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ABSTRACT

The accurate identification of ancient magmatic arcs through igneous characteristics is crucial for reliable paleogeodynamic

reconstructions. This study evaluates the widely accepted Yidun arc hypothesis in the eastern Tibetan Plateau. Upper Triassic

(235-200Ma) high-K metaluminous, arc-type rocks in the Zhongza terrane show crustal reworking based on Hf isotopes. Lower—

Middle Triassic turbidites intruded by these igneous rocks share detrital modes and detrital-zircon U-Pb ages with Songpan-

Ganzi turbidites, supported by southward paleocurrents, indicating a shared northern Kunlun-Qinling source. Field evidence
confirms that turbidites in both the Zhongza and Songpan-Ganzi terranes predate the widespread Upper Triassic arc-like igne-
ous rocks in Zhongza. These rocks formed via syn-collisional, not oceanic subduction, magmatism, challenging the arc model.

This highlights the importance of detailed geological analysis before interpreting arc-like magmatism and inferring subduction

polarity in ancient orogens.

1 | Introduction

The ~500km-long and ~60-180km-wide Zhongza terrane (his-
torically called Yidun or Zhongdian) in the eastern Tibetan
Plateau is separated from the Qiangtang Block by the Jinshajiang
suture zone to the west and from the Songpan-Ganzi terrane by
the Ganzi-Litang suture zone in the east (Pan et al. 1997; Wang
et al. 2000) (Figure la—c). The eastern side of the Zhongza ter-
rane is lined by a discontinuous belt of igneous rocks covering
>7500km? (Figure 1c,d) and yielding arc-like geochemistry (e.g.,
negative Nb-Ta anomalies, high alkali metals, high FeO/MgO
and low MgO and TiO,). Reid, Wilson, Phillips et al. (2005), Reid,
Wilson and Liu (2005) and Reid et al. (2007) investigated the age,
tectonic deformation and cooling history of those magmatic rocks
and formally referred to them as the Yidun Arc, a proposal widely

© 2026 John Wiley & Sons Ltd.

accepted in the literature thereafter. The presence of the “Yidun
arc’ was later used to argue for the eastward subduction of the
Jinshajiang Ocean (e.g., Pullen et al. 2008; Ding et al. 2013) or for
the westward subduction of a Ganzi-Litang Ocean (Reid, Wilson,
and Liu 2005). The economically important porphyry Cu-Mo-Au
deposits of the Sanjiang mineralization belt are considered closely
related to “Yidun arc’ magmatism (Hou 1993; Deng et al. 2022).
Magmatic rocks with arc-like geochemistry, however, can also
form in the syn-collisional stage (e.g., Periadriatic plutons in the
European Alps or Linzizong Group in the Gangdese arc of south-
ern Tibet; Ji et al. 2019; Zhu et al. 2023).

To test whether the arc-like Zhongza magmatic rocks are the
direct product of oceanic subduction, we carried out field in-
vestigations to better characterise their geodynamic setting and

Terra Nova, 2026; 38:149-162
https://doi.org/10.1111/ter.70025

149


https://doi.org/10.1111/ter.70025
https://orcid.org/0000-0002-5401-8682
https://orcid.org/0000-0002-8638-9322
mailto:huxm@nju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fter.70025&domain=pdf&date_stamp=2026-01-05

240 Ma 200 Ma
Literature data of
magmatic rocks

Ganzi-Litang
suture zone

I
o
d

Ino
©
>

I
®
(3

e ENNOENEOLIONE

(2]

98°]

Jinshajiang
suture zone

Jomda-Weixi
magmatic zone

Upper Triassic-Cenozoic
strata

Triassic deep-water strata in
Zhongza and Songpan-Ganzi

Paleozoic strata

Neoproterozoic
Qiasi Group

Middle Permian-Middle
Triassic plutonic rocks

Upper Triassic
volcanic rocks

Upper Triassic
plutonic rocks

Middle Jurassic
plutonic rocks

Upper Cretaceous
plutonic rocks

Triassic-Cenozoic
plutonic rocks

Samples in the Songpan-
Ganzi terrane (this study)

