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China Block (SCB) were located on the northern margin of the Gondwana supercontinent, but the geodynamic
history of the two related blocks is still unclear. To address this issue, this paper integrates literature data with
new geochronological, elemental, and isotopic data from early Paleozoic intermediate and silicic intrusions of
the western North Qinling Terrane. We recognize three early Paleozoic flare-ups of intermediate-silicic intrusive
magmatism in this area for the first time. Despite their similar lithology, the early Paleozoic igneous rocks formed
during the three pulses have distinct geochemical compositions and petrogenesis, and record the evolution from
subduction to continental collision. Geochronological data record: (1) An early Silurian (c. 441-434 Ma) pulse of
diorite-quartz diorite—granite magmatism. The diorites and quartz diorites probably formed by fractionation of
partial melts of mantle wedge modified by slab-derived hydrous fluids, while the granites formed by the partial
melting of juvenile mafic lower crust. (2) A middle Silurian high-flux pulse of diorites, quartz diorites, and
leucogranites (two-mica and muscovite granites) at c. 430-423 Ma. The diorites and quartz diorites were gener-
ated by crustal assimilation and fractional crystallization of basaltic partial melts of a pre-existing mantle source
that had been altered by slab-derived hydrous fluids, and that was subsequently modified by slab-melts. The
two-mica and muscovite granites formed by water-present melting of early-middle Silurian metamorphosed ig-
neous rocks derived from enriched mantle and (meta-)graywackes, respectively. (3) A late Silurian
(c.415-409 Ma) magmatic pulse formed quartz diorites, A-type granites, and leucogranites (muscovite granites).
The quartz diorites formed by differentiation of basaltic partial melts of enriched mantle, with a large contribu-
tion from depleted asthenospheric mantle. The A-type granites were generated by anatexis of juvenile mafic
lower crust and subsequent fractional crystallization. The muscovite granites formed by biotite dehydration
melting of (meta-)graywackes. The origins of these three early Paleozoic magmatic pulses were integrated
with published regional paleomagnetic data and descriptions of sedimentary, metamorphic and igneous rocks,
to provide a unique record of the geotectonic evolution of the Qinling Orogenic Belt that included: (1) slab roll-
back at c. 448-434 Ma; (2) initial continental collision at c. 433 Ma; (3) slab break-off at c. 430-423 Ma; (4) small-
scale lithospheric foundering in a post-collisional setting at c. 415-409 Ma. Literature-derived geochronological
records of collision-related magmatism and paleomagnetic data indicate that docking of the NCC and SCB with
the northern Gondwana margin probably ended during the early Silurian (c. 433 Ma).
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1. Introduction

The Qinling Orogenic Belt is an important composite accretionary
orogeny that lies between the North China Craton (NCC) and South
China Block (SCB) in Asia. It records early Paleozoic and Mesozoic sub-
duction and continental collision between the NCC and SCB (Dong
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etal,, 2013). Given that the NCC and SCB converged on the northern mar-
gin of Gondwana (Dong et al., 2011), the early Paleozoic tectonic evolu-
tion of the Qinling Orogenic Belt is a critical element of Gondwana's
configuration. However, the details of the collision are debated. For ex-
ample, Liu et al. (2016) infer that closure of the Proto-Tethys Ocean
(Shangdan Ocean), slab break-off, and post-collisional extension oc-
curred around 500, 450, and 420 Ma, respectively, based on details of
the high-ultrahigh pressure metamorphism of the eastern North Qinling
Terrane (NQT). Dong et al. (2011, 2013) argued for Early Devonian
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(c. 400 Ma) closure of the Proto-Tethys Ocean based on a Paleozoic
ophiolite and associated rocks, and detrital zircons from clastic rocks in
the NQT. In contrast, some scholars suggest that the spatio-temporal dis-
tribution of early Paleozoic intrusions records initial continental collision
during the Late Ordovician (c. 450-440 Ma) (Wang et al., 2013), and
others have concluded that the NCC and SCB did not collide in the early
Paleozoic (Huang et al.,, 2018; Wu and Zheng, 2013).

There is consensus that evolving arcs are characterized by the
“steady state” magmatism associated with weak mantle thermal fluxes,
low magmatic addition rates and normal geothermal gradients, which is
often punctuated by ephemeral and high-capacity magmatism (de Silva
et al.,, 2015). Therefore, the concept of flare-ups was developed to ex-
plain increased rates of magma production, which are commonly initi-
ated by changes in the geometry and geodynamics of subduction
zones and lithospheric processes, such as slab rollback, slab break-off,
slab tearing, crustal thickening, and lithospheric delamination
(DecCelles et al., 2009). In this paper, the concept is extended to include
high-flux pulses of magmatism corresponding to major geodynamic
changes in accretionary orogenic processes. If flare-ups are responses
to orogenic processes and tectonic evolution, then the genesis of early
Paleozoic magmatic flare-ups within the western NQT might record de-
tails of the geodynamic evolution and convergence of the NCC and SCB
on the northern Gondwana margin.

We performed a detailed petrographic, geochronological, geochem-
ical, and isotopic investigation of six early Paleozoic intermediate—
silicic intrusions, and compiled published geochemical data from other
intrusions in the western NQT (Pei et al.,, 2007a; Ren et al., 2018;
Wang, 2013; Wang et al., 2008; Wei et al.,, 2012; Wu et al.,, 2018; Xu
et al,, 2017; Yang, 2017; Zhang et al., 2006). The objectives were to:
(1) elucidate the episodic nature of early Paleozoic intermediate-
silicic intrusive magmatism; (2) delineate the early Paleozoic
geodynamic evolution of the Qinling Orogenic Belt; and (3) reconstruct
the convergence of the NCC and SCB with the northern margin of
Gondwana.
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2. Geological background

The Qinling Orogenic Belt of central China has a complex history that
involved multiple stages of subduction, continental collision, and
continent-arc collision from the Neoproterozoic to Mesozoic (Dong
et al.,, 2016). Continental collision between the NCC and SCB formed
the early Paleozoic Shangdan and Triassic Mianlue sutures in this belt;
these separate the NQT, South Qinling Terrane, and SCB (Fig. 1; Wu
and Zheng, 2013).

The western segment of the Qinling Orogen, located west of 108°
longitude (Zhang et al., 2002), is commonly referred to as the Western
Qinling Orogenic Belt. The crystalline basement of the NQT in this belt
includes the late Mesoproterozoic to early Neoproterozoic Qinling and
Longshan groups; both of these include gneisses, amphibolites, and
marble, and underwent early Paleozoic greenschist-amphibolite facies
metamorphism (Fig. 2; Liu, 2013; Yu et al,, 2016). In addition, volumi-
nous Neoproterozoic and early Paleozoic meta-volcanic-sedimentary
rocks crop out in the NQT. These include the Kuanping, Erlangping,
and Danfeng groups (Dong et al., 2011; Wu and Zheng, 2013). The
Danfeng Group, also known as the Shangdan suture zone, consists
mainly of ophiolite mélange and arc-related igneous rocks (Li et al.,
2015). It is exposed discontinuously on the southern margin of the
NQT and was metamorphosed under greenschist-amphibolite condi-
tions (Dong et al., 2011; Wu and Zheng, 2013).

