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ABSTRACT

The Gangdese belt of the southern Lhasa terrane (southern Tibet) records a Chilean-​type accretion-
ary orogeny driven by subduction of Neotethyan oceanic lithosphere, prior to Indo-​Asian collision and 
formation of the Tibetan Plateau. We present detailed structural analysis of outcrops and a drill core 
in the Jiama copper ore district along with 40Ar-39Ar cooling ages from white mica, plagioclase, and 
potassium feldspar and zircon U-Pb geochronology of granitoids and sandstone. These data add new 
constraints to the formation of a major angular unconformity, deformation along and within the foot-
wall of the Gangdese décollement, and the coupling between deformation and magmatism. Structural 
analysis indicates that top-​to-​the-​south motion along the décollement produced south-​vergent folding 
and thrusting of Upper Jurassic to Cretaceous strata in the Gangdese back-​arc basin. A synthesis of 
new and compiled age data reveals that the décollement and associated south-​vergent deformation 
occurred between ca. 90 and 65 Ma, contemporaneous with the formation of a major ca. 85–69 Ma 
angular unconformity between the overlying Paleocene–Eocene Linzizong Formation and the underlying 
Upper Cretaceous Shexing Formation. We posit that this deformation in the Gangdese belt resulted 
from flat-​slab subduction of the Neotethyan oceanic slab beneath the southern margin of the Asian 
continent. A flat-​slab subduction geometry is consistent with previously documented synchronous 
thrusting in the forearc and back-​arc basins as well as the observed arc magmatic lull of the Gangdese 
belt between ca. 80 and 65 Ma.

■■ INTRODUCTION

Orogenic belts are typically grouped into two 
broad categories: continent-​continent collisional 
orogens and subduction-​accretionary orogens 
(Uyeda and Kanamori, 1979; Stern, 2002; Grujic, 
2006; Cawood and Buchan, 2007; Kellett et al., 
2009). These two models are commonly end mem-
bers, given that many orogens experience both 

continental collision and oceanic subduction during 
their evolution (Yin and Harrison, 2000; Jolivet et 
al., 2016; Kapp and DeCelles, 2019; van Hinsbergen 
et al., 2019). For example, the Tibetan-​Himalayan 
orogen is typically considered a prototypical 
continent-​continent collisional orogen and has 
received paramount attention within the geolog-
ical community (Molnar et al., 1993; Tapponnier 
et al., 2001; Royden et al., 2008; Labrousse et al., 
2010; Grujic et al., 2020; Carosi et al., 2013, 2018; 
Jamieson and Beaumont, 2013; Xu et al., 2013; Li 
et al., 2015a; Ding et al., 2016). However, during the 

Mesozoic, the southern margin of the Lhasa terrane 
was subject to a period of accretionary subduction 
prior to the Indo-​Asian continental collision (Ratsch-
bacher et al., 1992; Aitchison et al., 2000; Zhao et 
al., 2021), which may have resembled the present-​
day tectonic configuration of the South American 
Andes (Manea et al., 2017).

Subduction-​accretionary orogens form cur-
vilinear belts of magmatic and accreted material 
above sites of subducting oceanic lithosphere 
(Cawood and Buchan, 2007). Broadly speaking, 
subduction-​accretionary orogens can also be sub-
divided into two end-​member categories: those 
in which the orogen is under compression and 
those in which it is under extension. These two 
end members have been termed “Chilean type” 
and “Mariana type,” respectively, by Uyeda and 
Kanamori (1979). “Chilean-​type” orogens tend to 
be characterized by widespread crustal shortening 
and uplift, including the development of fold-​thrust 
systems in forearc and retro-​arc regions, in con-
junction with episodic arc magmatism (DeCelles 
et al., 2015; Ducea et al., 2015; Paterson and Ducea, 
2015). Arc-​continent accretion and arc magmatism 
are highly episodic, with magmatic activity com-
monly characterized by flare-​ups and lulls (Attia 
et al., 2020; Ma et al., 2022). However, in the case 
of subduction-​accretionary orogens, the driving 
mechanisms of formation are less obvious com-
pared to continent-​continent collisional orogens. 
Still debated are the crust-mantle–​scale processes 
that drive the formation of accretionary orogens 
and the role of these processes in the episodic 
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nature of deformation and magmatism (Paterson 
and Ducea, 2015).

The Lhasa terrane (southern Tibet), which was 
accreted to the southern margin of the Eurasian 
continent, not only records the final Indo-​Asian col-
lision processes but also preserves evidence for the 
subduction of the Neotethyan oceanic slab (Wen et 
al., 2008a; Kapp and DeCelles, 2019; Zhu et al., 2019; 
Ma et al., 2021a). However, much of the Mesozoic 
evolution remains poorly understood, in part due 
to structural and magmatic modification during the 
Cenozoic (Metcalf and Kapp, 2019; Sundell et al., 
2021). The Gangdese arc magmatic belt, exposed 
along the southern margin of the Lhasa terrane 
(Fig. 1A), is inferred to have formed during the sub-
duction of Neotethyan oceanic lithosphere beneath 
the Lhasa terrane, antecedent to the collision of 
the Indian and Asian continents at ca. 60–​55 Ma 
(DeCelles et al., 2014; Hu et al., 2015).

The tectonic regime that prevailed during the 
Late Cretaceous along the southern margin of the 
Lhasa terrane is still debated. Some models sug-
gest that Late Cretaceous to Paleogene shortening 
of the Lhasa terrane may have been punctuated 
by a 90–​70 Ma phase of extension that led to the 
rifting of a southern portion of the Gangdese arc, 
with the opening of a back-​arc ocean basin (Kapp 
and DeCelles, 2019; Sundell et al., 2021). Alternative 
models invoke Late Cretaceous crustal deformation 
in the back-​arc and forearc basins of the Gangdese 
magmatic arc that is associated with the accretion-
ary stage of the Tibetan-​Himalayan orogeny (Kapp 
et al., 2007; Ma et al., 2017a). In other words, the 
Gangdese belt may have experienced a “Chilean-​
type” orogeny during the Late Cretaceous (Wen et 
al., 2008b; Ding et al., 2014; Dong et al., 2018; Zhu et 
al., 2019). The two competing end-​member hypoth-
eses for the Late Cretaceous tectonic evolution of 
the southern Lhasa terrane require reexamination. 
However, studies of the tectonic structures and their 
evolution are still scarce (Kapp et al., 2007; Ma et 
al., 2017a; Wang et al., 2017a). More importantly, 
the temporal relationship between deformation 
and the episodic magmatism of the Gangdese 
belt (namely the arc magmatic tempos) remains 
largely unexplored. These relationships are key for 
understanding tectonic-​scale driving forces and 

for modeling the thermal-​structural evolution of 
orogens from early-​stage accretion to late-​stage 
continental collision.

The central part of the Gangdese belt, specifi-
cally the region between Lhasa and Mozhugongka, 
exposes Lower Jurassic to lower Eocene volcano-​
sedimentary sequences as well as voluminous 
intrusive rocks, including the Paleocene Quxu 
batholith (Figs. 1 and 2). Rocks exposed in this 
region therefore preserve a record of the struc-
tural evolution of the Late Cretaceous accretionary 
orogeny along with their relation to the magmatic 
tempos of the Gangdese batholith. Here, we present 
new structural observations from field outcrops and 
a drill core as well as geochronological data to char-
acterize the tectonic framework and deformation of 
the Gangdese back-​arc basin. We also explore the 
relationship between the episodic magmatism and 
tectonics during the accretionary orogenic phase. 
Our work sheds new light onto the processes and 
timing of accretionary orogenesis of the Lhasa ter-
rane prior to the Indo-​Asian collision and furthers 
our understanding of coupled continent-​continent 
collisional and accretionary-​subduction orogeny.

