in a low-pressure condition (Patino Douce, 1999), which is consistent with that all
samples are plotted along low-pressure curves in the CaO/(FeOt+MgO+TiO2) vs.

CaO+FeOt+MgO+TiO2 diagram (Fig. 9B). In addition, the pronounced negative Ba, Sr and



Eu anomalies and flat HREE patterns which indicate the preference of plagioclase and
absence of residual garnet, favor a low-pressure condition (Fig. 6). Moreover, the pervasive
perthites in all rocks also agree well with the high-temperature and low-pressure conditions.
With regard to the water contents of the magmas, a special mineral crystallization sequence
of the studied granites should offer some preliminary information. Biotite from the
Danshuigou monzogranite, Shenshuitan and Niantang syenogranites are interstitial with the
feldspar and quartz (Fig. 2). This phenomenon denotes that the b otite stabilized late in the
crystallization sequence as the water was gradually ~nrivied and thus indicate that the
primary magmas are likely to be anhydrous (King euv =1, 1997). In summary, anhydrous,
high-temperature and low-pressure character’stu.e of these magmas further solidify their

A-type affinity.

From a regional perspective, n ire <us Silurian-Devonian granites have been reported
in the EKO (Appendix C). Thzse aranites share similar elemental and isotopic signatures
(Figs 4-7), as well as hiah-.rrperature and low-pressure nature (Fig. 9), with the studied
A-type granites, assuring their A-type granite attribute (Fig. 8). Although these A-type
granites are spatially sparse, they spread in the entire EKO, from the very western Baiganhu,
through the central Binggou, to the eastern Gouli (N iantang), forming an A-type granite belt

(Fig.1b), which should imply extensive A-type magmatism during this period in the EKO.

6.2. Petrogenesis
A-type granites with complex compositional variations could be derived from different

sources Vvia various processes. Four plausible models have been proposed for the formation



of A-type granites: (1) fractional crystallization of mantle-derived magma (e.g., Turner et al.,
1992), (2) mixing between crust and mantle-derived magmas (Yang et al., 2006), (3) partial
melting of continental granulitic metasedimentary rocks (Huang et al., 2011) or igneous
rocks (e.g., Whalen et al., 1987), and (4) partial melting of underplated mafic (basaltic)

rocks (Wu et al., 2002) or calc-alkaline granitoids in the crust (e.g., Creaser et al., 1991).

Compared with the depleted mantle-derived MORB in :*e EKO, the notably lower
eNd(t) and ¢Hf(t) of the studied A-type granites preclude u>n'sted mantle as the source
region of these A-type granites (Fig. 7). Although. enriched mantle defined by
contemporaneous mafic rocks from the Huxiaogin xna Yuejinshan in the EKO (Fig. 1B)
show similar isotopic characteristics with tk stuuied A-type granites (Fig. 7; Liu et al.,
2012; Liu et al., 2013), the anhydrous c‘tribute of the studied rocks suggest that the
water-rich enriched mantle is unlike ty w. de the source. Several lines of additional evidence
below further support the ajov:o conclusion: (1) A-type granites from the western
Wulonggou and eastern Gou.® 2’ eas display high SiO2 (63.5-78.6 wt. %) and extremely low
MgO (0.13-1.4 wt. %, which are unlikely to be directly generated by fractional
crystallization of mantle-derived magma, since rocks derived directly from mantle tend to
be mafic to high-Mg andesitic (Baker et al., 1995; Ding et al, 2014); (2) extensive
crystallization of mantle-derived magma would produce a large amount of coeval mafic
and/or intermediate igneous rocks (Turner et al., 1992), which is not the case in the
Wulonggou and Gouli areas; (3) mantle-derived A-type granites normally show peralkaline

signature that is inconsistent with the metaluminous — weakly peraluminous characteristic



of the studied rocks (Fig. 4D; King etal., 1997). Additionally, based on the lack of evidence
of mixing, such as magmatic enclaves or bimodal distribution of eNd(t) and eHf(t) of the
three intrusions, we also do not favor this genetic model for our studied rocks (Yang et al.,
2006). In fact, the high Y/Nb ratios (>2) and Ax-type nature of these rocks as shown in
Figure 10 imply that the sources of these aluminous A-type granites are most likely
continental crust (Eby, 1990; 1992). Thus, we suggest that the A-type granites from the
Wulonggou and Gouli areas may be generated by the partia. me:ting of continental crustal
rocks such as granulitic residue, underplated mafic rock« or yianitoids (Whalen et al., 1987;