Samples in the Zhongza
terrane (this study)

Published detrital zircon data
in the Songpan-Ganzi terrane

Published detrital zircon data
in the Zhongza terrane

Published paleocurrent data
997

1007

198° 1100°

% @i

e
Figure 1c & ‘,‘tsmgpan
Songpan-Ganziterranea L \‘~

N gﬁ
- ‘..”:-.‘:AQ
(\ \“

N s
\ Qo@% iac
.. ‘\I?QI“: iaojin®

s N7

@®
Chengdu

—

3%°

N 217 Ma
1" Borphyry (d)
r14 208Ma,\(N=50)
Songpan-Ganzi ""'l 50
(12 (N=57) ' Zhongza
[} -_\(N=117)
5110 I 217 Ma 40
Els [
@Litang E i 30
b4 L6 '_\
';\ 20
b 10

101°]

190" 270 230 250
Isotopic age/Ma

84°E 92°E 100°E

8°N

ATF

Songpan-Ganzi

No )
rthern Qnangtang 1Sz Yidun
SOUthem Q LSSZ

FIGURE1

| Legend on next page.

150

Terra Nova, 2026

85U8017 SUOLILLOD BATe81D 3edldde ay) Ag peusenob ae Se(oie YO 88N JO Sa|nI Joj A%eiq1T8UlUQ A8]IM UO (SUOTHPUOD-PUe-SWLBIW0D A8 |IMAleIq Ul |UO//SANY) SUORIPUOD PUe SWB 1 84} 88S *[9202/S0/0T] Uo AriqiTauliuo A ‘Aisieaun BuilueN Aq G200.°BYTTTT OT/I0p/woo A3 |1m Akelq1eul|uo//sdny wo.j pepeojumoq ‘¢ ‘920z ‘TZTESIET



FIGURE1 | (a)Zhongza terrane in the eastern Tibetan Plateau. ATF, Altyn-Tagh Fault. Suture zones: ASZ, Anyemaqgen; JSZ, Jinshajiang; LSSZ,
Longmucuo-Shuanghu; BSZ, Bangong-Nujiang; ISZ, Indus-Yarlung. (b) Simplified geological map of Zhongza terrane, study area and location of
sandstone and paleocurrent samples discussed in text. (c) Map showing the spatial and temporal distribution of Upper Triassic intrusive and volcanic
rocks (modified after Zhan et al. 2021). (d) Probability density plot of zircon U-Pb ages of magmatic rocks in Zhongza and Songpan-Ganzi terranes

(Table S1). [Colour figure can be viewed at wileyonlinelibrary.com]

geological relationship with the intruded sedimentary rocks. The
tectonic setting and sediment provenance of Triassic turbidites
were investigated by sedimentary petrography and U-Pb ages
of detrital zircons. To better understand the paleogeodynamic
framework of the Zhongza terrane as a whole, we compiled
mineralogical and geochemical data on Upper Triassic mag-
matic rocks in both Zhongza and Songpan-Ganzi terranes for
comparison.

2 | Geological Background

The Jinshajiang Ocean developed between the Zhongza and
Qiangtang terranes during the middle to late Palaeozoic, as
evidenced by 382-264Ma gabbro and diabase intrusions and
Devonian-Early Permian radiolarian cherts (Zi et al. 2013)
(Figure 2a). Westward subduction from the late Early Permian to
the Late Permian produced a suite of volcanic rocks until oceanic
closure by Early Triassic-early Middle Triassic time. Closure
timing is constrained stratigraphically by the unconformity at
the base of the Lower-Middle Triassic Malasongduo felsic volca-
niclastic succession (252-242 Ma; Wang et al. 2024), by peak met-
amorphic ages of 248-244Ma in eclogites (Tang et al. 2025), and
by 247-240Ma syn-collisional to post-collisional magmatism
(Reid et al. 2007; Zi et al. 2013). The Ganzi-Litang deep-marine
domain opened by the Devonian-Carboniferous as indicated by
radiolarian biostratigraphy (Figure 2a), with sea-floor spreading
possibly initiating locally in the Permian (Yu et al. 2024). As a
Permian rift, the Ganzi-Litang zone formed, which did not de-
velop into a full ocean (sensu Liu and Wang 2023) as indicated by
the lack of mature oceanic crust. Paleomagnetic results on Upper
Triassic volcanic rocks in the Zhongza terrane broadly constrain
the closure of the Ganzi-Litang proto-ocean as a branch of Paleo-
Tethys to the early Late Triassic (Cao et al. 2025; Hu et al. 2025).