■■ GEOLOGICAL BACKGROUND

The Gangdese magmatic belt, located at the 
southern margin of the Lhasa terrane, extends 
for >1500 km along strike, with a width ranging 
between ~20 and 100 km (Fig. 1A). To the west, the 
Gangdese magmatic belt is linked to the Ladakh 
and Kohistan batholiths. To the east, it is linked to 
the Lohit batholith (Zhu et al., 2019). The Gangdese 
magmatic belt is composed primarily of large-​scale 
batholiths and corresponding volcanic sequences, 
preserving a record of Neotethyan oceanic slab 
subduction from the Mesozoic to Cenozoic (Yin 
and Harrison, 2000; Ji et al., 2009; Hu et al., 2015; 
Najman et al., 2017; Li and Mattern, 2021). Composi-
tionally, the Gangdese batholith comprises gabbro, 
diorite, granodiorite, monzogranite, and granite as 
well as porphyry stocks, ranging in age from Middle 
Triassic (ca. 240 Ma) to late Miocene (ca. 9.5 Ma) 
(Laskowski et al., 2018; Meng et al., 2018; Ma et al., 
2020). Two dominant age peaks are interpreted to 

correspond to two magmatic flare-​ups at 90 ± 5 Ma 
and 50 ± 3 Ma (Zhu et al., 2019). Two contrasting 
tectonic models have been widely used to inter-
pret the Late Cretaceous magmatic flare-​up: slab 
rollback and ridge subduction of the Neotethyan 
oceanic lithosphere beneath the Lhasa terrane (Ma 
et al., 2015; Zhu et al., 2019; Meng et al., 2021; Ding 
et al., 2022a). The second magmatic flare-​up that 
peaked ca. 50 Ma could have been caused by the 
slab breakoff of the subducted Neotethyan oceanic 
lithosphere (Zhu et al., 2015, 2019).

Volcano-​sedimentary sequences that are spatio-
temporally associated include the Lower to Middle 
Jurassic Bima and Yeba Formations, the Upper 
Jurassic Duodigou Formation, the Lower Creta-
ceous Linbuzong and Chumulong Formations, and 
the Upper Cretaceous Shexing Formation, among 
others (Figs. 1 and 3). The Bima Formation com-
prises basalt, basaltic andesite, andesite, rhyolite, 
limestone, and slate (Kang et al., 2014; Wang et al., 
2016; Ma et al., 2017b). The Yeba Formation is charac-
terized by bimodal volcanic rocks whose formation 
is attributed to back-​arc rifting that was triggered by 
the northward subduction of the Neotethyan oceanic 
slab (Zhu et al., 2008a; Liu et al., 2018; Ma et al., 2019). 
The Duodigou Formation is dominantly limestone. 
The Lower Cretaceous Linbuzong and Chumulong 
Formations comprise chiefly slate and siltstone, and 
the Upper Cretaceous Shexing Formation comprises 
siltstone and sandstone. The variable lithologies 
imply a regressive depositional environment.

Tectonically, the Gangdese magmatic belt is 
bound to the north by the Luobadui-​Milashan fault 
zone and by the Indus–​Yarlung Tsangpo suture zone 
to the south (Fig. 1A) (Pan et al., 2006; Zhu et al., 
2008b). The Luobadui-​Milashan fault zone exposes 
a stack of folded, north-​directed thrust faults, ~15 km 
north of the Linzhou area, including the Gulu-​Hamu 
retro-​arc thrust, which records northward transla-
tion of the Gangdese belt over the Central Lhasa 
subterrane (Murphy et al., 1997; Kapp et al., 2007). 
The structurally highest of these thrusts, with Paleo-
zoic strata in the hanging wall, is intruded by a suite 
of 57–​50 Ma granitoids along strike to the west 
(Kapp et al., 2007). To the north of the Luobadui-​
Milashan fault zone, the Central Lhasa subterrane is 
characterized by Precambrian basement intruded by 
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Figure 1. (A) Tectonic framework of the Lhasa terrane and location of the Gangdese magmatic belt in the context of the southern Tibetan Plateau (Zhu et al., 2019), which is composed 
of, from north to south, the Songpan-​Ganze, Qiangtang, Lhasa, and Tethyan Himalaya terranes. The extent of the Gangdese batholith and the exposure of the Linzizong Formation 
volcanic succession are from Chung et al. (2005). BNSZ—Bangong-​Nujiang suture zone; IYTSZ—Indus–Yarlung Tsangpo suture zone; JSSZ—Jinsha suture zone; KF—Karakoram fault; 
LMF—Luobadui-​Milashan fault; SGFC—Songpan-​Ganze flysch complex. (B) Schematic tectonic map of the central-​eastern Gangdese tectono-​magmatic belt of the southern Lhasa 
terrane (modified from Yin et al., 1994; Kapp et al., 2007; Ma et al., 2017a), showing the Gangdese décollement, which is located to the south of the retro-​arc fold-​thrust belts (Emei 
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Figure 2. Schematic tectonic map (A) and 
cross section (B) of the Gangdese back-​
arc basin of the southern Lhasa terrane 
with published age data and our new 
age data, accompanied by sample lo-
cations. The map area of A is outlined 
in Figure 1A. Shown is the top-​to-​the-​
south Gangdese décollement (GDSD), 
which is composed of (1) the lower 
décollement layer (GDSD-1) between 
the overlying Upper Jurassic Duodigou 
Formation limestone and the underly-
ing Middle Jurassic volcanic rocks of the 
Yeba Formation and (2) the upper décol-
lement layer (GDSD-2) between the 
overlying Lower Cretaceous Linbuzong 
Formation and the underlying Upper 
Jurassic Duodigou Formation lime-
stone. The GDSD was uplifted to form 
a dome structure with outward-​dipping 
foliation and stretching lineation. The 
upper-​right insets in A show lower-​
hemisphere, equal-​area projections of 
foliation (S1) and stretching lineation (La) 
orientations of the Lhasa dome structure. 
Foliation and lineation in inset I were 
collected from the western flank of the 
Lhasa dome, with foliation dipping to 
the west. Foliation and lineation in in-
set II were collected from the northern 
flank of the Lhasa dome, showing folia-
tion dipping to the north. Foliation and 
lineation in inset III were collected from 
the southern flank of the Lhasa dome, 
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Renbu-​Zedong thrust; GT—Gangdese 
thrust; GHT—Gulu-​Hamu thrust; Pl—
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voluminous Jurassic–​Cretaceous, collision-​related 
S-​type granites (Zhu et al., 2008b). In contrast, the 
Gangdese belt is characterized by juvenile crust, 
apparently lacking basement rocks (Ji et al., 2009). 
In addition, the Triassic–​Jurassic igneous rocks of 
the Gangdese belt show highly depleted zircon Lu-​
Hf and whole-​rock Sr-​Nd isotopic signatures and 
arc-​like geochemical composition indicative of 
continued subduction of the Neotethyan oceanic 
lithosphere (Zhu et al., 2008b; Wang et al., 2016; 
Ma et al., 2020).

The Xigaze forearc basin, immediately north of 
the Indus–​Yarlung Tsangpo suture zone (Fig. 1B), is 
composed of the Xigaze Group, including the Ngam-
ring, Padana, and Qubeiya Formations, deposited 
at ca. 107–​65 Ma (Wu et al., 2010; Orme et al., 2015). 
To the north, the Xigaze forearc basin is bound by 
the south-​dipping Great Counter thrust, which 
is of late Oligocene–​early Miocene age (Fig. 1B) 
(Yin, 2006; Laskowski et al., 2017). To the south, the 
basin is defined by the north-​dipping Gangdese 
thrust, which is thought to have initiated during the 
late Oligocene (Yin et al., 1994). Forearc and subse-
quent syn-​collisional sequences were deposited on 

the Xigaze ophiolitic basement (Huang et al., 2015; 
Orme and Laskowski, 2016; Wang et al., 2017b). Fur-
ther to the south, a sedimentary-​matrix mélange 
was thrust southward over the southern Tethyan 
Himalayan sequence along the east-west–​striking 
Zhongba-​Gyangze thrust at ca. 71–​61 Ma (Ding et 
al., 2005; Wang et al., 2017a).