Creaser etal., 1991; Wu etal.,, 2002; Huang etal., 201.}

Magmas derived from granulitic metase= imentary rocks usually show high ALO3 and
low Na2O+K>0, thus exhibiting peraluminc s signature (Chappell and White, 1992), which
is inconsistent with the metalumaru: slightly peraluminous signature of the A-type
granites from the Wulonggou anu Gouli areas (Fig. 4C-D). In addition, the HFSEs and
HREEs of the studied - -type granites are much higher than contemporaneous
sediment-derived S-type qranites in the EKO, suggesting different sources of these A-type
granites (Fig. 6; Shi et al., 2016). More importantly, the eNd(t) and eHf(t) values of the
studied A-type granites are much higher than coeval S-type granites from the Jinshuikou
and metasedimentary rocks from the basement of the EKO, arguing against that the studied
A-type granites are derived from granulitic metasedimentary rocks (Fig. 7). Partial melting
of granulitic igneous residue should generate magmas depleted in alkalis that had escaped

from the source region in previous melt extraction events (Creaser et al., 1991), which



contradicts the high Na:0+K:0 of the studied A-type granites. In addition, earlier
melt-extraction of an igneous source is likely to yield residues enriched in Ca and Al and
depleted in K and Si and melt from this residual source will inherit these signatures, which
are inconsistent with the relative low Ca and Al and high K and Si of the studied A-type
granites (Table S2, Appendix B; Creaser et al., 1991). Moreover, a residual source which
usually contains pyroxene (amphibole) should have low Fe/Mg ratio and is unlikely to

generate the high Fe/Mg A-type granites in our study (Fig. 5C- Craser et al., 1991).

Consequently, partial melting of underplating basai.'« rocks or calc-alkaline granitoids
(or extrusive counterparts) from the continental cr.st vould be plausible to produce the
A-type granites in our study. The protolitk~ o1 underplating basaltic sources could be
derived from a depleted mantle or ennched mantle. Depleted mantle-derived basalts
(tholeiites) should hold extremely (enw.tad isotopic signatures as indicated by the basalts
from the Bugingshan (Fig. 7) zna thus would result in the magmas from them have similar
depleted characteristics, w.:*c' are inconsistent with the relatively enriched isotopic
signatures of the studiea A-type granites (Fig. 7). Enriched mantle-derived basalts are also
unlikely to be the sources, since these basalts contain a significant volume of amphiboles as
evidenced by the coeval intrusive counterparts in the Yuejinshan and Huxiaogin areas (Liu
et al, 2012; Liu et al., 2013) and should be less probable to produce the studied anhydrous
A-type granites. In addition, experimental studies have revealed that granitic melts from the
dehydration partial melting of mafic rocks should be compositionally similar to

calc-alkaline I-type granites with high ALOs, CaO and NaO/K:0 and low



(K20+Na20)/AkO3 (Rapp and Watson, 1995), which is inconsistent with the compositions
of the studied A-type granites. More importantly, coeval typical I-type granites which were
derived from mafic rocks in the EKO show much lower HREE and HFSE than the studied
A-type granites, suggesting different sources for the A-type granites (Fig. 6; Zhang et al.,

2014).