The Zhongza terrane includes Palaeozoic clastic and carbon-
ate rocks locally intercalated with volcanic rocks, and Lower
to Middle Triassic deep-marine siliciclastic rocks of the Yidun
Group in the east (Figure 3a-e). The stratigraphy and detrital-
zircon U-Pb ages show affinity with the western margins of both
South China (Figure 2b,c) and North Qiangtang blocks. The
Middle to Upper Permian volcano-sedimentary sequences of the
Zhongza terrane are similar to the Emeishan flood basalts (Yang
et al. 2024). The 10-15km-thick coeval turbiditic succession of
the Xikang Group characterises the Songpan-Ganzi terrane
(Weislogel et al. 2006, 2010; Ding et al. 2013; Jian et al. 2019).

3 | Materials and Methods

Lower to Middle Triassic sandstone samples (12 from the Zhongza
terrane and 9 from the southeastern Songpan-Ganzi terrane) were
selected for petrographic analysis. At least 400 grains were counted
in each sample following the Gazzi-Dickinson point-counting

method (Ingersoll et al. 1984). The counting results were classified
and plotted following Garzanti (2019). Two Triassic sandstones
from the Zhongza terrane were analysed for U-Pb detrital-zircon
ages (Figure 1); for provenance analysis and tectonic interpreta-
tion, the results were compared with published geochronological
and geochemical data from magmatic and sedimentary rocks. A
detailed description of the adopted analytical methods and the
complete dataset is provided as Supporting Information.

4 | Results
4.1 | Yidun Magmatic Rocks

The Upper Triassic magmatic rocks exposed in the Zhongza
terrane include both plutonic and volcanic rocks (Figures 1b,
3f-1 and 4d-i; Table 1; Table S1). The intrusive complex, repre-
sented by the Ganzi and Daocheng batholiths and by ore-bearing
granitic rocks near Shangri La (Figure 3), mainly consists of to-
nalite, granodiorite and porphyritic granite locally containing
mafic enclaves. Zircon U-Pb dating indicates crystallisation ages
from 228 to 202Ma (Figure S1, Figure 5). A minor number of
zircon crystals or parts of crystals yielding ages ranging from
2627 to 365Ma are considered as inherited (Reid et al. 2007).
Variable SiO, (52-76 wt%) and K,O (1.4-9.6 wt%) concentrations
and low A/CNK (Al,0,/[Ca0 +Na,0+K,0]) and A/NK (AL,0,/
[Na,O +K,0]) ratios (Table S3) indicate high-K calc-alkaline af-
finity (Figure 5). The enrichment in large-ion lithophile elements
(Rb, Th, K) and depletion in high field strength elements (Nb,
Ta, Ti) are consistent with arc-like trace-element characteristics.