The Late Cretaceous Gangdese back-​arc basin 
(~200 km in length and ~60–​70 km in width) is 
located at the northern side of the Mesozoic Gang-
dese batholith, north of the Quxu batholith (Fig. 1B). 
The basin exposes marine sedimentary rocks of the 
Upper Jurassic Duodigou Formation and terrestrial 
sedimentary rocks of the Cretaceous Linbuzong, 
Chumulong, Takena, and Shexing Formations 
(Figs. 2 and 3) totaling a thickness of ~3 km. The 
basement of the basin consists of basic and inter-
mediate volcanic rocks of the Yeba Formation with 
ages between 190 and 174 Ma (Fig. 3) (Zhu et al., 
2008a). Back-​arc sequences are overlain by the ca. 
65–​45 Ma Linzizong Formation volcanic succession 
along an angular unconformity (hereon referred to 
as the Gangdese angular unconformity) (Mo et al., 
2007; Zhu et al., 2015). Below the unconformable 

contact, the Gangdese back-​arc sequences are 
strongly folded, whereas the overlying Linzizong 
volcanic sequences remain weakly deformed (Kapp 
et al., 2007).

■■ STRUCTURAL OBSERVATIONS

Based on detailed field investigation, we distin-
guish two episodes of overprinting deformation. 
The first deformation phase (D1) is contractional, 
accommodated by folding and south-​vergent 
thrusting. The second phase of deformation (D2) 
is also contractional and expressed as regional 
doming and open folding of D1 structures.

First Deformation (D1)—Gangdese 
Décollement

D1 is defined by a series of folds and south-​
vergent thrusts developed in the Upper Jurassic to 
Lower Cretaceous strata of the Gangdese back-​arc 
basin (Fig. 4). Fold axial traces strike east-​west and 
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axial planes are characterized by upright orienta-
tions in the upper strata and by south-​verging open 
folds in the stratigraphically lower strata (Fig. 4; 
Fig. S1 in the Supplemental Material1). Forma
tion of the south-​vergent structures is inferred to 
be associated with a ~2-​km-​thick composite sole 
detachment zone, exposed between the underlying 
Middle Jurassic Yeba Formation sequence and the 
overlying Upper Jurassic–​Cretaceous sediments. 
We refer to these structures as the Gangdese décol-
lement (GDSD) (Figs. 2B and 4). The GDSD includes 
two décollement surfaces. The lower décollement 
surface (GDSD-1) includes a ~500-​m- to ~1-​km-​thick 
mylonite zone developed within volcanic and sed-
imentary rocks of the underlying Middle Jurassic 
Yeba Formation and overlying Upper Jurassic lime-
stone of the Duodigou Formation (Fig. 5). The upper 
décollement surface (GDSD-2) is composed of a 
1.5–​2-km-​thick shear zone developed in slate and 
sandstone between the underlying Upper Jurassic 
Duodigou Formation limestone and the overlying 
Lower Cretaceous Linbuzong Formation slate and 
sandstone (Fig. 4). Despite shearing and inferred 
displacement along the décollement, the original 
stratigraphy remains intact. We suggest that the 
upper and lower contacts of the Upper Jurassic 
Duodigou Formation limestone localized strain, 
promoting formation of the two décollement 
surfaces.

The mylonitic sandstone and schist of GDSD-1 
are characterized by north-​dipping foliation (S1) 
and north-south–​trending stretching lineation 
(L1) (Figs. 5A and 5B). The north-south–​trending 
stretching lineation is defined by stretched volca-
nic clasts, felsic mineral clusters, and plagioclase 
clasts (Fig. 5D). S-​C fabric orientation and asymmet-
ric volcanic clasts within the mylonitized volcanic 
rocks indicate dominantly top-​to-​the-​south and/or 
top-​to-​the-​southeast sense of shear (Figs. 5A–5C). 
Top-​to-​the-​south and/or top-​to-​the-​southeast 

1 Supplemental Material. Ar-Ar dating results of mylonite, zircon 
U-Pb dating results of granites, and detrital zircon U-Pb dating 
results of Shexing Formation sandstone, as well as magmatic 
and detrital zircon U-Pb ages and Hf isotopes from many other 
published papers. Includes additional figures, as well as detailed 
analytical methods. Please visit https://doi.org/10.1130​/GEOS​
.S​.22321042 to access the supplemental material, and contact 
editing@geosociety.org with any questions.

shearing of GDSD-1 is further evidenced by asym-
metric tails on feldspar clasts, asymmetric calcite, 
S-​C fabric orientation, and felsic boudins or lenses 
(Figs. 6 and 7).

Rocks deformed within GDSD-2 record similar 
structures and kinematics to those in GDSD-1. In 
outcrop, S-​C fabrics, asymmetric porphyroclasts, 
and folds are consistent with top-​to-​the-​south 
sense of shear (Ma et al., 2017a). In thin section, 
deformed rocks from the GDSD-2 zone show asym-
metric feldspar, calcite, and biotite clasts (Fig. 6B), 
S-​C fabrics (Fig. 6C), and sigma-​type felsic lenses 
(Fig. 6D) also consistent with these kinematics.

Rocks deformed by GDSD-2 were found in drill 
core ZK2314, drill line 23, in the central segment 
of the Jiama mining district (Figs. 2 and 8), north-
east of Lhasa. The ZK2314 drill core recovered 
311.2 m, which included Lower Cretaceous Linbu-
zong sandstone and slate (core depths of 0–​220 m), 
a porphyry zone (220–​230 m), and Upper Jurassic 
marble or limestone of the Duodigou Formation 
(240–​311.2 m) (Fig. 9). The porphyry Cu ore body 
intruded along the shear zone of GDSD-2 at 16–​
15 Ma (Fig. 8), indicating that deformation along 
the shear zone had ceased by that time (Yang et 
al., 2016).
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Figure 5. Deformation structure in the field. (A and B) Deformed schist, whose protolith was the sandstone of 
the Yeba Formation. The quartz veins and/or boudins have been rotated into sigma-​type blocks, showing top-​
to-​the-​south and/or top-​to-​the-​southeast shearing. Lines of C and S represent two sets of planar structures, a 
shear surface (C) and a foliation (S). (C) Field photo of deformed volcanic rocks of the Yeba Formation showing 
top-​to-​the-​south and/or top-​to-​the-​southeast shearing, where volcanic clasts have been rotated into sigma-​type 
blocks. The deformed planes show highly vertical angles, which could have been caused by the later doming 
process due to pluton intrusion. (D) Mineral lineation defined by plagioclase, felsic mineral assemblages, and 
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Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/19/3/933/5875183/ges02602.1.pdf
by CNRS_INSU user
on 30 August 2023

http://geosphere.gsapubs.org
https://doi.org/10.1130/GEOS.S.22321042
https://doi.org/10.1130/GEOS.S.22321042
mailto:editing@geosociety.org


940Xuxuan Ma et al.  |  Gangdese Late Cretaceous tectonothermal eventsGEOSPHERE  |  Volume 19  |  Number 3

Research Paper

Slate and sandstones of the Lower Cretaceous 
Linbuzong Formation (0–​220 m of drill core ZK2314) 
record evidence for ductile deformation including 
foliation and cleavage development (S1), grain-​
size reduction (which we interpret to result from 
dynamic recrystallization), shear-​band develop-
ment, and folding of quartz veins (Figs. 9 and 10). 
Microstructures recorded within the drill core either 
are consistent with top-​to-​the-​south and/or top-​to-​
the-​southeast sense of shear or are ambiguous and 
do not contain convincing shear-​sense indicators. 
In parts of the drill core, asymmetric folding could 
be suggestive of top-​to-​the-​north sense of shear, 
opposite that of GDSD kinematics (Figs. 9 and 10). 
The Upper Jurassic limestone of the Duodigou 

Formation (240–​311.2 m of ZK2314) is characterized 
by grain-​size reduction, development of a gently 
north-​dipping foliation, and a NNE-SSW–​trending 
stretching lineation (Figs. 9 and 10).