3. Petrographic description and samples

The early Paleozoic intermediate-silicic intrusions of the western
NQT are mainly diorites, quartz diorites, and metaluminous and
peraluminous granites. Six representative intermediate-silicic intru-
sions, which include all of these rock types, were investigated for this
study (Fig. 2).

The Huangniupu pluton crops out over an area of ~200 km?, intrudes
Ordovician strata, and consists of coarse-grained quartz diorite that
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Modified from Wang et al., 2013.
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Fig. 2. Simplified geological map of the western part of Qinling orogen.

Revised from Liu, 2013.

comprises plagioclase (~60%), K-feldspar (~7%), quartz (~13%), horn-
blende (~15%), and biotite (~5%), with accessory magnetite, titanite, ap-
atite, allanite, and zircon (Fig. 3A). Mafic microgranular enclaves
(MMEs) are widely distributed and comprise plagioclase (~53%), horn-
blende (~40%), quartz (~5%), and acicular apatite (~2%), and have
poikilitic igneous textures (Fig. 3B, C).

The Zhangjiazhuang granite pluton crops out over an area of ~3 km?
and consists of two-mica granite and muscovite granite. The two-mica
granite intrudes Qinling Group gneiss and the Danfeng Group
(Figs. 2B, 3D), and is intruded by the muscovite granite (Fig. 3F). The
rocks are medium-fine grained and strongly foliated. The two-mica
granite consists of plagioclase (~34%), quartz (~34%), K-feldspar
(~21%), muscovite (~7%), and biotite (~4%) (Fig. 3E). The muscovite
granite consists of plagioclase (~26%), K-feldspar (~24%), quartz
(~35%), and muscovite (~15%) (Fig. 3G). Both granites contain accessory
magnetite, titanite, and zircon.

The Leijiayuan pluton crops out over an area of ~30 km?, intrudes Or-
dovician strata, and consists of a medium-grained quartz diorite
(Fig. 3H) that comprises quartz (~15%), plagioclase (~55%), K-feldspar
(~7%), and hornblende (~23%), with accessory magnetite, titanite, apa-
tite, allanite, and zircon. The hornblende is extensively chloritized
(Fig. 30).

The Beixinggou granite crops out over an area of ~15 km? and in-
trudes the Huangniupu quartz diorite. It is medium-coarse grained
and consists of quartz (~45%), K-feldspar (~39%), plagioclase (~10%),
and biotite (~6%), with accessory apatite, titanite, zircon and magnetite
(Fig. 3]).

The Yanwan muscovite granite crops out over an area of ~30 km?
and intrudes the Qinling Group gneisses (Fig. 3K). It is medium- to
fine-grained and comprises plagioclase (~26%), K-feldspar (~29%),
quartz (~34%), and muscovite (~11%), with accessory magnetite,
titanite, and zircon (Fig. 3L).

4. Analytical methods

Zircon grains from ~1.5 kg of each of six samples were separated by
conventional heavy-liquid separation and magnetic-gravimetric tech-
niques and mounted in epoxy at the Guangzhou Institute of Geochem-
istry, Chinese Academy of Sciences (GIGCAS). The U-Pb zircon data
were analyzed by laser ablation-inductively coupled plasma-mass spec-
troscopy (LA-ICP-MS) at the GIGCAS. Zircon 91,500 and the NIST 610
reference material were used as standards for age calibration and ele-
mental analyses, respectively. Zircon U-Th-Pb data were processed
with the ISOPLOT software to produce concordia plots. The U-Pb age
of the main zircon populations are interpreted as the timing of intrusion
crystallization.

In-situ zircon Hf isotopic data were analyzed by a Neptune Plus
multi-collector ICP-MS (MC-ICP-MS) and RESOlution M-50 laser abla-
tion system at the GIGCAS. Spot selection for Lu-Hf analysis was based
on the zircon U-Pb ages and cathodoluminescence (CL) images, which
differentiated igneous from xenocrystic zircons. Additionally, large igne-
ous and xenocrystic zircons were selected for Hf isotopic analysis. The
Penglai zircon was used as a reference standard and yielded a weighted
mean '7®Hf/!"7Hf ratio of 0.282901 =+ 0.000011 (2SD; n = 16), which is
within experimental error of the recommended value of Li et al.
(2010a).

Fresh samples were powdered to ~200 mesh in an agate mortar.
Major elements were analyzed by X-ray fluorescence (XRF) on a Rigaku
RIX 2000 instrument, and the trace elements were analyzed by a Bruker
M90 ICP-MS instrument at the GIGCAS. Analytical uncertainties on the
major and trace elements are approximately +1%-2% and better than +
5%-10%, respectively.

Strontium and rare earth elements (REEs) were separated by
conventional ion exchange columns and Nd was separated by
HDEHP-coated Kef columns. The Sr and Nd isotope ratios were
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Fig. 3. Representative field occurrence and thin section petrography of the studied intrusions: (A) microphotograph of the Huangniupu intrusion; (B-C) the field occurrence and
microphotograph of MMEs in the Huangniupu quartz diorite; (D) the Zhangjiazhuang two-mica granite intrudes the Qinling group gneisses; (E) photomicrograph of the
Zhangjiazhuang two-mica granite; (F) the Zhangjiazhuang muscovite granite intrudes the two-mica granite and Qinling group gneisses; (G) microphotograph of the Zhangjiazhuang
muscovite granite; (H-I) specimen and microphotograph of the Leijiayuan quartz diorite; (J) microphotograph of the Beixinggou biotite granite; (K) field photograph of Yanwan
muscovite granite; (L) microphotograph of the Yanwan muscovite granite. Abbreviations: Qtz = Quartz; Pl = Plagioclase; Kfs = K-feldspar; Hbl = Hornblende; Bt = Biotite; Ms. =

Muscovite; Ap = apatite; Chl = chlorite.

analyzed by MC-ICP-MS. The BHVO-2 and JG-2 standards yielded
875r/86Sr = 0.703472 4 0.000023 (20, n = 13) and "**Nd/'*Nd =
0.512217 4 0.000011 (20, n = 13), respectively.