It is suggested that the geochemical composition and wat.* contents of A-type granites
could be produced by partial melting of calc-alkaline grar.*a’ds (Creaser et al., 1991).
Experimental studies have also evidenced that 15-40 “ partial melting of calc-alkaline
granitoids under a high-temperature and low-prescure  condition should generate
metaluminous-slightly peraluminous A-typ> meit (Douce and Alberto, 1997), which
coincide with the high-temperature and >w-pressure nature and metaluminous—slightly
peraluminous signature of the stud™2c ,°. type granites. More importantly, earlier granitoid
rocks in the EKO have wide tang>s of eNd(t) and ¢Hf(t) that bracket those values of the
studied A-type granites, fu the; supporting the above conclusion (Fig. 7). The reported
granitoid rocks in the KO that intruded before the Late Silurian are dominated by the
Proterozoic granitic gneisses (Chen et al., 2015; He et al., 2016) and Ordovician-Silurian
granitoids (e.g., Li et al., 2015; Zhou et al., 2016; Chen et al., 2016). The Proterozoic
granitic gneisses typically exhibit a peraluminous signature (e.g., He et al., 2016) and thus
are unlikely the main sources of the low-AlLO3 A-type granites. Moreover, these granitic
gneisses (such as the Bokalike gneiss) display diagnostically low eHf (t) and thus, are

impossible to be the main sources of the studied A-type granites with relatively higher eHf



(t) (Fig. 7 B). On the other hand, Ordovician-Silurian granitoids prevail in the EKO, such as
those in the Santougou (Zhang et al., 2014), Yikehalaer (Li et al., 2015), Aowade (Chen et
al, 2016) and Zhiyu (Zhou et al., 2016) (Fig. 1B). These rocks are calc-alkaline and
metaluminous to slightly peraluminous (e.g., Li et al., 2015), and thus could be ideal
sources for the studied A-type granites (Douce and Alberto, 1997). In particular, these
Ordovician-Silurian granitoids, which are recommended to be mainly derived from enriched
mantle or oceanic crust (e.g., Zhang et al., 2014, Liet al., 2C15; Zhen et al., 2016; Zhou et
al., 2016), display similar eNd(t) and eHf(t) with the A typc granites from the Wulonggou
and Gouli areas (Fig. 7), which solidify the above cor 'usion. Besides, it should be noticed
that the A-type granites from the Wulonggou "a.~ 'ower e Hf{t) than that of A-type granites
from the Gouli (Fig. 7B) and the latter o< .vhich show notable decoupling between eNd(t)
and e Hf(t). The lower ¢Hf(t) of the /.-"me granites from the Wulonggou could be caused by
minor involvement of Proterozu.~ crustal materials in the sources. The distinct ages (418
vs.403 Ma) between the .\-type granites from the two regions may also lead to their
differences in Hf isctuoes, since as delamination ongoing (discussed in section 6.3), more
depleted materials (Asthenosphere mantle) may be added to the crust and may be included
in the formation of the young A-type granites. However, considering the errors of the data,
the <epsilon>Nd(t) values of the young or old A-type granites are identical (Fig. 7A and
Table S3, Appendix B), implying that distinct ages are unlikely the main reason leading to
the different Hf isotopes between the plutons from the Wulonggou and Gouli. As shown in

Fig. 1 and Fig. 7B, the Santougou granitoids (no Hf isotopic data reported) and the



Yuejinshan mafic rocks (Hf isotopic data reported), both of which are from an neighboring
area of the Wulonggou, are likely to have similar <epsilon>Hf(t) values in view of their
similar source (enriched mantle; Liu et al., 2012; Zhang et al., 2014). The <epsilon>Hf(t)
values of the Yuejinshan mafic rocks (as well as that speculated for the Santougou
granitoids) are notably lower than that of granitoids from the Gouli area (Aowade; Chen et
al., 2016), which suggest inhomogeneity of the source rezion of the studied A-type
granites may lead to the distinct Hf isotopes between the Wul )nggou and Gouli pluton.
The decoupling of the eNd(t) and eHf(t) of the Niant21g ~-type granite may also inherit
from their source, considering that Ordovician-Siluriar. “ranitoids from the Gouli area show
the same feature (Fig. 7; Chen et al., 2016) C~rsequently, we contend that the studied
A-type granites should be formed via the ~artial melting of Ordovician-Silurian granitoids
with/without the involvement of Proicnzuic crustal materials. Considering all Late Silurian
- Middle Devonian A-type grati.'es 1irom the EKO share similar chemical signatures with

the studied A-type granites ‘Figs 4-7), we favor similar sources for these rocks.