We posit that the deformation of the Cre-
taceous Linbuzong and Shexing Formations 
(Fig. S1E), recorded by the south-​vergent struc-
tures with upright folds in the top and tight to 
isoclinal folds with north-​dipping axial planes in 
the lower part, is associated with the sole GDSD-2 
décollement (Fig. 9). In contrast, the Paleogene 
Linzizong Formation volcanic sequence is weakly 
deformed and unconformably overlies on the 
intensely deformed Shexing Formation (Fig. S1E; 
Kapp et al., 2007).

Second Deformation (D2)—Folding and Doming

The GDSD was folded into open, generally 
upright to slightly south-​vergent folds and formed 
a kilometer-​scale dome structure. Radiating orien-
tations of the S1 foliation and stretching lineation 
were observed in the Jurassic Yeba and Duodigou 
Formations in the Lhasa region, providing evidence 
for this separate deformational event (Fig. 2A). The 
northern and southern flanks of the anticline show 
steeply north-​dipping and south-​dipping foliation 
orientations, respectively, whereas the western 
flank records foliation orientations gently dipping to 
the west (10°–30° dip) accompanied by an east-west–​
trending lineation orientation (Figs. 2A and 2B). This 
domal structure was previously named the “Lhasa 
dome” (Ma et al., 2017a). The steep to nearly verti-
cal dips recorded by the Yeba Formation may result 
from steepening of S1 due to doming (Fig. 5). We 
tentatively propose that the cryptic, and in some 
cases ambiguous, top-​to-​the-​north shear sense indi-
cators recorded in parts of the drill core could be 
associated with formation of the Lhasa dome, given 
that timing estimates overlap.

■■ GEOCHRONOLOGY

To constrain the timing of the Gangdese accre-
tionary orogenic phase, specifically the activity of 
the GDSD in the Gangdese back-​arc basin, we used 
the 40Ar-39Ar system to date cooling ages of white 
mica, plagioclase, and K-​feldspar derived from 
mylonitic rocks that record south-​vergent shear-
ing (Fig. 7). We also performed zircon U-Pb dating 
on sandstone samples from the top of the Upper 
Cretaceous Shexing Formation to constrain the 
maximum depositional age and on the granites 
that intruded the deformational strata (Fig. 2) to 
constrain the minimum age of deformation.

40Ar-39Ar Dating Methods

Six 40Ar-39Ar ages were determined in two lab-
oratories. Four samples (XY8-1-7, XJ15-3, XY10-1-1, 
and XY11-2-1-6) were collected from the lower 
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Figure 8. Cross section along drill line 
23 of the Jiama mine and the location 
of drill core ZK2314, in the Gangdese 
back-​arc basin, showing petrological 
and structural information. The core lo-
cation is shown in Figure 2A. Porphyry 
copper ore is developed along the up-
per décollement layer of the Gangdese 
décollement (GDSD-2) between the 
overlying Lower Cretaceous Linbuzong 
Formation (K1l) and the underlying Up-
per Jurassic Duodigou Formation (J3d), 
as indicated by white arrows showing 
top-​to-​the-​SSW shearing.
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décollement layer of GDSD-1 (Fig. 2). Samples 
XY8-1-7 and XJ15-3 are classified as volcanic mylon-
ite. Sample XY10-1-1 is a mica schist whose protolith 
was likely a tuffaceous volcanic rock (Fig. 7). Sample 
XY11-2-1-6 is a granitic stock intruded into the Upper 
Jurassic Duodigou Formation limestone. These four 
samples (XY8-1-7, XJ15-3, XY10-1-1, and XY11-2-1-6) 
were dated at the Noble Gas Geochronology Lab-
oratory at the University of Melbourne, Australia. 
Another two samples (M16-11-6 and M16-11-8, 
both mylonitic sandstone) were dated at the Key 
Laboratory of Deep-​Earth Dynamics, Ministry of 
Natural Resources, Institute of Geology, Chinese 
Academy of Geological Sciences. Detailed analyt-
ical methods of 40Ar-39Ar dating are presented in 
Text S1 (see footnote 1). Results are tabulated in 
Tables S1 and S2.

40Ar-39Ar Dating Results

40Ar-39Ar results produced a mix of concordant 
and discordant spectra, although even discordant 
results can be interpreted to give approximate con-
straints on cooling age. The white mica of sample 
XY-​8-​1-​7 yields a discordant age spectrum with a 
decrease in apparent ages from ca. 65 to ca. 40 Ma 
for the first 12% of 39Ar release, followed by a grad-
ual increase to ca. 58 Ma (Fig. S2A [see footnote 1]). 
The sericitized plagioclase of sample XJ15-3 yields 
a discordant age spectrum, with ages increasing 
from ca. 45 to ca. 61 Ma, with some anomalously 
old values at the high-​temperature steps (Fig. S2B). 
The sericite of mica schist sample XY10-1-1 yields a 
discordant, “hump-​shaped” spectrum, with an age 
range of ca. 90–100 Ma (Fig. S2C). The K-​feldspar 
of granite sample XY11-2-1-6 yields a well-​defined 
plateau age of 58.91 ± 0.48 Ma (2σ) for the mid- to 
high-​temperature steps (Fig. S2D).

The white mica of sample M16-11-6 yields a 
concordant age spectrum with a weighted plateau 
age of 89.04 ± 1.11 Ma, corresponding to a normal 
isochron age of 88.87 ± 2.03 Ma (Figs. 11A and 11B). 
Similarly, the white mica of sample M16-11-8 yields 
a weighted plateau age of 89.51 ± 1.13 Ma, indistin-
guishable from the normal isochron age of 88.62 
± 1.30 Ma within error (Figs. 11C and 11D).
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Figure 10. Photomicrographs from the ZK2314 
drill core of Upper Jurassic–Lower Cretaceous 
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top (16.1 m in depth) to the bottom (279 m in 
depth) in Lower Cretaceous Linbuzong Forma-
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SSW sense of shear indicated by possibly shear 
bands in sandstone. (C–E) Shear lenses in the 
deformed sandstone. (F) Top-​to-​the-​SSW sense 
of shear indicated by S1 with orientation of 
deformed clasts. (G) Asymmetric folds. (H) My-
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quartz. (I) Late quartz + pyrite vein intruded 
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Ser—sericite; Ss—sandstone.
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Zircon U-Pb Dating Results

Detrital Zircon U-Pb Ages of the Shexing 
Formation Sandstone

Detailed analytical methods of zircon U-Pb 
dating are presented in Text S1 (see footnote 1). 
Sample Ct18 (sandstone) was collected from the 
top of the Shexing Formation, which is unconform-
ably overlain by the 65–​40 Ma volcano-​sedimentary 
Linzizong Formation (Fig. 2; Fig. S1E). U-Pb dat-
ing of its detrital zircon grains yielded a large age 
range from Neoarchean to Late Cretaceous (ca. 
2638–​87 Ma), revealing complex provenance. The 
11 youngest concordant zircon U-Pb ages yielded a 
weighted mean age of 91.1 ± 2.1 Ma (Fig. 12). This 
age is indistinguishable from the age of the young-
est red beds of the Shexing Formation (ca. 90 Ma; 

Kapp et al., 2007; Li et al., 2015b; Wang et al., 2020; 
Wei et al., 2020). In Zhu et al. (2019), the youngest 
age group of detrital zircons from the uppermost 
Shexing Formation sandstone was dated at 85 
± 1 Ma, and they suggested that the strong folding 
and deformation of the Upper Cretaceous Shexing 
Formation at Maxiang took place between 85 Ma 
and 69 Ma. In other words, the maximum deposi-
tional age of the Shexing Formation could be no 
older than 85 Ma (Zhu et al., 2019), which is a little 
younger than the age of ca. 90 Ma from Kapp et 
al. (2007) and the present study. However, the cal-
culation methods of both Zhu et al. (2019) and the 
present study have employed the weighted mean 
age of the youngest age group of detrital zircons, 
whose precision mainly relied on the age number, 
age distribution, and analytical errors. Thus, both 
results are reasonable and acceptable. More work 

is needed in the future. Tentatively, our new results, 
in combination with published age data, suggest 
that the maximum depositional age of the Shexing 
Formation is ca. 90 Ma. The analytical results are 
presented in Table S3.