The Upper Triassic volcanic rocks, mainly exposed on the west-
ern side of the magmatic domain and interlayered with sedimen-
tary rocks, include basalt, andesite and dacite (Wang et al. 2011;
Leng et al. 2014). These volcanic rocks span a narrower time
interval than intrusive rocks (231-212Ma; Wang et al. 2011), ex-
hibit low SiO, (45-66wt%), variable K,0 (0-4.9wt%) and total
alkalis (K,0+Na,O up to 9.3wt%), indicating calc-alkaline af-
finity (Figure 5). Plutonic rocks in the Zhongza terrane yielded
negative zircon e (f) (from —15.5 to —2.0) and whole-rock e,(£)
values (from —9.5 to —1.5) (Figure 5). In contrast, volcanic rocks
and ore-bearing porphyry display variable zircon e (f) values
(from —1.4 to +11.3 and from —5.6 to +7.3, respectively) and
whole-rock g,,(t) (from —4.2 to +6.3 and from —4.9 to +1.5, re-
spectively) (Table 1 and Table S3 and Figure 5).

4.2 | Provenance of Deep-Marine Triassic
Turbidites

Lower-Middle Triassic turbidites in both Zhongza (n=12)
and Songpan-Ganzi (n=9) terranes are mostly feldspatho-
litho-quartzose and litho-quartzose sandstones (average
Q:F:L=67+13:10+5:23+9; Figure 6a; Table S4) with felsic
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[Colour figure can be viewed at wileyonlinelibrary.com]
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bedded litho-quartzose sandstone of Songpan-Ganzi terrane (GPS: 30.1654° N, 100.5449°E). (b) Groove casts. (c) Medium-bedded litho-quartzose
sandstone of Zhongza terrane (GPS: 30.3761° N 99.7951° E). (d) Andalusite hornfels in wall rock of Upper Triassic granite in Zhongza terrane (GPS:
29.1433°N, 99.9295°E). (e) Incomplete Bouma sequence in Triassic turbidites of Zhongza terrane. Field photographs of Ganzi (f, g) and Litang batho-
liths (h-j). Field photographs of volcanic rocks in the Zhongza terrane (k, 1). [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE4 | Photomicrographs of sedimentary, metamorphic and magmatic rocks in Songpan-Ganzi and Zhongza terranes. Triassic litho-quartzose

sandstones in Songpan-Ganzi (a) and Zhongza (b) terranes. (c) Andalusite hornfel in the wall rock of Upper Triassic granite in the Zhongza terrane.

(d-g) Upper Triassic granites in Ganzi and Litang batholiths. (h-i) Upper Triassic volcanic rocks in the Zhongza terrane. Hb, hornblende; Pl, plagioclase;

Kfs, K-feldspar; And, andalusite; Qz, quartz; Ly, felsic igneous lithic; Lm, metamorphic lithic. [Colour figure can be viewed at wileyonlinelibrary.com]

volcanic (average 49% =+ 11%) and subordinate metamorphic lith-
ics (slate, phyllite, minor schist; average 41% +15%) (Figure 6a).
Detrital zircons in the Yidun Group display major U-Pb age
peaks at 269, 443, 794, 967, 1878 Ma and a minor cluster around
2478Ma (Figure 6b, Figure S2; Table S5). Similar peaks at 269,
432, 782 and 1861 Ma in the Xikang Group point to the same de-
trital source.

The potential sources include North China, Qiangtang, South
China, East Kunlun terranes and the Qinling orogen (Nie
et al. 1994; Weislogel et al. 2006, 2010; Jian et al. 2019; Tang
et al. 2023; Chen et al. 2023; Table S6). Major contributions from
the North China Block are ruled out, because the NCB is char-
acterised by zircon-age peaks at 1.8 and 2.5Ga and a lack of a
Neoproterozoic peak at ~970Ma (Figure 6b, Jian et al. 2019).
Moreover, sediment transport from the North China Block
would have been blocked by the North Qinling orogen, reaching
a paleo-elevation up to ~4000m in the Late Triassic based on
magmatic rocks' mohometers (Chen et al. 2023). Major contri-
butions from the Qiangtang terrane are also ruled out, because
the latter is characterised by a prominent Pan-African age peak
at ~538 Ma lacking in Yidun and Xikang sandstones (Figure 6b).