5. Results

5.1. U-Pb ages

All zircons from the six intrusions are euhedral and prismatic
(Fig. 4), have high Th/U ratios of 0.07-3.10 (Supplementary Table 1),

and show typical oscillatory zoning (Fig. 4), indicating an igneous origin.
Eighteen LA-ICP-MS U-Pb ages of zircon from the Huangniupu quartz
diorite yield a 2°°Pb/?38U age of 440 4+ 3 Ma (MSWD = 0.10; Fig. 4A).
Thirty zircons from the Zhangjiazhuang two-mica granite were ana-
lyzed. Nine discordant results and four older grains (776-476 Ma) as-
sumed to represent inherited or xenocrystic zircons were excluded.
The remaining 17 analyses yield a 2°°Pb/?38U age of 430 4+ 2 Ma
(MSWD = 0.40; Fig. 4B). Thirty zircon crystals from the Zhangjiazhuang
muscovite granite were analyzed. Three discordant results and twelve
older zircons (2254-725 Ma) assumed to represent inherited or
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xenocrystic zircons were excluded from further analysis. The remaining
fifteen analyses yield a 2°°Pb/238U age of 423 + 4 Ma (MSWD = 0.07;
Fig. 4C). Twenty-three zircons from the Leijiayuan quartz diorite were
analyzed, and an older grain (435 4+ 8 Ma) assumed to represent
inherited or xenocrystic zircon was excluded. The remaining 22 analy-
ses yield a 2°°Pb/?38U age of 415 + 3 Ma (MSWD = 0.30; Fig. 4D).
Sixteen analyses of zircon from the Beixinggou biotite granite were
performed. One discordant analysis and one younger age (352 &+
6 Ma) assumed to record Pb-loss were excluded. The remaining 14 crys-
tals yield a 2°°Pb/?8U age of 412 &+ 3 Ma (MSWD = 0.23; Fig. 4E).
Twenty-five analyses of zircon from the Yanwan muscovite granite
produced eight discordant analyses, four older ages (865-454 Ma) as-
sumed to represent inherited or xenocrystic zircons, and three relatively
young ages (357-307 Ma) assumed to record Pb-loss were excluded
from further analysis. The remaining ten analyses yield a 2°°Pb/?*8U
age of 409 4+ 4 Ma (MSWD = 0.09; Fig. 4F).

Integration of our new data with published geochronological infor-
mation reveal that there were three pulses of intermediate-silicic intru-
sive magmatism in the western NQT at 441-434 Ma (early Silurian),
430-423 Ma (middle Silurian), and 415-409 Ma (late Silurian) (Fig. 5).

5.2. Whole-rock geochemistry

Our new major and trace element compositions are shown in Sup-
plementary Table 2. The Leijiayuan quartz diorites have high loss on ig-
nition values (2.12-5.90 wt%) that are attributed to chloritization
without element mobilization, and therefore, their analyses are normal-
ized to the totals of anhydrous oxides.

5.2.1. Early Silurian intrusions

The early Silurian intrusive rocks are mainly diorites, quartz diorites,
and granites that define a bimodal distribution (Fig. 6A). They have rela-
tively high K;0 contents (2.09-5.33 wt%), low FeOt/(FeOt + MgO) values
(0.51-0.80), plot in the fields of high-K calc-alkaline rocks and
shoshonites, and are classified as magnesian rocks (Fig. 6B, D). The diorites
and quartz diorites are metaluminous and have lower A/CNK (Al,03/
Ca0 + Nay0 + K0) values (0.73-0.95) than the weakly peraluminous
granites (1.03-1.15) (Fig. 6C). The diorite, quartz diorite, and granite
trace element data plot as sub-parallel lines on plots of incompatible and
rare earth elements, and are characterized by enriched light REEs and
large-ion-lithophile elements (LILEs), depleted heavy REEs (HREEs) and
high-field-strength elements (HFSEs), and weak Eu anomalies (Fig. 7 A, B).

5.2.2. Middle Silurian intrusions

The middle Silurian rocks are mostly diorites, quartz diorites, and
two-mica and muscovite peraluminous granites. The diorite and quartz
diorites have relatively low A/CNK (0.72-1.02) and FeOt/(FeOt + MgO)
values (0.55-0.66), are classified as metaluminous and magnesian
(Fig. 6C, D), enriched in LREEs and LILEs, depleted in HREEs and
HFSEs, and show negligible Eu anomalies (Eu/Eu* = 0.77-1.04). They
have lower KO contents (1.17-3.50 wt%) than the early Silurian diorite
and quartz diorites (2.09-5.33 wt%) and are classified as calc-alkaline to
high-K calc-alkaline (Fig. 6B). The REE patterns are more fractionated
((La/Yb)y = 34.7-166) than the early Silurian diorites and quartz dio-
rites ((La/Yb)y = 7.26-17.4) (Fig. 7A, C).

Overall, the middle Silurian two-mica and muscovite granites have
high A/CNK values of 1.10-1.31, FeOt/(FeOt + MgO) ratios of
0.80-0.88, and are classified as peraluminous ferroan granites (Fig. 6C,
D). They are enriched in LILEs and depleted in HFSEs (Fig. 7D). The
two-mica granites have higher Al,05 (15.02-15.66 wt%) and Na,O
(4.01-4.88 wt%), and lower K,0 contents (3.33-3.74 wt%) than the mus-
covite granites (13.90-14.04 wt¥%, 2.78-2.79 wt%, and 4.80-4.87 wt%, re-
spectively) (Fig. 6B). Furthermore, the two-mica granites have high La
(31.5-41.3 ppm) and low Yb contents (0.46-0.57 ppm), fractionated
REE patterns ((La/Yb)y = 42.6-52.9), and negligible Eu anomalies
(Eu/Eu* = 0.70-0.97). In contrast, the muscovite granites have low La
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(19.3-20.2 ppm) and high Yb contents (0.74-0.75 ppm), less-
fractionated REE patterns ((La/Yb)y = 18.7-19.3), and moderately neg-
ative Eu anomalies (Eu/Eu* = 0.47-0.52) (Fig. 7C).

5.2.3. Late Silurian intrusions

The late Silurian rocks consist predominantly of granites, with minor
quartz diorites. The quartz diorites have relatively low FeOt/(FeOt +
MgO) (0.66-0.67) and A/CNK values (0.86-0.94), are classified as
metaluminous and magnesian (Fig. 6C, D), and are enriched in LREEs,
depleted in HREEs, and show small negative Eu anomalies (Eu/Eu* =
0.57-0.66) (Fig. 7E).

The late Silurian granites are metaluminous to weakly peraluminous
granites (A/CNK = 0.98-1.05; Fig. 6C) and peraluminous muscovite
granites (A/CNK = 1.07-1.31; Fig. 6C). Most of them plot within the
fields of the high-K calc-alkaline to shoshonitic series (Fig. 6B) and
have high FeOt/(FeOt + MgO) ratios (0.79-0.88) that plot on the
boundary between the ferroan and magnesian fields (Fig. 6D). They
are enriched in LREEs, depleted in HFSEs, and have strong negative Eu
anomalies (Eu/Eu* = 0.21-0.77) (Fig. 7E, F).