Zircon U-Pb Ages for Granites Intruded into the 
Deformed Strata

Six samples (XZ2-8-1, XZ2-8-2, XZ2-6-1, XD4-6-1, 
XG8-7, and XG8-8) from granites in the studied 
deformed strata in the Lhasa region and adjacent 
areas (Fig. 2) were selected for zircon U-Pb dat-
ing. Cathodoluminescence images of zircon grains 
from these samples show euhedral morphologies 
and sharp oscillatory zoning. The Th/U ratios of 
the zircon grains from the six samples range 0.32–​
0.97, 0.61–1.48, 0.39–2.14, 0.63–2.06, 0.77–1.8, and 
0.52–1.32, respectively, indicating a magmatic ori-
gin (Table S4 [see footnote 1]).

U-Pb compositions (Table S4) of the zircon 
grains yield concordia ages of 42.2 ± 2.8 Ma (mean 
square of weighted deviates [MSWD] = 0.44, n = 13, 
sample XZ2-​8-​1), 66.6 ± 1.7 Ma (MSWD = 0.10, n = 
15, sample XZ2-​8-​2), 43.7 ± 5.6 Ma (MSWD = 0.74, n 
= 23, sample XZ2-​6-​1), 48.8 ± 0.7 Ma (MSWD = 1.7, n 
= 16, sample XD4-​6-​1), 52.7 ± 0.7 Ma (MSWD = 1.2, n 
= 20, sample XG8-​7), and 61.6 ± 1.3 Ma (MSWD = 1.3, 
n = 20, sample XG8-​8) (Fig. 13). These data indicate 
that the studied granites crystallized between ca. 67 
and 42 Ma, which is consistent with previous age 
dating results (65.6–​59.3 Ma) for granites around 
the Lhasa region (Wen et al., 2008a; Ji et al., 2009; 
Zhu et al., 2015; Ma et al., 2017a) (Fig. 2).

■■ DISCUSSION

Structural Analyses

Relationship between the Two Phases of 
Deformation

Based on our structural analysis, we suggest 
two stages of deformation: a first deformation 
stage (D1) with top-​to-​the-south–​directed shearing 
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and a second deformation phase (D2) of regional 
doming. D1 records early deformation of GDSD-2, 
while D2 represents regional doming, evidenced by 
radiating orientations of the foliation and stretching 
lineation (Fig. 2). As stated above, the décollements 
are interesting in that they do not preserve evi-
dence for duplication of the stratigraphic section. 
Based on the results presented in the cross sections, 
we found that they do not juxtapose older rocks 
on younger rocks (Figs. 2 and 4). GDSD-1 is devel-
oped between the underlying volcano-​sedimentary 
sequences of the Middle Jurassic Yeba Formation 
and the overlying Upper Jurassic limestone of the 
Duodigou Formation (Fig. 4). GDSD-2 is developed 
between the underlying Upper Jurassic Duodigou 
Formation limestone and the overlying Lower Cre-
taceous Linbuzong Formation slate and sandstone 
(Fig. 4).

D2 open folding and dome structure may have 
been triggered by or otherwise related to the intru-
sion of the ca. 65–​43 Ma granitic plutons during 
continuing contraction (Ma et al., 2017a), analogous 
to gneiss domes that are structural domes cored 
primarily by gneissic rocks and granite and man-
tled by high-​grade schist and/or gneiss (Whitney et 
al., 2004) (Fig. 2B). Units that show D1 structures 
were intruded by granites with ages of ca. 65–​43 Ma 
(Fig. 2). The steep orientation of D1 structures may 
result from steepening due to doming (Fig. 5).

The dated granitic plutons yielded crystalliza-
tion ages of 65–​43 Ma, falling into the interval of 
65–​40 Ma magmatic flare-​up in the Gangdese belt 
(Ji et al., 2009; Zhu et al., 2019; Ma et al., 2022), 
represented by the Linzizong Formation volcanics 
and the Quxu batholith. However, no precise or spe-
cific age of the dome could be distinguished from 
these Ar-Ar dating results (Fig. S2 [see footnote 1]). 
At present, we cannot identify the precise syntec-
tonic plutons from these dated granites due to a 
lack of detailed studies on the steep fabrics and 
the transition from magmatic to solid-​state defor-
mation in the granite. A comprehensive study of 
magmatic flow, submagmatic flow, and solid-​state 
deformation, in combination of precise age dating, 
is needed to identify the syntectonic plutons north 
of Lhasa and to better understand the proposed 
doming in the retro-​arc region of the Gangdese belt.

Relationship between Contraction-Related 
Gangdese Décollements and the Retro-Arc 
Fold-Thrust System

The Gangdese décollements are located to the 
south of the Gangdese retro-​arc fold-​thrust sys-
tem, in close association with the Emei La and the 
Gulu-​Hamu thrusts (Figs. 1B and 2). Structurally, 
the Gangdese décollements record a similar, top-​
to-​the-​south sense of shear as the Emei La and 
Gulu-​Hamu thrusts. Temporally, the Gangdese 
décollements were formed coeval with the Emei 
La thrust, both active within the time range of 
90–​69 Ma (Kapp et al., 2007). Thus, we suggest 
that the south-​vergent structures of the Gangdese 
décollements may have been part of a major south-​
directed retro-​arc fold-​thrust belt in the southern 
Lhasa terrane during the Late Cretaceous.

Timing Constraints on the Chilean-Type 
Orogeny of the Lhasa Terrane

The Gangdese unconformity, separating the 
overlying Paleogene–​Eocene Linzizong Forma-
tion volcanic sequence and the underlying, folded 
Upper Jurassic to Cretaceous strata is a characteris-
tic feature of the Gangdese back-​arc basin (Fig. S1E 
[see footnote 1]). The Upper Jurassic–​Cretaceous 
strata exhibit intense folding and thrusting asso-
ciated with the sole décollement—the Gangdese 
décollement (GDSD) (Figs. 2 and 4)—while the Linzi-
zong volcanic sequence is only weakly deformed 
(Fig. S1E) (Kapp et al., 2007). Our new zircon U-Pb 
age data from undeformed granites intruded 
into deformed Upper Jurassic–​Cretaceous strata 
record crystallization at ca. 67–​42 Ma (Figs. 2A and 
13), indicating that the folding and thrusting (D1) 
occurred before ca. 67 Ma. In addition, numerous 
reported ages of the Linzizong Formation volcanic 
rocks are equal to or younger than ca. 65 Ma (Ding 
et al., 2003; Mo et al., 2003; Lee et al., 2009), further 
supporting that the Gangdese angular unconfor-
mity predated ca. ~67–​65 Ma.