6.3. Tectonic impliuations for the Proto-Tethys evolution

The ophiolites that occur in the Qingshuiquan (Fig. 1B; 518-481 Ma; Yanget al., 1996;
Wei, 2015) and Changshishan (537 Ma; Qi et al., 2016) from the Central East Kunlun
Suture zone, and Heishan (486 Ma; Meng et al., 2015) and Bashikangkuo (501 Ma; Zheng
et al., 2016) from the Northern East Kunlun Suture zone indicate that the Proto-Tethyan
Ocean (herein referred to as the Central Kunlun Ocean) and accompanied Qimantag

back-arc basin opened no later than the Cambrian. The arc-related rocks, such as the



hornblende diorite from the Xiadawu (447-451 Ma; Xiong et al., 2015), granodiorite from
the Aowade (Fig. 1B; 454 Ma; Chen et al., 2016), quartz diorite from the Kekesha (515 Ma;
Zhang et al., 2010) and Granodiorite from the Yikehalaer (436 Ma; Li et al., 2015) imply
that the oceanic subduction should have initiated during Cambrian and continued to the
Early Silurian. In contrast, conflicting views are proposed for the late-stage evolution of the
Proto-Tethyan Ocean. The main difference lies in whether the Proto-Tethyan Ocean closed
during the Silurian-Devonian (Zhang et al., 2014; Song 't ai., 2018) or continued to
Carboniferous (inherited by the Paleo-Tethys Ocean) (Z0uccal., 2016; Dong et al., 2018).

To clarify the above debate, the Silurian-Devonian roc:.= could offer some information.

The Early Devonian A-type granites frc m tne western Wulonggou and Eastern Gouli
areas, together with the coeval A-typ. granites in the EKO, compose an Late
Silurian-Middle Devonian A-type ¢ 3.1 = belt (Fig. 1C; ~425-385 Ma; Appendix C), which
indicates large-scale magmatic 2ctivity during this period. This expansive A-type
magmatism (~425-385 M.- Fig. 1C) indicates regional extension that could be
post-collisional or anoro enic (e.g., rift) (e.g., Whalen et al., 1987; Eby, 1992; Wu et al.,
2002). Granites of A-type affinity can be subdivided into two chemical groups, i.e. Al- and
A2-type (Eby, 1992). The Al-type granites represent magmas from oceanic-island basalts
and emplacement in anorogenic setting (e.g., rift), with the A2-type granites being
considered to be derived from the crust that has been gone through a cycle of subduction
and continent-continent collision; that is to say, A2-type granites are formed during

post-collisional orogenesis (Eby, 1992). All data from the Late Silurian-Middle Devonian



A-type granites fall in the Ax-type granite field in the Rb/Nb —Y/Nb and Nb-Y-3Ga
diagrams (Fig. 10), suggesting a post-collisional setting for the Late Silurian-Middle
Devonian A-type granites in the EKO. In the Rb vs. Y+Nb tectonic discrimination diagram
(Fig. 8A), all these A-type granites are plotted in the area defined by post-collisional
granites (Whalen et al, 1987), further supporting the above speculation. Further, the
aluminous and high-K calc-alkaline signatures of these A-typr. granites are consistent with
those of granites occurring in orogenic belts and should be vela 2d to the end of collision
(e.g., Bonin, 2004). Apart from the evidence above, *1e cate Silurian-Middle Devonian
molasses formation (423-400 Ma; Lu et al, ~u10) and the contemporaneous
mafic- ultramafic rocks in the EKO also indicaw. = post-collision extensional event that is
likely caused by delamination and relateu =sthenosphere upwelling (e.g., Liet al., 2015; Li
et al, 2018). Taken together, the ~viuence noted above indicates a post-collisional

extensional setting in the EKO a.ving the Late Silurian and Middle Devonian.