5.3. Radiogenic isotope data

Our new whole-rock Sr-Nd and zircon in-situ Hf radiogenic data
from early Paleozoic intermediate-silicic intrusions are provided in
Supplementary Tables 3 and 4, respectively.

5.3.1. Early Silurian intrusions

The diorites and quartz diorites have initial Sr isotope ratios of
0.70457-0.70635, enq(t) values of —0.65 to —3.60, and ey(t) values of
1.90 to 6.06, which are similar to those of the granites ((37Sr/26Sr); =
0.70396 to 0.70929; enq(t) = —0.30 to —4.48; epe(t) = —1.18 to 5.77
(Fig. 8A, B).

5.3.2. Middle Silurian intrusions

The diorites and quartz diorites have initial Sr isotope ratios of
0.70316-0.70619, enq(t) values of —0.74 to —3.18, and gy(t) values of
1.03 to 6.20, which are similar to those of the early Silurian diorites
and quartz diorites (Fig. 8A, B). The two-mica granites have lower
(87Sr/86sr); values (0.70715 to 0.70804) but higher eng(t) and u¢(t)
values (—2.02 to —3.14 and — 1.15 to 6.48, respectively) than the mus-
covite granites ((37Sr/%5Sr); = 0.71285 to 0.71334, ena(t) = —3.49 to
—3.63, eys(t) = —6.61 to —0.44)(Fig. 8A, B). The xenocrystic zircons
(1124-825 Ma) from the muscovite granites have significantly lower
ey(t) values of —21.6 to —14.2 (Fig. 8B).

5.3.3. Late Silurian intrusions

The late Silurian quartz diorites have more depleted isotopic compo-
sitions than the early-middle Silurian diorites and quartz diorites, with
(37Sr/8sr); ratios of 0.70473 to 0.70505, eng(t) values of 1.39 to 1.83,
and eyg(t) values of 7.73 to 11.2 (Fig. 8A, B). The granites have extremely
low (37Sr/855r); ratios of 0.69615 to 0.70119, which are attributed to high
Rb/Sr values (3.93-2.01) and are not discussed further. The isotopic com-
position of the granites is also depleted relative to the early Silurian gran-
ites (eng(t) = —2.61 to —1.97; eyg(t) = 3.55 to 8.91), compared with
ena(t) values of —4.48 to —0.30 and eyg(t) values of —1.18 to 5.77 for
the earlier granites. In addition, the muscovite granites show a similar
degree of isotopic evolution ((87Sr/2Sr); = 0.71044 to 0.71126, eng(t) =
—5.35 to —4.15) to the middle Silurian muscovite granites (Fig. 8A).

6. Discussion
6.1. Episodic magmatism in the North Qinling Terrane
There are three pulses of early Paleozoic intermediate-silicic intru-

sive activity in the western part of the NQT. The duration of the early Si-
lurian pulse was eight million years, from c. 441 Ma to c. 434 Ma, and
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involved the formation of granites (438-434 Ma), diorites, and quartz
diorites (441-435 Ma; Fig. 2). The middle Silurian pulse also lasted for
eight million years, from c. 430 Ma to c. 423 Ma, and is represented by
extensive diorites and quartz diorites, with minor two-mica and musco-
vite granites (Fig. 2). The late Silurian pulse lasted for seven million
years, from c. 415 Ma to c¢. 409 Ma, and is represented by quartz diorites
(415 Ma), granites (414-410 Ma), and muscovite granites (409 Ma).

6.2. Petrogenesis of the early Silurian intrusions

The diorites and quartz diorites might have formed by melting of an
oceanic slab or continental crust, or fractionation of basaltic magma
(Annen et al., 2006; Martin et al., 2005). Slab melts commonly have
high Sr/Y and (La/Yb)y ratios (Y < 18 ppm; Yb < 1.8 ppm) and Na,O con-
tents (3.5 < Na,0 < 7.5 wt%), low K;0/Na,0 ratios (~0.42) (Martin et al.,
2005; Moyen and Martin, 2012), which are inconsistent with the high Y
(16.3-28.1 ppm) and Yb (1.59-2.53 ppm) contents and K,0/Na,O
(0.49-1.31) ratios of the early Silurian diorites and quartz diorites. Addi-
tionally, the lower crust and crystalline basement of the NQT, which are
formed by the Qinling Group, have significantly lower Sr-Nd-Hf isoto-
pic ratios than the diorites and quartz diorites (Fig. 8A, B). Therefore,
the early Silurian diorites and quartz diorites are not partial melts of
the continental or oceanic crust. The diorites and quartz diorites have
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classification (Frost et al., 2001).
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Fig. 7. Incompatible and rare earth element compositions normalized to (A, C, E) chondrite and (B, D, F) primitive mantle.

high Ba and Sr contents (671-1272 ppm and 555-969 ppm, respec-
tively) and low Rb contents (59.0-213 ppm), fractionated REE profiles
(Fig. 7A), small Eu anomalies and strong negative Nb and Ta anomalies
(Fig. 7B), consistent with the characteristics of high Ba-Sr granitoids
(Fig. 9A). These rocks are thought to originate from an enriched mantle
(Fowler et al.,, 2008). Therefore, we infer that the early Silurian diorites
and quartz diorites derive from enriched mantle, based on: (1) Sr-Nd
isotopic compositions that plot between contemporaneous back-arc
basin basalts and enriched-mantle-derived mafic rocks (Fig. 8A); and

(2) the high Ba (537-3322 ppm) and Sr (315-1418 ppm) contents of
Ordovician mafic intrusions derived from enriched mantle in the NQT
(Li, 2008; Wang et al., 2014). Slab-derived fluids transport mainly
water-soluble elements, while hydrous melts transfer water-soluble
and water-insoluble elements (Ren et al., 2019; Zheng, 2012). Plots of
Rb/Zr vs. Nb/Zr and Rb/Y vs. Nb/Y show that the diorites and quartz di-
orites were derived from enriched mantle modified by slab-derived hy-
drous fluids (Fig. 9B, C). Additionally, increasing SiO, is related to
constant Na,O and Al,O5 concentrations, high KO, Zr, Ce, and Nb
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contents, and low MgO, Ca0, and P,0s concentrations (Fig. 9E-L), con-
sistent with fractionation of mafic minerals and apatite. The eyq(t)
values are independent of the SiO, content (Fig. 9D), which indicates
that crustal assimilation was negligible.