The protolith ages of the volcanic mylonites of 
the Lower to Middle Jurassic Yeba Formation range 
between ca. 195 and 170 Ma (Zhu et al., 2008a; Wei 

et al., 2017; Liu et al., 2018; Ma et al., 2019). We pro-
pose that the ca. 100–​90 Ma white mica 40Ar-39Ar age 
of mica schist sample XY10-​1-​1 from the top of the 
Yeba Formation of GDSD-1 provides an older age 
limit for initiation of GDSD-1 (Fig. S2). Two other 
mylonitic sandstone samples (M16-​11-​6 and M16-​11-​
8) yielded consistent results, with plateau ages of 
89.0 ± 1.1 Ma and 89.5 ± 1.1 Ma and corresponding 
normal isochron ages of 88.9 ± 2.0 Ma and 88.6 
± 1.3 Ma, respectively. These results further indicate 
that GDSD-1 was active prior to 89 Ma (Fig. 11). We 
interpret the younger ca. 65–​40 Ma cooling ages of 
the two volcanic mylonitic samples (XY8-​1-​7 and 
XJ15-​3) from beneath GDSD-1 have been reset by 
a thermal pulse related to the pluton emplacement 
or triggered by the continuing contraction due to 
the Indo-​Asian collision (Ratschbacher et al., 1994).

An alternative explanation for the Late Cre-
taceous 40Ar-39Ar ages is that they record burial 
due to crustal thickening in the back-​arc basin. In 
our opinion, however, this possibility should be 
ruled out based on the following: (1) the dated 
white micas come from mylonitic samples, whose 
protolith are Jurassic-​aged volcano-​sedimentary 
sequences (Figs. 5–​7); (2) beginning at ca. 80 Ma, 
sediment transport to the forearc and trench 
decreased, which is inconsistent with significant 
crustal exhumation in the Gangdese batholith and 
the back-​arc crust (Wu et al., 2010; Metcalf and 
Kapp, 2019); (3) our new ages of ca. 90–​89 Ma are 
indistinguishable from previous results on the Late 
Cretaceous deformation of the Jurassic-​aged Yeba 
Formation (Zhong et al., 2013; Feng et al., 2022); and 
(4) similarly, Ratschbacher et al. (1992) reported that 
a top-​to-​the-​south to top-​to-​the-​ESE displacement 
in the Gangdese belt is truncated by the Gangdese 
unconformity, and therefore they proposed that 
this deformation occurred between 90 and 60 Ma.

Based on fossil assemblage and 40Ar-39Ar dating, 
previous studies found that the base of the Shex-
ing Formation (i.e., the folded sandstone beneath 
the >67–​65 Ma unconformity) was deposited at ca. 
110 Ma and that the youngest red sandstone was 
deposited at ca. 90 Ma (Kapp et al., 2007; Li et al., 
2015b; Wang et al., 2020). Our new detrital zircon 
U-Pb age data for the Upper Cretaceous Shexing 
Formation red bed yielded a maximum depositional 
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age of ca. 91 Ma, which agrees within uncertainty 
with a previously published ca. 90 Ma depositional 
age (Kapp et al., 2007; Leier et al., 2007; Li et al., 
2015b; Wang et al., 2020; Wei et al., 2020; Xing et 
al., 2020). In contrast, this result is older than the 
K-​Ar age of 68–​75 Ma for basalt within the Shexing 
Formation (Cao et al., 2017a). However, new inter-
pretations suggest that the dated basalt intruded 
as a sill within the Shexing Formation (Wang et 
al., 2020). Deformed rocks of the Upper Jurassic to 
Cretaceous sequence are intruded by undeformed 
granites at ca. 67–​42 Ma and are unconformably 
overlain by the Linzizong Formation volcanic 
sequence (65–​44 Ma) (He et al., 2007; Zhu et al., 
2015). Considering the Gangdese angular uncon-
formity formed between 85 and 69 Ma (Zhu et 
al., 2019), we therefore infer that the Gangdese 
accretionary orogenic phase initiated at ca. 90 Ma, 
culminating between ca. 85 and 69 Ma.

The large-​scale Gangdese angular unconformity 
has been interpreted to mark the initial collision 
between the Asian and Indian continents (Mo et 
al., 2008). Recently, an increasing number of stud-
ies have argued that the initial Indo-​Asian collision 
occurred at 59–​55 Ma (DeCelles et al., 2014; Hu et 
al., 2015; Zhu et al., 2019) or as late as 40–​23 Ma 
(Aitchison et al., 2007; Ao et al., 2018; van Hinsber-
gen et al., 2019). Based on our structural analysis 
along with new and published age data, we argue 
that shortening along the GDSD initiated at ca. 
90 Ma, followed by the formation of the ca. 85–​
67 Ma angular unconformity of the Lhasa terrane.

Late Cretaceous Crustal Deformation and 
Arc Magmatic Lull during the Accretionary 
Orogenic Phase

Numerous studies have found that magma 
addition and crustal growth have been episodic 
throughout Earth’s history, with prominent mag-
matic episodes at ca. 2100–​1800 Ma, 1100–​800 Ma, 
and 350–​250 Ma, corresponding to the assembly 
of the Columbia, Rodinia, and Pangea superconti-
nents, respectively (Condie, 1998, 2007; Rogers and 
Santosh, 2003; Kröner and Stern, 2004; Cawood 
and Buchan, 2007; Linnemann et al., 2008; Cao 

et al., 2017b; Spencer et al., 2018). Recent studies 
have similarly demonstrated that the construc-
tion of Phanerozoic arc belts worldwide has also 
been episodic, with so-​called magmatic flare-​ups 
(voluminous magma additions) typically lasting 
~10–​30 m.y. and intermittent magmatic lulls (minor 
magma additions) (Ducea and Barton, 2007; Ducea 
et al., 2015; Paterson and Ducea, 2015; Cao et al., 
2017b; Chapman et al., 2017; Ma et al., 2021b, 2022). 
These magmatic tempos are thought to be con-
trolled by deep geodynamic processes, for example, 
by the angle of the subducting slab and the extent 
of mantle wedge partial melting (DeCelles et al., 
2015; Chapman and Ducea, 2019; Martínez Ardila 
et al., 2019).

Magmatism in the Gangdese belt is clearly epi-
sodic with magmatic flare-​ups at ca. 100–​80 Ma and 
ca. 65–​45 Ma and a pronounced arc magmatic lull 
between ca. 80 and 65 Ma (Figs. 14 and 15) (Ji et al., 
2009; Zhu et al., 2019; Ma et al., 2022). The cause 
of the ca. 100–​80 Ma magmatic flare-​up is debated, 
having been ascribed to either ridge subduction 
(Fig. 16A) (Zhang et al., 2010) or slab rollback (Ma 
et al., 2015). The ca. 65–​45 Ma magmatic flare-​up, 
which was volumetrically more significant than the 
ca. 100–​80 Ma flare-​up, has been attributed to slab 
rollback and subsequent slab breakoff, marking the 
transition from ocean-​continent subduction to Indo-​
Asian continent-​continent collision (Mo et al., 2003; 
Ma et al., 2017c). Studies documenting magmatic 
flare-​ups of the Gangdese belt clearly document a 
magmatic lull between ca. 80 and 65 Ma (Figs. 14 
and 15). Details of the geodynamic configuration 
during this magmatic lull, however, remain largely 
unresolved.