Researchers who hola *he, opinion that the Proto-Tethyan Ocean continued to the
Carboniferous consider e South East Kunlun Terrain is composed of a Cambrian — Early
Paleozoic accretionary complex and the Silurian — Devonian extension was caused by
closure of the Qimantag back-arc basin and subsequent delamination along the Northern
East Kunlun Suture Zone (Zhou et al.,, 2016; Dong et al., 2018). However, as shown in Fig.
1, Silurian — Devonian A-type granites are distributed both along the Central and the
Northern East Kunlun Suture zones (Fig. 1B), so does the contemporaneous molasses

formation (e.g., Lu et al., 2010) and mafic-ultramafic rocks (e.g., Li et al., 2015; Li et al.,



2018). These together indicate extension and delamination along the two suture zones (Fig.
11). In other words, the Proto-Tethyan Oceanic closure and subsequent continental collision
should have terminated prior to the Late-Silurian. Several pieces of other evidence also
suggest the protracted subduction model (Proto-Tethyan Ocean continued to Carboniferous)
should be unlikely true: (1) eclogites occurring along the two sutures indicating close of the
Proto-Tethyan Ocean and its back-arc basin before Devonian (Fig. 1; Appendix C); (2)
widespread Proterozoic metamorphic rocks (Wang et al., 20(7; He et al, 2016) and
Proterozoic T2omN? and T2pm™ of many granitoids ir the Gouthern East Kunlun Terrain
(Zhou et al., 2016; Chen et al., 2016) are inconsister. ~vith a Cambrian — Early Paleozoic
accretionary complex for this terrain; (3) oplio.te7 along the Central East Kunlun Suture
zone (SSZ-type; 555 — 456 Ma) (Yangeuo', 1996; Li, 2008; Wei, 2015) and Southern East
Kunlun Suture zone (MOR-type; 525 - 538 Ma) (Chen et al., 2001; Yang et al., 2004; Li,
2008; Liu et al., 2011) show u:stinct types, which are unlikely formed by a continued
subduction. Taken togethe: we suggest that the closure of the Proto-Tethyan Ocean and
accompanying Qimanw 1 wack-arc basin should be earlier than the Late Silurian, and the
post-collisional extension and delamination should occur during the Late Silurian — Middle
Devonian (~425-385 Ma; Fig. 11). As to the collision and the possible slab break-off (Fig.
11), we propose that these events occurred during Late Silurian-425 Ma, considering: (1)
there is a transition from arc-magmatic rocks to A-type granites during this period (e.g.,
Zhang et al.,, 2014; Li et al., 2015); (2) many eclogites with age between 440-425 Ma

occurred in the EKO (Appendix C).



6.4. Implications for the evolution of northern Gondwana

From a regional perspective, a recent study has revealed that the EKO was a part of a
unified terrane that also consisted of the West Kunlun Block, Central Altyn Block, Central
Qilian Block and North Qinling Block during the Late Proterozoic—Ordovician (Fig. 12; Li
et al, 2018 and references therein). Detrital zircon age spectra of Proterozoic—Early
Paleozoic strata from these blocks/terranes suggest that all of them had a close affinity with
the Arabia Block, the India Block or the Australia block of nortern Gondwana (Li et al.,
2018 and references therein). An extensive ocean (Prot -Teuiyan Ocean or a branch of this
Ocean), which has been evidenced by the occurrences ~r contemporaneous ophiolites from
the Qinling (534-457 Ma; Dong et al., 2011 in. r=ferences therein), Qilian (550-496 Ma;
Song et al., 2014 and references therein), ©<O (518-481 Ma; Yang et al., 1996; Liu et al.,
2011b; Wei, 2015) and West Kunlur. Jroyen (525-489 Ma; e.g., Zhang et al., 2004; Huang
et al.,, 2014), developed along ncthern Gondwana during the Late Proterozoic—Ordovician
and separated these blc~ks/ crranes from Gondwana. In this context, the Late
Silurian-Middle Devo..'an A-type granite belt in the EKO which indicates the closure of the
Proto-Tethyan Ocean should imply that the EKO, as well as the unified terrane, has
amalgamated into northern Gondwana or other microcontinents splitting from northern
Gondwana (development of Paleo-Tethys Ocean) no later than Late Silurian (Fig. 12). This
speculation should be true when taking into account the contemporaneous magmatic pattern
of those blocks/terranes that were included in the united terrane. Apart from the recognition

of the Late Silurian-Middle Devonian (425-385 Ma) A-type granite belt from the EKO,