Large volumes of granite are generally thought to form by partial
melting of crustal material (Clemens and Stevens, 2012). The early Silu-
rian granites have Sr-Nd-Hf isotopic compositions similar to the con-
temporaneous diorites and quartz diorites, but different from the
crystalline basement of the NQT (Fig. 8A, B), which indicates that the
most likely source is juvenile mafic lower crust. This inference is consis-
tent with the similar incompatible and rare earth element plots for the
diorites, quartz diorites, and granites (Fig. 7A, B).

In summary, we infer that the early Silurian diorites and quartz dio-
rites are likely to have formed by fractionation of partial melts of mantle
modified by slab-derived hydrous fluids, and that the granites formed
by partial melting of juvenile mafic lower crust.

6.3. Petrogenesis of the middle Silurian intrusions

6.3.1. Diorites and quartz diorites

The middle Silurian diorites and quartz diorites have high Ba
(1384-3050 ppm) and Sr (655-2376 ppm) contents, low Rb contents
(21.0-144 ppm), fractionated REE patterns, small Eu anomalies, and
enriched isotopic compositions ((87Sr/%%Sr); = 0.70316-0.70619,
end(t) = —3.18 to —0.74, eye(t) = 1.03-6.20), similar to those of the
early Silurian diorites and quartz diorites (Figs. 7C, D, 8A, B, 9A),
which indicate that they are likely to have formed from mantle that
has interacted with slab-derived hydrous fluids. However, some geo-
chemical features are unique to the middle Silurian rocks. These in-
clude: (1) lower K50 contents and higher Na,0, Na,;0/K50, and P,0s5
values than the early Silurian diorites and quartz diorites (Figs. 6B,
9G-I); (2) more fractionated REE patterns and higher La/Yb values
than the early Silurian diorites and quartz diorites (Figs. 7A, C, 9]); and
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(3) higher HFSEs (e.g., Zr, Nb) contents than the early Silurian diorites
and quartz diorites (Fig. 9K, L). Slab-melt-derived adakites have high
Na,0 (3.5 < Na,0 < 7.5 wt%), Na,0/K,0, and (La/Yb)y values of ~2.38
and > 10, respectively, and fractionated REEs. Niobium-enriched basalts
derived from enriched mantle modified by slab-melts have high Nb,
P,0s, and HFSE contents, and low LILE/HFSE and HREE/HFSE ratios
(Martin et al., 2005; Sajona et al., 1994). The unique geochemical signa-
tures of the middle Silurian intrusions indicate that slab-melts probably
affected the mantle source of the middle Silurian diorites and quartz di-
orites. This inference is supported by plots of Nb/Y vs.Rb/Y and Nb/Zr vs.

Rb/Zr, which indicate that the mantle source was modified by slab-
derived fluids and melts (Fig. 9B, C). Given their younger emplacement
ages than the early Silurian intrusions, we infer that the middle Silurian
diorites and quartz diorites were derived from mantle that had been al-
tered by slab-derived hydrous fluids, and that was subsequently modi-
fied by slab-melts. With increasing SiO, content, Na,0 and Al,05 remain
approximately constant, and CaO, MgO, Fe,O5; and P,0s decrease
(Fig. 9E-1), consistent with fractionation of mafic minerals and apatite.
The value of eng(t) decreases with increasing SiO, (Fig. 9D), consistent

with crustal contamination.

10
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6.3.2. Two-mica and muscovite granites

The middle Silurian two-mica and muscovite granites consist of
quartz + plagioclase + K-feldspar + muscovite 4 biotite, and are sim-
ilar to leucogranites (Wu et al., 2015). They differ in the following de-
tails: (1) the two-mica granites have higher Al,03 (15.02-15.66 wt%),
Na,0 (4.01-4.88 wt%) and Na,0/K,0 values (1.10-1.39) than the mus-
covite granites (13.90-14.04 wt%, 2.78-2.79 wt% and 0.57-0.58, respec-
tively) (Fig. 10A, B); (2) the two-mica granites have higher Sr
(210-401 ppm) and Ba (808-1010 ppm) contents and Sr/Y ratios
(29.2-62.7), and lower Y contents (6.40-7.70 ppm) and Rb/Sr ratios
(0.31-0.81) than the muscovite granites (Sr = 132-146 ppm; Ba =
464-488 ppm; Sr/Y = 12.3-14.0; Y = 10.4-10.7 ppm; Rb/Sr =
1.11-1.24; Fig. 10C-E); (3) the two-mica granites have higher La con-
tents (31.5-41.3 ppm), lower Yb contents (0.46-0.57 ppm), and more
fractionated REEs ((La/Yb)y = 42.6-52.9) than the muscovite granites
(La = 19.3-20.2 ppm; Yb = 0.74-0.75 ppm; (La/Yb)y = 18.7-19.3),
and the Eu anomalies are negligible (Eu/Eu* = 0.70-0.97) and slightly
negative (Eu/Eu* = 0.47-0.52), respectively (Figs. 7C, 10E); and
(4) the two-mica granites have lower (87Sr/86Sr); values (0.70715 to
0.70804) but higher eng(t) and eye(t) values (—3.14 to —2.02
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and — 1.15 to 6.48, respectively) than the muscovite granites
((37Sr/B5Sr); = 0.71285 to 0.71334, enq(t) = —3.63 to —3.49,
eye(t) = —6.61 to —0.44) (Fig. 8A, B). These differences indicate that
the two-mica and muscovite granites formed by different processes.

6.3.2.1. Two-mica granite. Adakitic characteristics, such as high Sr and La
contents, low Y and Yb contents, and small Eu anomalies (Figs. 7C, 10E)
indicate that the two-mica granites might be partial melts of thickened
crust. However, melts of thickened lower crust have high (Gd/Yb)y ra-
tios (>5.8; Huang and He, 2010) because Er, Tm, Yb, and Lu partition
more strongly into garnet than other REEs (Moyen and Martin, 2012),
which are distinct from the low (Gd/Yb)y ratios of two-mica granites
(3.04-3.57; Fig. 7C).

