
1. Introduction
How the Tibetan Plateau has been constructed is central to understanding continent-continent collisional processes 
on Earth (Royden et al., 2008; Tapponnier et al., 2001; Yin, 2010; Yin & Harrison, 2000). Based on the observed 
two phases of post-collisional crustal deformation in northeastern Tibet (Figure 1), two end-member models 
have been proposed: (a) plateau has been developed progressively northward and reached northeastern Tibet at 
20–15 Ma (e.g., England & Houseman, 1986; Meyer et al., 1998; Tapponnier et al., 2001), and (b) plateau forma-
tion occurred nearly synchronously across the northern and southern margins of Tibet since the onset of the India–
Asia collision (Dupont–Nivet et al., 2004; Yin et al., 2002). The northward-plateau-growth model requires the 
Tibetan lithosphere to have a homogeneous mechanical property (e.g., England & Houseman, 1986) or a sequen-
tial reaction of pre-existing suture zones between pre-Cenozoic Tibetan terranes (Meyer et al., 1998; Tapponnier 
et al., 2001). In contrast, the early deformation hypothesis of northern Tibet requires a medium-strength Tibetan 
lithosphere (Huangfu et al., 2022). Therefore, although the formation of the Tibetan Plateau involved two phases 
of crustal deformation in northeastern Tibet, the mechanisms of deformation remain unclear.

It has long been known that the lithosphere of the Tibetan Plateau was deformed pervasively in the Cenozoic 
(Yin & Harrison, 2000). However, the presence of only thin-skinned thrust systems across the Qaidam Basin (Yin 
et al., 2008) implies that the basement of the basin has escaped Cenozoic deformation, and crustal structures and 
mechanical properties gleaned from geophysical data support this view (Figure 1; e.g., Karplus et al., 2011; Yang 
et al., 2012; Chen et al., 2015; Deng & Tesauro, 2016; Xiao et al., 2016). The observations note above raise the 
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investigate whether the mechanical strength of the Qaidam Basin, which is located between the Eastern Kunlun 
Range and the Qilian Shan, was a controlling factor for the observed deformation history by performing 
2-D thermal–mechanical simulations. Our models consider the division of the Tibetan terranes (i.e., Qilian 
arc, Kunlun-Qaidam, Songpan-Ganzi, Qiangtang, and Lhasa, from north to south) bounded by suture zones. 
Simulation results show that weak suture zones in central Tibet can lead to peeling off and sinking of the 
mantle lithosphere beneath the Qiangtang and Songpan–Ganzi terranes. After lithospheric delamination, 
varying north-south width, thickness and strength of the Qaidam crust creates three end-member model results: 
(a) the mantle lithosphere of the Lhasa terrane delaminates while the mantle lithosphere beneath Eastern 
Kunlun-Qaidam terrane and the Qilian Shan thrust belt (KQQ) remains undeformed, (b) the Lhasa mantle 
lithosphere moves northward while the KQQ mantle lithosphere subducts southward, and (c) the Lhasa mantle 
lithosphere moves northward while lithospheric thickening occurs north of the Qaidam Basin. Our simulations 
show that pre-existing weaknesses in northeastern Tibet can be activated and deformed shortly after the onset of 
collision, and a second wave of deformation sweeps across northeastern Tibet after lithospheric delamination in 
northern Tibet.
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question of how a strong block within the Tibetan Plateau could assist stress transfer and the concentration of 
thick-skinned basement-involved deformation along its margins.

There are great uncertainties about the India–Asia collision, including its start time, the amount of Indian conti-
nental convergence, how these materials were absorbed, and the precursor phase of Neotethyan subduction 
(van Hinsbergen et al., 2012; Hu et al., 2016 and references therein). The Continental Greater India or Greater 
India Basin was thought to exit between the Indian continent and southern Asian margin and be completely 
subducted below the Himalaya terrane (van Hinsbergen et al., 2012; Hu et al., 2016; Ingalls et al., 2016). Whether 
large-scale Indian subduction has an impact on the far-end lithospheric deformation of the Tibetan Plateau also 
remains unclear.

Expanding on early work on the role of heterogeneous lithospheric rheology in controlling Tibetan deformation 
(Chen et al., 2017, 2020; Huangfu et al., 2018; Kelly et al., 2020; Kong et al., 1997), we present here a 2-D 
thermal–mechanical model that addresses specifically the role of the mechanical properties of the Qaidam crust 
in controlling the Cenozoic deformation history of northeastern Tibet. We performed two groups of models, one 
without subduction of the Continental Greater India, and the other with subduction of the Continental Greater 
India.