The Gangdese belt underwent several major 
evolutionary stages between the Late Cretaceous 
and the Eocene (Fig. 16). First, mid-​ocean ridge sub-
duction of the Neotethyan oceanic slab occurred 
beneath the southern Lhasa terrane between ca. 
100 and 85 Ma, which triggered a magmatic flare-​
up with formation of voluminous intrusions and 
high-​temperature granulite-​facies metamorphism 
(Fig. 16A) (Zhang et al., 2010; Kapp and DeCelles, 
2019; Zhu et al., 2019; Ding et al., 2022b). Second, the 
Gangdese accretionary orogenic phase took place at 
ca. 85–​65 Ma. Different dating campaigns (this study; 

Zhong et al., 2013; Ma et al., 2017a; Zhu et al., 2019) 
have, however, revealed that fold-​thrust and sole 
décollement of the Gangdese back-​arc basin took 
place between 90 and 67 Ma, commencing prior to 
but temporally overlapping with the arc magmatic 
lull in the Gangdese belt (Wen et al., 2008a). The 
Gangdese belt underwent crustal shortening, thick-
ening, uplift, and erosion, as well as a magmatic lull, 
plausibly caused by flat-​slab subduction of young, 
buoyant Neotethyan oceanic lithosphere (Fig. 16B) 
(Kapp et al., 2007; Zhong et al., 2013; Zheng et al., 
2014; Ma et al., 2017a). This implies a close relation-
ship between the magmatic lull and synchronous 
crustal deformation, which we explore further in 
the Geodynamics of the Gangdese Accretionary 
Orogenic Phase section below. Eventually, the Gang-
dese batholith entered a contractional regime at ca. 
65–​45 Ma. The contraction and intrusion of granitic 
plutons triggered the formation of the Lhasa dome 
structure (Ma et al., 2017a). In the meantime, the slab 
front of the Neotethyan oceanic lithosphere began 
to roll back, which was accompanied by extension 
within the Gangdese back-​arc region. The continuing 
rollback induced voluminous volcanism and south-
ward migration of the arc-​type magmatism (Fig. 16C) 
(Ding et al., 2003; Mo et al., 2003; Ji et al., 2009; Lee 
et al., 2009; Zhu et al., 2015; Ma et al., 2017c).

Geodynamics of the Gangdese Accretionary 
Orogenic Phase

The voluminous ca. 100–​85 Ma arc magmatism 
in the Gangdese belt was most likely triggered by 
subduction of the mid-​ocean ridge of the Neotethys 
beneath the southern Lhasa terrane rather than slab 
rollback (Fig. 16A). Support for the mid-​ocean ridge 
subduction model comes from the occurrence of 
high-​temperature granulite-​facies metamorphism 
(Zhang et al., 2010, 2015; Guo et al., 2013; Qin et al., 
2019) and contraction along the southern margin 
of the Lhasa terrane (Zhong et al., 2013; Ma et al., 
2017a; Feng et al., 2022). Young, relatively buoyant 
and thick oceanic lithosphere near mid-​ocean ridges 
has a greater effective elastic thickness and is there-
fore more likely to subduct at a gently dipping or 
flat-​slab geometry (van Hunen et al., 2004; Huangfu 
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et al., 2016; Manea et al., 2017). For example, the 
subhorizontal slab segments below western South 
America are suggested to result from the subduction 
of relatively buoyant oceanic plateau and aseismic 
ridges (Martinod et al., 2010). In the Gangdese belt, 
the flat-​slab subduction started no later than ca. 
83–​80 Ma, evidenced by (1) the occurrence of ada-
kitic granitoids ca. 83–​80 Ma in the Gangdese belt 
(Wen et al., 2008a, 2008b; Guan et al., 2010; Zheng 
et al., 2014; Xu et al., 2015), (2) the waning of arc 
magmatism from ca. 83 to 65 Ma in the Gangdese 
belt (Ma et al., 2022), (3) the scarcity of widespread 
rift-​related volcanic rocks between 90 and 65 Ma 
(Zhu et al., 2019), (4) the cessation of the Cretaceous 
Takena Formation deposition at ca. 90–​80 Ma (Leier 
et al., 2007), (5) the 85–​69 Ma regional unconformity 
between the underlying Upper Cretaceous Shexing 
Formation sandstone and the overlying Paleogene 
Dianzhong Formation volcanic rocks in the Gang-
dese belt (Zhu et al., 2019), and (6 ) the ca. 90–​69 Ma 
forearc and retro-​arc fold-​thrust system (He et al., 
2007; Kapp et al., 2007).

Flat-​slab subduction, in turn, may exert a 
traction on the overlying lithosphere, leading to 
contraction (Fig. 16B), as is hypothesized in Cordil-
leran orogens (Manea et al., 2017; Gutscher, 2018). 
In South America, flat-​slab subduction of the Nazca 
plate beneath the Central Andes during the Eocene–​
Oligocene and beneath north-​central Chile and Peru 
since the Pliocene has triggered uplift and deforma-
tion of the overlying crust, recorded by a series of 
thrusts in the forearc and back-​arc regions (Ramos 
et al., 2002; Kay and Coira, 2009; Martinod et al., 
2010; Chiarabba et al., 2016). The flattening of the 
subducting slab angle may thicken the crust and 
squeeze out the mantle wedge, a process which 
could initiate intrusion of adakites following the 
termination of arc magmatism (Fig. 16B) (Booker 
et al., 2004).

We show that the Gangdese belt, like the South 
American Cordilleran orogen (McQuarrie, 2002; 
Ramos, 2009), experienced folding and thrusting 
along the southern margin of the Lhasa terrane in 
the Late Cretaceous at ca. 90–​65 Ma. In the forearc 
region, the Indus–​Yarlung Tsangpo mélange was 
obducted southward along the south-​directed 
thrust at ca. 63 Ma, in concert with the development 
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Figure 14. Kernel density estimation plots of zircon U-Pb age spectra. Black 
marks at the bottom represent the number density for each age range. (A) Ker-
nel density estimation plots for zircon U-Pb weighted mean ages of the 
igneous rocks from the Gangdese belt. (B) Kernel density estimation plots 
for compiled detrital zircon U-Pb ages from trench fill, forearc and foreland 
basins, and modern river sands along the Indus–Yarlung Tsangpo suture zone 
in southern Tibet. The compiled zircon U-Pb data and corresponding refer-
ences are listed in Table S5 and Table S6, respectively (see text footnote 1).
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in Table S7 (see text footnote 1).
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Figure 16. Schematic cartoon of tectonic models 
for the Late Cretaceous Gangdese accretionary 
orogeny related to the northward subduction 
of the Neotethyan oceanic lithosphere beneath 
the southern margin of the Lhasa terrane. (A) Ca. 
100–85 magmatic flare-​up in the Gangdese belt, 
triggered by the subduction of the Neotethyan 
mid-​ocean ridge oceanic lithosphere beneath 
the Lhasa terrane. (B) Ca. 85–65 Ma crustal 
deformation (south-​directed thrust fault and 
south-​vergent folds, namely the Gangdese 
décollement) in the Gangdese belt, which 
could have been driven by traction from the 
flat-​slab subduction of the Neotethyan oceanic 
lithosphere, during an amagmatic regime. The 
coeval north-​directed thrust fault was delineated 
according to Kapp et al. (2007). (C) Ca. 65–45 Ma 
magmatic flare-​up in the Gangdese belt, linked 
to the slab rollback of the Neotethyan oceanic 
slab. The slab rollback probably induced ex-
tension within the Gangdese retro-​arc region, 
which caused the top-​to-​the-​north deformation.
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of an angular unconformity within the Xigaze 
forearc basin (between late Maastrichtian time and 
ca. 62 Ma) (Ding et al., 2005). To the south of the 
Xigaze forearc basin, a series of top-​to-​the-​south 
thrusts (e.g., the Zhongba-​Gyangze thrust) were 
active between 71 and 61 Ma (Wang et al., 2017a). 
Similarly, the retro-​arc foreland basin of the Gang-
dese belt developed a series of thrusts (e.g., the 
Emei La thrust and Gulu-​Hamu thrust), which were 
active between 90 and 69 Ma (Kapp et al., 2007), 
as well as asymmetric, north-​vergent, mesoscale 
folding (Fig. 16B) (He et al., 2007).