Typical leucogranitic melts can be produced by: (1) water-fluxed
melting induced by the introduction of a H,O-rich fluid phase; and
(2) fluid-absent dehydration melting of muscovite, biotite, and horn-
blende (Clemens, 2006; Reichardt and Weinberg, 2012). Niobium and
Ta are considered to partition similarly throughout the magmatic evolu-
tion of peraluminous granites, except during fractionation of Ti-rich
minerals and/or interaction with late magmatic fluids (Ballouard et al.,
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2016; Linnen and Keppler, 1997). The Silurian two-mica and muscovite
granites have different TiO, contents and similar Nb/Ta values
(Fig. 10G); this indicates that the different Nb and Ta contents
(Fig. 10F) are a consequence of differences in the amounts of micas in-
volved in crustal melting, rather than rutile fractionation and hydro-
thermal alteration (Gao et al., 2017). Niobium and Ta can partition
into melts generated by fluid-absent melting, so the low Nb and Ta con-
tents of the two-mica granites (Fig. 10F) indicate that these granites
formed by fluid-present melting (Gao et al., 2017; Harris et al., 1995).
This inference is supported by the following observations: (1) extremely
low Rb/Sr ratios (0.31-0.81; Fig. 10C, D), which typically reflect fluid-
present melting (Rb/Sr < 2) rather than dehydration melting (Rb/Sr> 2)
(Inger and Harris, 1993); and (2) fluid-present melting of crustal rocks
can produce trondhjemitic melts with low K,0 contents, which is con-
sistent with the low K,0 contents (3.33-3.74 wt%), high Na,O contents
(4.01-4.88 wt%), and Na,0/K,0 ratios (1.10-1.39) of the two-mica
granites (Conrad et al., 1988; Gardien et al., 2000; Fig. 10B).

The leucogranites have been attributed to melting of a range of
crustal rocks, including amphibolites, metasedimentary rocks, and si-
licic orthogneiss (Wang et al., 2017; Zeng et al., 2011). However,
metasediments can be excluded because metasediment-derived melts
have Rb/Sr ratios greater than one (Zhang et al., 2004), which is signif-
icantly higher than the Rb/Sr ratios of the two-mica granites
(0.31-0.81). This inference is also consistent with the low initial Sr iso-
tope ratios of 0.70715 to 0.70804, and high &yq(t) values of —3.14 to
—2.02. The high Sr (210-401 ppm) and Al,03 (15.02-15.66 wt%) con-
tents (Fig. 10A, C) might reflect plagioclase melting in the source of
the two-mica granites and suppression of plagioclase crystallization by
high water contents during the early evolution of the magma
(Miintener et al., 2001). The low Y and HREE contents and small Eu
anomaly (Figs. 7C, 10E) imply retention of HREE-enriched minerals
(garnet and hornblende) in the source (Frost et al., 2016). However, as
noted above, garnet is not a residual phase. Therefore, we infer that
the restite included large amounts of hornblende. This unusual situation
has been replicated by partial melting experiments. Beard and Lofgren
(1991) conducted water-fluxed melting experiments on metamor-
phosed basalts and andesites, that produced hornblende-rich,
plagioclase-poor residues and strongly peraluminous melts with high
Al,O3, LREE, and Sr contents, low K,0, HREE, and Y contents, and negli-
gible Eu anomalies (Figs. 7C, 10A-E; Beard and Lofgren, 1991; Frost
etal, 2016). These characteristics resemble those of the two-mica gran-
ites. The Sr-Nd isotopic compositions of the two-mica granites are sim-
ilar to those of the early-middle Silurian diorites and quartz diorites, but
dramatically different from those of the Qinling Group gneisses of the
NQT (Fig. 8A, B), indicating that they are derived from water-present
melting of early-middle Silurian metamorphosed igneous rocks
sourced from enriched mantle.

6.3.2.2. Muscovite granite. Diagrams that discriminate amongst crustal
sources (Fig. 10H, I) indicate that the middle Silurian muscovite granites
are derived from (meta-)graywackes, consistent with their evolved
Sr-Nd-Hf isotopic compositions ((87Sr/%¢Sr); = 0.71285-0.71334;
end(t) = —3.63 to —3.49; gye(t) = —6.61 to —0.44) and predominance
of biotite-plagioclase gneisses within the crustal rocks of the NQT.
Trends in Rb, Sr, Ba, Nb, and Ta are also consistent with water-present
melting for the following reasons.

(1) Melts generated by fluid-present and dehydration melting have
Rb/Sr ratios of <2 and > 2, respectively, as noted above (Inger
and Harris, 1993), and fluid-present melting of sedimentary
rocks generates melts with relatively low Rb/Sr ratios (~2;
Harris and Inger, 1992). Therefore, we infer that the relatively
low Rb/Sr ratios (1.11-1.24) of the muscovite granites reflect
water-present partial melting.

Constant Rb/Sr ratios with decreasing Ba content are attributed to
water-present partial melting (Fig. 10D; Inger and Harris, 1993).

(2

—
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(3) Relatively low Nb (13.6-13.9 ppm) and Ta (1.10-1.30 ppm) con-
tents (Fig. 10F) indicate water-present melting (Section 6.3.2.1;
Gao et al,, 2017).

In summary, we infer that the middle Silurian diorites and quartz di-
orites formed by crustal assimilation and fractional crystallization of ba-
saltic partial melts of a pre-existing mantle source that had been altered
by slab-derived hydrous fluids, and that was subsequently modified by
slab-melts. The two-mica and muscovite granites derive from water-
present melting of early-middle Silurian metamorphosed igneous
rocks sourced from enriched mantle and (meta-)graywackes,
respectively.

6.4. Petrogenesis of the late Silurian intrusions

6.4.1. Quartz diorites

The late Silurian quartz diorites have (87Sr/%Sr); ratios of 0.70473 to
0.70505, eng(t) values of 1.39 to 1.83, and &y¢(t) values of 7.73 to 11.2,
which differ from the isotopic characteristics of Qinling Group gneisses
of the NQT (Fig. 8A, B) and preclude their derivation from crustal mate-
rials. Some features of their geochemistry are similar to those of the
early-middle Silurian diorites and quartz diorites, such as high Ba and
Sr contents (585-751 ppm and 297-399 ppm, respectively) and low
Rb contents (74.8-99.9 ppm), and negative Nb and Ta anomalies
(Figs. 7F, 9A), consistent with derivation from enriched mantle. How-
ever, the Sr-Nd-Hf isotope compositions are more depleted than
those of the early and middle Silurian diorites and quartz diorites
(Fig. 8A, B), indicating that the depleted asthenosphere mantle was a
major contributor to the late Silurian quartz diorites. The low Mg num-
bers (Mg# = 46.7-48.4) and the mild negative Eu anomaly (Eu/Eu* =
0.57-0.66) probably reflect fractionation of plagioclase and mafic min-
erals. Crustal xenoliths and xenocrystic zircons are absent in these
rocks, indicating that crustal assimilation was negligible.