contemporaneous post-collisional magmatic rocks have been identified in adjacent terranes,
such as the ~405 Ma A-type granites and lamprophyre dikes from the West Kunlun Orogen
(Yuan et al., 2002), the 424-385 Ma A-type granites from the Altyn Block (Wang et al.,
2014; Kang et al., 2015 and references therein), the 400-390 Ma S-type granites from the
Qilian (Song et al, 2014 and references therein) and the 441409 Ma I-S-type
monzogranites or syenogranites from the Qinling (Wang et al., 2013 and references therein).
Although the chemical signatures of these rocks vary, thov reflect a common tectonic
regime (post-collisional environment) during the Silui.an-Devonian. As such, the
Proto-Tethyan Ocean between the unified terra,=s and northern Gondwana (or
microcontinents from it as the Paleo-Tethys O :e.n n.eveloped) had closed, which resulted in
this united terrane amalgamated wi.> northern Gondwana or Gondwana-derived

microcontinents during the Silurian-">c 01.ian (Fig. 12).

7. Conclusions
(1) The Early Devcniai A-type granites from the western Wulonggou and the Eastern
Gouli areas in the EK?” were formed by partial melting of the Ordovician-Silurian

granitoids.

(2) The closure of the Proto-Tethyan Ocean and the subsequent collision and possible
slab break-off should be earlier than ~425 Ma, after which a post-collisional extensional

event and delamination initiated and continued to ca. 385 Ma.

(3) The EKO and the adjacent terranes should be amalgamated into northern



Gondwana or Gondwana-derived microcontinents as a result of the closure of the

Proto-Tethyan Ocean during the Silurian—Devonian.
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Figure captions

Fig. 1 (A) Sketch map of the Qinghai- Tibetan plateau showing dominated blocks/terranes in
the west of China (after Chen et al., 2017); (B) Simplified geological map of the EKO,
showing the localities of the study areas (after Chenetal., 2017); (C) Geological map of the
Wulonggou area (after unpublished geological report); (D) Geological map of the Gouli
area (after unpublished geological report). TRMB-Tarim b'ock; ALSB-Alashan block;
INDB-Indian block; YZB-Yangtze block; NEKT-Nortiern East Kunlun Terrane;
SEKT-Southern East Kunlun Terrane. Locations and a¢s u. che Silurian-Devonian A-type
granites from the Baiganhu, Huanglongou, Hnuugou, Binggou, Helegangnaren,
Lalingzaohuo, Xiarihamu, Wulonggou and N ia. t2*g are also shown in Fig. 1B, so as to
eclogites from the Wenquan, Garidang, .".hete, Zongjia, Dagele, Sutuhai and Xiarihamu
(Appendix C). The zircon U-Pb ages i.r L€ Qingshuiquan and Tatuo ophiolites in the Gouli
area are from Wei(2015) and th.t ot Devonian gabbro in the Wulongou area is from our

unpublished data.

Fig. 2. Photographs of the Danshuigou monzogranite (A, B, C), the Shenshuitan
syenogranite (D, E, F) and the Niantang syenogranite (G H, I). Bi-biotite; PIplagioclase;

Kf-Alkali-feldspar; Qz—quartz, Hb-hornblende.

Fig. 3. Representative CL images and U-Pb concordia plots of Danshuigou monzogranite



(A), Shenshuitan syenogranite (B) and Niantang syenogranite (C). The locations of U-Pb
ages (red solid circles) and Lu-Hf isotope (yellow dashed circles) analyses are also shown

on the corresponding CL images. MSWD: mean square of weighted deviation.

Fig. 4. Plots of (A) R1 versus. R2 (after Roche et al., 1980); (B) K20 versus SiO> (after
Middlemost, 1985), (C) Na2O+K20-CaO versus SiO2 (after : -ast, 2001) and (D) A/NK
[molar ratio AkO3/(Na2O+K20)] versus A/ICNK [molar aio ALO3/(CaO+ Na:0+K20)]
(after Maniar and Piccoli, 1989) for the Danz-'ngou monzogranite, Shenshuitan
syenogranite and Niantang syenogranite. The dat= suurces of the Silurian-Devonian A-type

granites are listed in Appendix C.R1=4Si-""(N2+K)-2(Fe+Ti); R2=6Ca+2Mg+Al.