The Cretaceous retro-​arc basin to the north of 
Lhasa city was previously inferred to have been 
deformed from ca. 90 to 65 Ma (Ma et al., 2017a). 
Our new results agree with this interpretation, and 
we provide more constraints, including white mica 
40Ar-39Ar dates inferred to constrain the approxi-
mate timing of deformation. We show that the 
angular unconformity between the overlying 
Linzizong Formation sequence and the underly-
ing Shexing Formation in the Linzhou retro-​arc 
basin developed between 90 and 67 Ma, in close 
agreement with constraints that suggested an 
unconformity age between ca. 85 and 69 Ma (Zhu 
et al., 2019). Our 40Ar-39Ar dating of white mica from 
mylonites along the GDSD-1 décollement yielded 
plateau ages of 89.5–​89 Ma and corresponding 
88.9–​88.6 Ma isochron ages, which we interpret 
to indicate that top-​to-​the-​south shearing was ini-
tiated at or before 89 Ma, immediately following 
(i.e., ≤1 m.y.) deposition of the Shexing Formation. 
The GDSD décollement is inferred to be associated 
with a ~2-​km-​thick composite sole detachment zone, 
exposed between the underlying Middle Juras-
sic Yeba Formation sequence and the overlying 
Upper Jurassic–​Cretaceous sediments. The zones 
of deformation may have experienced significant 
slip between units. They seem more akin to detach-
ment horizons within a fold belt rather than thrust 
shear zones that accommodated large amounts 
of shortening. The top-​to-​the-​south GDSD décol-
lement roots beneath the arc and carries arc rocks 
toward trench, which may be analogous to the West 
Andean thrust system, a series of structures that 
translate the arc westward toward the Chile trench 
(McQuarrie, 2002; Ramos, 2009; Díaz et al., 2014).

Subduction at low angles may induce an amag-
matic regime in the overlying magmatic arc as the 
mantle wedge migrates in the same direction as the 
subducting plate (Gutscher et al., 2000; Booker et 
al., 2004). This plausibly occurred in the Gangdese 
belt, where magmatism waned from ca. 85 to 65 Ma 
(Fig. 14) (Wen et al., 2008a). This magmatic lull is 
consistent with hindered heating from the asthe-
nospheric mantle and limited or no dehydration 
of the subducting slab. Accompanying the waning 
of the arc-​type magmatism in the Gangdese belt, 
the Central and Northern Lhasa subterranes were 
gradually uplifted to the “Lhasaplano” (Kapp et al., 
2007). The elevation of the “Lhasaplano” reached 
~4500 m before ca. 60 Ma, corroborated by carbon 
and oxygen isotope data for the Nianbo Formation 
marls in the Linzhou Basin (Ding et al., 2014) and 
detrital zircon Eu/Eu* [asterisk (*) denotes square 
root of (Sm × Gd)] of sandstones from the Lhasa 
River (Tang et al., 2021).

Rollback of the Neotethyan oceanic slab front 
marked cessation of flat-​slab subduction and 
induced voluminous volcanism (e.g., the Linzi-
zong Formation volcanics) (Fig. 16C) (Wen et al., 
2008a; Zhou et al., 2018). Due to slab rollback, the 
arc-​type magmatism migrated more than ~100 km 
from north to south at ca. 65–​50 Ma (Zhu et al., 2015, 
2019), similar to migration observed in the post-​
orogenic magmatic province in Mesozoic South 
China (Li and Li, 2007) and that of the Mesozoic–​
Cenozoic magmatism in the western United States 
(Humphreys, 2009; Ardill et al., 2018). Arc mag-
matism flared at ca. 50 Ma (Fig. 14), forming the 
large-​scale Quxu batholith (Fig. 16C), from which 
voluminous microgranular enclaves record signifi-
cant input of relatively primitive magma, triggered 
by the subsequent slab breakoff (Dong et al., 2006; 
Mo et al., 2009; Ma et al., 2017c; Wang et al., 2019).

Alternatively, the relatively sparse geological 
observations available for the 90–​70 Ma interval 
permit an alternative tectonic scenario along the 
southern Asian margin: rifting and subsequent 
opening of a back-​arc ocean basin (Kapp and 
DeCelles, 2019). At present, the evidence for the 
rifting model comes mainly from the western Neo-
tethyan realm, for example, the clockwise rotation 
and southward translation above a retreating 

subduction zone of the ca. 95–​90 Ma Semail ophi-
olite of Oman prior to its obduction onto the 
Arabian continental margin at ca. 75 Ma (Searle et 
al., 2015), the generation of ca. 80–​65 Ma ophiolites 
within suture zone between India and the Afghan 
block (Kakar et al., 2012), the ca. 90–​80 Ma onset of 
southward rollback of a northward subducting slab 
beneath the Kohistan arc (Burg, 2011), and the ca. 
90–​80 Ma intra-​oceanic Spong arc in the northwest-
ern Himalaya (Pedersen et al., 2001). Some workers 
suggest that the Late Cretaceous north-​dipping 
subduction zones probably extended eastward 
and transitioned into the retreating oceanic sub-
duction zone beneath the Gangdese arc (Ma et 
al., 2013; Sundell et al., 2021). If this was the case, 
then the rollback of the north-​dipping subducting 
slab would have induced upper-​plate extension 
and led to an opening of a back-​arc ocean basin, 
such as the proposed Xigaze back-​arc basin to the 
north of the Xigaze arc (Kapp and DeCelles, 2019). 
However, there is no documented evidence for the 
existence of the so-​called Xigaze arc in the eastern 
Neotethyan realm, let alone the Xigaze back-​arc 
basin. More work is needed to examine the model 
of the Xigaze back-​arc basin. To date, available data 
are most consistent with a Cordilleran-​style orogen-
esis along the southern margin of the Lhasa terrane 
during the Late Cretaceous (Wen et al., 2008a; Met-
calf and Kapp, 2019).

Based on our work in combination with pre-
vious studies, we suggest that the Gangdese belt 
could be classified as a Chilean-​type advancing 
accretionary orogen, formed by northward flat-​slab 
subduction of the Neotethyan oceanic lithosphere 
beneath the southern margin of the Asian continent 
during the Late Cretaceous (ca. 85–​65 Ma) (Fig. 16B).

■■ CONCLUSIONS

Structural analysis, 40Ar-39Ar dating, and U-Pb 
zircon dating reveal that a top-​to-​the-​south décol-
lement and associated south-​vergent folds and 
thrusts accommodated crustal shortening, result-
ing in a thickened Gangdese belt during the Late 
Cretaceous. The timing of décollement movement, 
folding, and thrusting (ca. 90–67 Ma) overlaps with 

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/19/3/933/5875183/ges02602.1.pdf
by CNRS_INSU user
on 30 August 2023

http://geosphere.gsapubs.org


953Xuxuan Ma et al.  |  Gangdese Late Cretaceous tectonothermal eventsGEOSPHERE  |  Volume 19  |  Number 3

Research Paper

the formation of the Gangdese angular unconfor-
mity (ca. 85–​69 Ma) developed between lower Upper 
Jurassic–​Cretaceous Gangdese back-​arc sequences 
and upper Paleogene–​Eocene Linzizong Formation 
volcanics. Moreover, published structural, geochro-
nological, geochemical, and sedimentary data 
indicate that the Gangdese belt experienced an arc 
magmatic lull between ca. 85 and 65 Ma. Therefore, 
we propose that the Gangdese belt (southern Lhasa 
terrane) underwent a Chilean-​type accretionary 
orogeny during the Late Cretaceous (ca. 85–​65 Ma). 
We suggest that this accretionary orogeny was likely 
associated with north-​directed flat-​slab subduction 
of the Neotethyan oceanic lithosphere beneath the 
southern Asian continental margin.
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