The East Kunlun and Qinling orogens represent the most plau-
sible sources of siliciclastic detritus by far. These orogens expe-
rienced two magmatic phases, in the early-middle Palaeozoic

(460-400Ma) and in the Middle Permian to Late Triassic (268-
210Ma) (Dong et al. 2011, 2018; Dai et al. 2013), matching zircon-
age peaks in Triassic sandstones. Measurements of flute casts,
ripple foresets, ripple casts and ripple bedform-dip directions were
conducted at 6 localities near Songpan county, 2 localities near
Xiaojin county, 20 localities near Yajiang county and 2 localities in
the Zhongza terrane (Weislogel 2006; Figure S3), pointing at south-
ward paleocurrents (Weislogel et al. 2006, 2010; Jian et al. 2019).
Provenance from the north is thus indicated (Figure 6¢). In the
Yajiang-Xiaojin area, instead, paleocurrents mainly trend toward
the northwest and southwest, plausibly reflecting large-scale
clockwise crustal rotation during the Jurassic-Cenozoic as sup-
ported by paleomagnetic data showing up to ~70° of clockwise ro-
tation of coherent blocks along the southeastern Tibetan margin
(Wang et al. 2014; Li et al. 2017). The Yajiang region lies south of
the Cenozoic left-lateral Xianshuihe Fault (Figure S3), suggesting
that the southeastern Songpan-Ganzi region may have experi-
enced Cenozoic southeastward extrusion and clockwise rotation
after the India—-Asia collision, also affecting the measured direc-
tion of Triassic paleocurrents.

5 | Discussion and Implications

No Triassic ophiolitic rocks have been identified in the Zhongza
terrane. Existing ophiolites in the Jinshajiang suture zone are
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dated as 382-264 Ma (Zi et al. 2013), pre-dating the Late Triassic
magmatism.

Upper Triassic (235-200Ma) plutonic and volcanic rocks ex-
posed along the eastern side of the Zhongza terrane are unlikely

to represent a magmatic-arc setting based on several lines of
evidence. These rocks are metaluminous and high-K calc-
alkaline, distinct from the medium-K calc-alkaline rocks typ-
ical of arc magmas (Figure 5; Zhu et al. 2023). Moreover, the
overall enriched whole-rock Sr-Nd and zircon Hf isotopes
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(Figure 5) indicate dominant crustal reworking, inconsistent
with subduction-zone magmas (Zhu et al. 2023). It has been ar-
gued that ultramafic cumulates are representative of lower-arc

crust, but cumulates contemporaneous with intermediate—felsic
I-type granites have not been reported in the Zhongza terrane so
far (Zhu et al. 2021).

The decisive evidence proving the syn-collisional (Zhan
et al. 2021) rather than arc-related origin of this magmatic suite,
however, comes from unambiguous field observations. Upper
Triassic plutonic rocks display clear intrusive contacts with
Lower-Middle Triassic turbidites, with a thermal metamor-
phic aureole characterised by growth of andalusite (Figures 3d
and 4c). Such a relationship proves beyond doubt that turbidite
deposition preceded by a considerable amount of time their de-
formation and subsequent intrusion of Upper Triassic magmatic
rocks. Reid, Wilson, and Liu (2005) interpreted fold axes par-
allel to the Yidun magmatic belt as arc-parallel structures, but
field documentation of intrusive contacts with folded turbidites
proves that these folds post-date magmatism and reflect syn-
collisional compression rather than arc formation (Figure 3d).