Fig. 5. Harker diagrams of select:a .major and trace elements for Danshuigou monzogranite,
Shenshuitan syenogranite ana Miantang syenogranite. The data from the Silurian Santougou
I-type granites (Zhara e al. 2014) in the EKO are also shown for comparison. The data

sources of the Silurian-Levonian A-type granites are listed in Appendix C.

Fig. 6. Primitive mantle-normalized trace element spiderdiagrams and chondrite-normalized
rare earth element patterns for the Danshuigou monzogranite (A-B), Shenshuitan
syenogranite (C-D) and Niantang syenogranite (E-F). Primitive mantle and chondrite

normalizing values are from Sun and McDonough(1989). The data for I-type granitoids are



from Santougou (Zhang et al., 2014) and those of S-type granites are from Heishan (Shi et
al.,, 2016) as shown in Fig. 1B. The data sources of the Silurian-Devonian A-type granites

are listed in Appendix C.

Fig. 7. Plots of (A) eNd(t) versus T(Ma) and (B) eHf(t) versus T(Ma). Data of Bugingshan
ophiolite (Bian et al., 2004), Jinshuikou granulite xenolitr. ‘Long, 2004), Jinshuikou
crust-derived S-type granite (Yu et al., 2005), Dulan ocee. i eclogite (Zhang et al., 2016),
Bokalike genesis (He et al., 2016), Yuejinshan (Liu e* ~1., 2012) and Huxiaoqin (Liu et al.,
2013) enriched-mantle derived gabbro, Santougo'' (z_hang et al., 2014), Aowade (Chen et al.,
2016), Yikehalaer (Li et al., 2015) and Zhi,"t (Zhou et al., 2016) Ordovician-Silurian
granitoids and Silurian — Devonian A-type g.anites (Yugouzi, Binggou and Houtougou; the
data sources of these A-type granies are listed in Appendix C) from the EKO are also

shown for comparison.

Fig. 8. Plots of: (A) Y+Nb versus Rb; (B) 1000Ga/Al versus Zr; (C) 1000Ga/Al versus
FeOt/MgO and (D) Zr+Nd+Ce+Y versus FeO¢/MgO for the Danshuigou monzogranite,
Shenshuitan syenogranite and Niantang syenogranite to distinguish them from I-, S-,
M-type granites (after Whalen et al., 1987). syn-COLG and post-COLG: syn- and
post-collisional granites. WPG: within-plate granites. VAG: volcanic arc granites. ORG:

ocean-ridge granites. I, S, M and Arepresent I-, S-, M- and A-type granites respectively. FC



denotes fractionated granites. OGT represents unfractionated I-, S-, M-granites. The data
sources of the Silurian-Devonian A-type granites are listed in Appendix C. The data of

highly-fractionated I-type granites are from Zhang et al., (2013).

Fig. 9. SiO2 versus Tz (°C) (A) and CaO+FeOt+MgO+TiO2 versus CaO/(FeOt+MgO+TiO2)
(B) diagrams for the Danshuigou monzogranite, Shenshuitan syenogranite and Niantang
syenogranite (after Patino Douce, 1999; Watson et al., 2006). The boundary between hot
granites and cold granites in Fig. 9A is after Miller et al. (20°3). MAGS: metaluminous
‘A-type’ granites; CAGS: calc-alkaline granites; FBkCZ " rhyolites associated with flood
basalts. The solid lines labeled with LP and HP ar. rec~tion curves as expected for melt
compositions that would be produced by h Yriuization of high-Al olivine tholeiite with
metagreywacke at low pressure (LP, <5 *har) and high pressure (HP, 12 to 15 kbar)
respectively (Patino Douce, 1999). (re ~ash-dot lines are reaction curves for low-pressure
hybridization of calc-alkaline crai.*es with high-Al olivine tholeiite (Patino Douce, 1999).
The Silurian I-type granites o.n the Santougou are also shown for composition. The data

sources of the Silurian-L. vonian A-type granites are listed in Appendix C.

Fig. 10. Rb/Nb-Y/Nb (A) and Nb-Y-3Ga (B) diagrams for the Danshuigou monzogranite,
Shenshuitan syenogranite and Niantang syenogranite (after Eby, 1992). Al and A2
represent two subgroups of A-type granite defined by Eby(1992). The data sources of the

Silurian-Devonian A-type granites are listed in Appendix C.