6.4.2. Granites

The late Silurian granites have low K/Rb ratios (165-262) and strong
negative Eu anomalies (Fig. 7E), consistent with the characteristics of
moderately to highly fractionated granites (Fig. 11A). Moderate to
high degrees of fractionation can produce variable element concentra-
tions, especially the HFSEs and 10000*Ga/Al (Fig. 11F-]), which are
used to discriminate A-type granites from other granites. Therefore,
only the less-fractionated granites (SiO, < 70 wt%) are considered to
provide a reliable record of the composition of the initial parental
magma and information on genetic type. The granites with the lowest
SiO, contents show an affinity with A-type granite (Fig. 11K, L). Their
ene(t) values are intermediate between those of the early-middle and
late Silurian diorites and quartz diorites (Fig. 8B), which indicate that
they formed by anatexis of juvenile mafic lower crust. Details of crystal
fractionation can be inferred, based on the following: (1) decreasing
MgO, Ca0, Na,0, P,0s, Sr, Nb, and Ce contents with increasing SiO, con-
tents (Fig. 11B-G) imply fractionation of mafic minerals, plagioclase,
and accessory minerals, such as apatite; (2) fractionation of rock-
forming minerals can cause weak Zr/Hf variation, while zircon fraction-
ation reduces Zr/Hf ratios significantly (Miinker et al., 2004). Therefore,
the decreasing Zr content and Zr/Hf ratio with increasing SiO, content
(Fig. 111) indicates extensive zircon fractionation; and (3) decreasing
Nb and Ta concentrations and sharply elevated Nb/Ta ratios of granites
with increasing SiO, (Fig. 11G, ) probably reflect fractionation of rutile
and ilmenite, because these minerals fractionate Nb from Ta (Dnpa < 1;
Linnen and Keppler, 1997).

6.4.3. Muscovite granite

Diagrams that discriminate amongst crustal sources (Fig. 10H, I) and
the evolved isotopic composition of the granite ((87Sr/%6Sr); =
0.71044-0.71126, &eng(t) = —5.35 to—4.74), indicate that the
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Fig. 11. Geochemical diagrams for the late Silurian granites: (A) plot of K/Rb vs. SiO,; (B-I) Harker-type diagrams; (J-K) bivariate trace element diagrams; (L-O) A-type granite
discrimination diagrams (Blevin, 2004; Whalen et al., 1987). The green shadow represents the samples with the least SiO, contents (<70 wt%).

muscovite granites derive from (meta-)graywackes. The strong nega-
tive Eu anomaly (Eu/Eu* = 0.21-0.31; Fig. 7E) is consistent with
vapor-absent dehydration melting of sedimentary rocks (Harris and
Inger, 1992), and is also consistent with their high Nb and Ta contents
(Fig. 10F) and Rb/Sr ratios of 2.54-4.90 (Gao et al., 2017). During
fluid-absent dehydration melting, the main hydrous reacting phases
are muscovite, biotite, and hornblende (Weinberg and Hasalova,
2015). Experimental petrology has shown that hornblende dehydration
melting reactions require high melting temperatures (850-900 °C), and
can yield dioritic to granodioritic and peralkaline to metaluminous
melts with low K/Na ratios (Wolf and Wyllie, 1994). These features
are not observed in the muscovite granites (SiO, = 73.42-73.92 wt%,
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K;0/Nay0 = 0.91-1.94, A/CNK = 1.07-1.31). Melts produced by mus-
covite dehydration melting have extremely high Rb/Sr ratios (>5) and
low Ti, Ba, Mg, and LREE contents, whereas biotite dehydration melting
produces lower Rb/Sr ratios (<4.5) and higher Ti, Mg, Ba, and LREE con-
centrations (Inger and Harris, 1993). The late Silurian muscovite gran-
ites have moderate Rb/Sr ratios (2.54-4.90), and high TiO,
(0.16-0.21 wt%), MgO (0.14-0.28 wt%), Ba (401-494 ppm), and LREE
(155-238 ppm) contents, which are consistent with derivation by bio-
tite dehydration melting of (meta-)graywackes.

In summary, we infer that the late Silurian quartz diorites formed by
fractionation of basaltic partial melts of enriched mantle, with a large
contribution from depleted asthenospheric mantle. The A-type granites
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were generated by anatexis of juvenile mafic lower crust and subse-
quent fractional crystallization. The muscovite granites formed by bio-
tite dehydration melting of (meta-) graywackes.

6.5. Geodynamic implications

There is consensus that northward subduction of the Shangdan
Ocean began before c. 500 Ma (Fig. 12A; Dong et al., 2011; Wang
et al., 2014), but the tectonic evolution of the Qinling Orogenic Belt
from c. 500 to c. 400 Ma remains unresolved. The origins of three early
Paleozoic magmatic flare-ups in the western NQT provide new insights
into this part of the history of the Qinling Orogenic Belt. Our tectonic in-
terpretation is based mainly on geochemical data and the petrogenesis
of the three magmatic flare-ups; further work is necessary to produce
a detailed and accurate reconstruction of the tectonic configuration.

6.5.1. Slab rollback at c. 448-434 Ma

Late Ordovician—early Silurian arc-type mafic intrusions of the west-
ern NQT, such as the Hualingou, Yuanyangzhen, and Baihua mafic intru-
sions, and volcanic rocks represented by the Caotangou Group, have
consistent zircon U-Pb ages of 456-435 Ma (Li, 2008; Pei et al., 2007b;
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Ren et al., 2018). Furthermore, a suite of bimodal volcanic rocks with
ages of 448-443 Ma, inferred to have formed in a back-arc basin setting,
are recognized in the Chenjiahe-Hongtubao area of the western NQT
(Li, 2008; Fig. 2). Therefore, we propose that northward subduction of
the Shangdan Ocean continued until the early Silurian and that the
early Silurian pulsed intermediate-silicic intrusive rocks were produced
in a subduction setting at 441-434 Ma (Fig. 12B). It has been suggested
that bimodal magmatism in back-arc basin settings reflects astheno-
spheric decompression melting caused by slab rollback (Tokséz and
Bird, 1977). The early Silurian magmatism (441-434 Ma) is slightly
later than the back-arc basin magmatism (448-443 Ma), so we infer
that the early Silurian flare-up was also controlled by slab rollback and
associated asthenospheric convection. In this scenario, slab rollback ini-
tiated asthenospheric decompression melting in the mantle wedge and
generated back-arc basin magmatism. Subsequently, asthenospheric
convection induced partial melting of enriched mantle that had
interacted with slab-derived fluids and produced basaltic magma that
evolved into the early Silurian diorites and quartz diorites by fractional
crystallization. Slab rollback and its consequences strongly increased
the geothermal gradient of the lower crust, which formed the early Silu-
rian granites (Fig. 12B).
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Fig. 12. Cartoons illustrating early Paleozoic tectonic evolution of the Qinling Orogenic Belt: (A) northward subduction of the Shangdan Ocean; (B) early Silurian slab rollback; (C) initial
continental collision at c. 433 Ma; (D) middle Siurian slab break-off; (E) late Silurian small-scale lithospheric foundering in the post-collisional setting.
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6.5.2. Initial continental collision at c. 433 Ma

The middle Silurian flare-up is characterized by two-mica (430 Ma)
and muscovite granites (423 Ma) related to crustal melting. These
leucogranites intrude the Shangdan suture zone, consistent with conti-
nental collision before c. 430 Ma. Slab rollback in an oceanic subduction
setting occurred at 448-434 Ma, which constrains continental collision
between the NCC and SCB to c¢. 434-430 Ma in the Qinling Orogenic Belt.
The Qinling Group near our research area underwent granulite-facies
metamorphism at 433-426 Ma (Mao et al., 2017), so we infer that the
initial continental collision of the NCC and SCB probably occurred at c.
433 Ma (Fig. 12C).