No evidence indicates that Upper Triassic magmatic rocks and
Yidun turbidites are linked to an arc-trench system, or that such
a system existed in the Late Triassic, a period marked instead
by collision-related deformation (Xu et al. 2024). This argument
is primarily supported by three key lines of evidence: (1) The
feldspatho-litho-quartzose to litho-quartzose composition of
Triassic sandstones, with much higher quartz content than in
volcanolithic forearc-basin sandstones worldwide (Gilbert and
Dickinson 1970; Ingersoll 1983), as well documented all along
the Himalayan forearc basin (Garzanti and Van Haver 1988; An
et al. 2014; Orme and Laskowski 2016) (Figure 7a). (2) Detrital
zircons in Yidun turbidites display multiple and older age peaks
rather than a dominant coeval peak as expected in arc-related
basins (Cawood et al. 2012) (Figure 7b). (3) Elevated Ba/La ra-
tios in sedimentary rocks are indicative of slab-derived fluid in-
fluence on continental arc magmatism (Solidum et al. 2003), a
geochemical signal incorporated in volcano-plutonic sediments
deposited in forearc or intra-arc basins. Triassic mudrocks from
the Songpan-Ganzi and Zhongza terranes exhibit markedly
lower Ba/La ratios (median 12.8 and 10.8, respectively) than
sediments from the Great Valley forearc basin (median 39.7).
This can be considered additional evidence against an arc origin
of Songpan-Ganzi and Zhongza sediments (Figure 7c). These
arguments indicate the Triassic sedimentary rocks are not asso-
ciated with an oceanic subduction-related arc system as held by
Reid, Wilson, and Liu (2005).

Pullen et al. (2008) proposed that the Yidun arc separated from
the southern margin of the Kunlun-Qaidam terranes by sub-
duction reversal during consumption of the Paleo-Tethys ocean.
Geological evidence, however, indicates that the Zhongza ter-
rane did not rift away from the Kunlun-Qaidam terranes but
rather from the western margin of the South China Block, as
documented by the strong Upper Palaeozoic stratigraphic affin-
ity of both Zhongza and Songpan-Ganzi terranes with the South
China Block (Figure 2). Most relevant, the Permian Emeishan
Large Igneous Province is exposed both in the Zhongza terrane
and along the western margin of the South China Block, suggest-
ing that the Ganzi-Litang deep-water domain never developed
into a true oceanic branch (Chang 2000; Liu and Wang 2023)
but rather represents a rift that failed at the proto-oceanic stage
during the Permian (Figure 8a).
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The Zhongza and Songpan-Ganzi terranes formed an integrated
domain underlain by hyper-extended continental crust in the
Triassic, when it was filled by Yidun and Xikang deep-sea tur-
bidites. Both Zhongza and Songpan-Ganzi terranes were subse-
quently involved in collision during the Late Triassic, when they
experienced contractional deformation and metamorphism asso-
ciated with extensive syn-collisional magmatism (Figure 8b,c).

Syn-collisional magmatism widely occurs in other orogenic re-
gions. Following the onset of the India-Asia continental collision
dates as ~61-59 Ma (Hu et al. 2015; An et al. 2021), the Linzizong
lavas were erupted parallel to the newly-formed orogenic belt
(Zhu et al. 2021, 2022). Similarly, the Eocene-Oligocene (55-
25Ma) Urumieh-Dokhtar magmatic arc—originally suggested
to have been produced during Neo-Tethyan oceanic subduction
(Chiu et al. 2013)—developed after the onset of the Arabia-Asia
continental collision, recently constrained as pre-Eocene (Sun
et al. 2023). Although most igneous rocks in orogenic belts
were traditionally interpreted as associated with the oceanic-
subduction phase, recent stratigraphic and geochronological

data indicate that a considerable part of them was instead gener-
ated shortly after the onset of continental subduction, implying
that the paleogeographic and paleogeodynamic significance of
orogenic magmatism needs to be revisited and carefully reas-
sessed at the global scale.

The formation of most porphyry copper deposits worldwide
is associated with hydrous, calc-alkaline to mildly alkaline,
intermediate-felsic magmas with arc-like and adakitic geo-
chemical characteristics (Richards 2009). This is also the case
for the Sanjiang mineralization belt (Figure 9), but it does not
prove that associated arc-like magmas were generated during
oceanic subduction.

Our findings underscore the need to reassess the syn-collisional
versus post-collisional setting of arc-like magmatic rocks and
advocate for integrated sedimentological, petrographic and pa-
leogeographical approaches in unravelling the complex linkage
between arc-like magmatic rocks (including ore-bearing por-
phyry) and subduction processes.
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