Fig. 11. Schematic cartoon showing Silurian — Devonian tectonic evolution of the East
Kunlun orogen. Plutons in red represent medium-felsic intrusion, green mafic dikes, blue
A-type granites, and purpose mafic-ultramafic rocks. The purple areas in the CEKS and the
NQS represent ophiolites. NQS-North East Kunlun Suture Zone; CEKS-Central East
Kunlun Suture Zone; CEKT-Central East Kunlun Terrain; S>'<T- Southern East Kunlun

Terrain;

Fig. 12. Devonian ocean-continent configuretica of northern Gondwana showing the
position of the East Kunlun Orogen (after i 2t a.., 2018). The post-collisional intrusions are
also shown and for related references see text. WKL-West Kunlun; EKO-East Kunlun
Orogen; QD-Qaidam Block; CAl. Cu~ral Altyn Block; CQL-Central Qilian Block; NQL-
North Qinling Block; SQ7-Su'th Qiangtang Block; NQT- North Qiangtang Block;
SI-Sibumasu Block; IC-Inuachina Block; SP-Songpan-Ganze Block; LS-Lhasa Block;

CA-Cathaysia Block; Y7 Yangtze Block; BJ-Bureya-Jiamusi Block.
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Highlights

A Silurian-Devonian A-type granite belt is present in the East Kunlun Orogen (EKO).
The A-type granite belt was sourced from the Ordovician—Silurian granitoids.

The collision after the Proto-Tethys Ocean closure should be earlier than ~425 Ma.
The post-collisional extensional event continued to ca. 385 Ma.

The EKO should merge with Gondwana/-derived microcortinents during the Silurian.



Editors

Lithos

Dear Sir/Madam

Please find the attached manuscript entitled “Proto-Tethys magmatic evolution along
northern Gondwana: Insights from Late Silurian—Middle Devoni.n A-type magmatism, East
Kunlun Orogen, Northern Tibetan Plateau, China”, by Jia-Jie “hen and coauthors, which we

respectfully submit to Lithos for possible publication

The East Kunlun Orogen (EKO), a microcirz2nt in northern Gondwana during the
Paleozoic, is a giant tectono-magmatic be't located in the north of the Qinghai-Tibetan
Plateau. Magmatic rocks in the EKO record two-stage orogenesis regarding the evolutions of
the Proto-Tethys Ocean (Neopt ot "ozoic—Early Paleozoic) and Paleo-Tethys Ocean (Late
Paleozoic—Cenozoic) that de.eluped along northern Gondwana and thus offer us an

opportunity to detect* th: ter tonic evolution of Tethys Ocean and northern Gondwana.

In this research, an A-type granite belt is recognized in the EKO. The origin and
rock-forming tectonic setting of this belt are discussed based on our new geochronological,
mineralogical, geochemical and isotopic data, and temporal-spatial distribution of regional
magmatic, metamorphic and sedimentary rocks. We propose that the A-type granite belt in
the EKO was formed by the partial melting of the earlier intruded Ordovician-Silurian

granitoids in a post-collisional extensional setting and the Proto-Tethys Ocean should be



closed earlier than 425 Ma, which led to the EKO and adjacent terranes amalgamating into

northern Gondwana or Gondwana-derived microcontinents.

The manuscript contains ca. 11281 words (included the reference list), 12 figures and

three appendix files. The raw data (Appendix A) and a descriptive file for the related

analytical method (Appendix B) are uploaded to the data repository, Mendeley Data. The

materials contained are fully the authors’ work and h. ‘e not been published or

simultaneously submitted elsewhere in any language. The ~anuscript does not contain

any previously unreported material that is a part o’ a manuscript in review or press

elsewhere. No conflict of interest exists in the cubn.ssion of this manuscript, and the

manuscript is approved by all authors for o “lication.

Thank you in advance for your . me and efforts in handling our manuscript and look

forward to hearing from you.

Sincerely yours,

Jun-Hao Wei (corresponding author)

Email: junhaow@163.com
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