(A) ca. 460-434 Ma

/Il‘
l’

Baltica

Gondwana
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6.5.3. Slab break-off at c. 430-423 Ma

In contrast to the early Silurian diorites and quartz diorites, which
were derived from the mantle wedge that interacted with slab-
derived hydrous fluids, the middle Silurian diorites and quartz diorites
originated from a mantle source that had interacted with hydrous fluids
and that was altered subsequently by slab-melts. This is consistent with
interaction of the mantle with adakitic partial melts of the subducted
basaltic slab at c. 429-425 Ma. The middle Silurian two-mica and mus-
covite granites formed by water-present melting of crustal rocks within
the shear zone that represents the Shangdan suture zone, which indi-
cates that aqueous fluids induced localized fluid-present melting of

Fig. 13. Cartoons showing convergence of the NCC and SCB on the northern margin of Gondwana.

Modified after Huang et al., 2018; Zhao et al., 2018.
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crustal materials within the shear zone. This indicates that the active
shear zone provided a channel for fluid migration with locally low
fluid pressures that attracted fluids on a regional scale (Mancktelow,
2006; Weinberg and Hasalov4, 2015). In general, enriched mantle that
has interacted with slab-related fluids or hydrous melts from the sub-
duction zone contains large amount of fluids, and partial melts of this
material can transfer large amounts of aqueous fluids into the middle-
upper crust along shear zones (Vernon and Clarke, 2008). Therefore, a
significant geodynamic change, possibly related to the opening of a
slab window, occurred in the Qinling Orogenic Belt during the middle Si-
lurian continental collision, and this led to partial melting of the basaltic
slab and enriched lithospheric mantle and water-present melting of
crustal material (Fig. 12D). Slab break-off that occurs just a few millions
of years after continental collision can be induced by density contrasts
at the intersection of the continental and oceanic slabs (van de Zedde
and Wortel, 2001). The age of middle Silurian magmatism in the Qinling
Orogenic Belt (430-423 Ma) is slightly younger than that of the initial
continental collision (c. 433 Ma; Fig. 12D), as expected for slab break-off.

6.5.4. Post-collisional small-scale lithospheric foundering at c. 415-409 Ma

Involvement of depleted asthenospheric mantle in the late Silurian
quartz diorites indicates high flow rates within the asthenospheric
mantle. Furthermore, the A-type granites derived by anatexis of juvenile
mafic lower crust reflect an extensional geodynamic setting. The late Si-
lurian muscovite granites with leucogranite affinities are commonly
interpreted as a record of continental collision (Wu et al., 2015). Indeed,
most leucogranites are closely related to delamination of thickened con-
tinental crust in post-collisional settings, and minor leucogranites form
during continental collision and subsequent slab break-off (Wu et al.,
2015). Given that slab break-off occurred at 430-423 Ma in the Qinling
Orogenic Belt, delamination of thickened crust might have caused ex-
tension during the late Silurian. Continued continental compression
from c. 433 to c. 415 Ma would cause shortening and thickening of the
continental crust and underlying lithospheric mantle to produce a
high-density lithospheric root (eclogitic root) that protruded into the
asthenosphere (Houseman and Molnar, 1997). Delamination can man-
ifest as large-scale lithospheric delamination or Rayleigh-Taylor con-
vective instabilities (Yi et al., 2018). The weak late Silurian
magmatism (Fig. 2) is inconsistent with large-scale delamination.
Rayleigh-Taylor convective instabilities occur when the high-density
eclogitic root falls into the asthenosphere and initiates asthenosphere
upwelling, If the amount of high-density material is small then founder-
ing is slow and the resultant asthenosphere upwelling and magmatism
are limited (Drew et al., 2009). Therefore, the low volumes of late Silu-
rian magmatism were probably caused by small-scale foundering of
high-density lithospheric root (Fig. 12E).

6.6. New constraints on convergence of the North China Craton and South
China Block on the northern Gondwana margin

There have been numerous investigations of early Paleozoic conver-
gence of the NCC and SCB on the northern Gondwana margin (Huang
et al, 2018; Yu et al.,, 2015; Zhao et al., 2018). However, this process is
still debated because of the paucity of mid-Paleozoic paleomagnetic
data, and the late Ordovician to early Carboniferous sedimentary hiatus
in the NCC. Zhao et al. (2018) inferred that the NCC drifted northeast-
ward to collide with the SCB on the northern Gondwana margin at
500-460 Ma, whereas Yu et al. (2015) inferred that the NCC accreted
onto the SCB on the northern Gondwana margin at 440-400 Ma.
Huang et al. (2018) acknowledged that the NCC and SCB drifted towards
the northern Gondwana margin, but challenged the notion of an early
Paleozoic collision between the NCC and SCB. The Qinling Orogenic
Belt is a consequence of the early Paleozoic convergence of the NCC
and SCB, so its Paleozoic tectonic evolution might provide insights into
the configuration of Gondwana.
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The convergence of the SCB and Gondwana have been inferred to
have occurred at c. 540 Ma and c. 460 Ma. These dates are supported
by the early Paleozoic metamorphic ages (460-420 Ma) of the Huanan
Orogen in the SCB, and fauna, flora, paleomagnetic, and stratigraphic
data, respectively (Li et al., 2010b; Metcalfe, 2013; Yu et al., 2015;
Zhao et al,, 2018). However, this uncertainty does not affect our conclu-
sion, which is that the SCB was a part of Gondwana after c. 460 Ma
(Fig. 13A). The NCC shares early Paleozoic faunal assemblages and pa-
leomagnetic latitudinal ranges with the SCB and Australia (Huang
et al., 2008; Metcalfe, 2013), indicating that the NCC was located on
the northern Gondwana margin and was closely linked to Australia
and the SCB during the Ordovician. Furthermore, previous studies
have shown that the Ordovician Iapetus and Proto-Tethys oceans sepa-
rated Gondwana from other continental blocks and the Proto-Tethys
Ocean separated Gondwana/SCB from the NCC (Stampfli and Borel,
2002; Fig. 13A). As discussed above, northward subduction of the
Shangdan Ocean occurred at ¢. 500-434 Ma, so the NCC and SCB were
still separated by the Proto-Tethys Ocea