2. Geological Setting
The Qaidam Basin is bounded to the north by the Cenozoic Qilian–Nan Shan thrust belt that was reactivated 
along the early Paleozoic Qilian Orogen (e.g., Zuza et al., 2018 and references therein). The basin is bounded 
to the south by the Cenozoic Eastern Kunlun Shan transpressional fault system (Tapponnier et al., 2001; Yin 
et al., 2008; Figure 1). The Moho deepens southward from ∼50 km beneath the Qaidam Basin to ∼70 km beneath 

Figure 1. Two phases of tectonic deformation and deep crustal structure in northeastern Tibet. Structures in black are 
results of early phase deformation during the Eocene–Oligocene, and in red are results of late phase deformation initiated 
since the Miocene (e.g., Duvall et al., 2013). Background color indicates shear wave velocity structure at 30 km depth (Yang 
et al., 2012). The high-velocity Qaidam crust implies that it is stronger than the crust of the Songpan–Ganzi and the Qilian 
Shan terranes. The inset shows the multi-terrane Tibetan Plateau and the current crustal movement relative to the stable 
Eurasian continent (Zhang et al., 2004). The black thin dashed lines represent sutures, and the black thick line indicates 
roughly the cross section of our models, the observed topography, and lithosphere profile shown in Figures 11 and 12. In our 
numerical models, the whole Qaidam crust is represented by plagioclase, nevertheless, the upper and lower crust in other 
regions is represented by wet quartz and plagioclase, respectively. Weak sutures are represented by weakened wet quartz in 
the crustal part and wet olivine in the mantle-lithosphere part. All mantle lithospheres are represented by dry olivine, and a 
dense mantle lithosphere is adopted in the Tibetan Plateau. Abbreviations: ATF: Altyn Tagh fault; HM: Himalaya terrane; 
LS: Lhasa terrane; QT: Qiangtang terrane; SG: Songpan–Ganzi terrane; KQQ: Eastern Kunlun–Qaidam terrane and Qilian 
Shan thrust belt; EKLS: Eastern Kunlun Shan; QB: Qaidam basin; QLS: Qilian Shan; JS: Jinsha Suture; KLS: Kunlun Suture; 
NQLS: Northern Qilian Suture.
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the Eastern Kunlun Shan and the Songpan-Ganzi terrane (Karplus et al., 2011; Yang et al., 2012). To the north, 
the Moho depth increases to ∼60 km in the Qilian Shan (Yang et  al.,  2012). Several mechanisms have been 
proposed for the Cenozoic tectonic development of the northeastern Tibetan Plateau, including lower-crustal 
channel flow and lower crustal injection (Clark & Royden, 2000; Karplus et al., 2011), southward subduction 
of the Qilian Shan mantle lithosphere (Meyer et  al.,  1998; Tapponnier et  al.,  2001), pure-shear lithospheric 
thickening (Zhang et  al.,  2020), and southward underthrusting of the North China mantle lithosphere (Ye 
et al., 2015; Zuza et al., 2019). Thermochronological studies have revealed multiple Cenozoic cooling phases 
in the Paleocene–Eocene, Eocene–Oligocene and middle–late Miocene (Duvall et al., 2013; Yuan et al., 2013). 
The segment of the Altyn Tagh fault bounding the northwestern margin of the Qaidam Basin and the thrust belts 
along the northeastern and southern margins of the basin were initiated at 60–50 Ma during or shortly after the 
initial India–Asia collision (Figure 1; Yin et al., 2008). However, an intense phase of deformation at 20–10 Ma 
may have prevailed across the Qilian Shan-Nan Shan thrust belt (Meyer et al., 1998; Tapponnier et al., 2001), 
which was marked by the initiation of several strike-slip faults in the region (Figure 1; e.g., Duvall et al., 2013; 
Yuan et al., 2013).

Cenozoic sediments in the Qaidam Basin are thickest in the west (>15 km) (Cheng et al., 2021; Yin et al., 2008), 
and the basin basement consisting of Proterozoic gneisses and early Paleozoic ultrahigh-pressure metamorphic 
rocks is exposed at the eastern end of the basin (Song et al., 2005; Yang et al., 2001). The lithologies of the basin 
basement are consistent with the felsic to intermediate crustal composition inferred from seismic studies (e.g., 
Xu et al., 2013; Zhao et al., 2013). The estimated ∼70 km effective elastic thickness of the Qaidam Basin is 
10–30 km thicker than the rest of the Tibetan Plateau (Chen et al., 2015). Magnetotelluric data have revealed a 
high-resistivity lower crust beneath the Eastern Kunlun Shan and southern Qaidam Basin, which may be indica-
tive of a drier and stronger lower crust (Xiao et al., 2016).

3. Numerical Methods and Model Setup
We conducted numerical modeling using the thermal-mechanical code I2VIS (Gerya & Yuen,  2003a). This 
code adopts a finite-difference method with a full-staggered grid and marker-in-cell technique to solve the mass, 
momentum, and energy conservation equations while taking into account ductile–plastic rheology, partial melting 
of rock, and surface processes (also see Xie et al., 2021). Introductions about the governing equations, the partial 
melting of rock and surface processes are provided in Supporting Information S1. The lithospheric strength of the 
Qaidam Basin is a key test parameter in this study, and we discuss it more fully below.

3.1. Rheology of the Lithosphere

The lithosphere exhibits ductile and plastic behavior on geological time scales. Ductile deformation may be 
accommodated by dislocation and diffusion creep mechanisms. Viscosities for plastic power law dislocation 
creep and Newtonian diffusion creep are expressed as follows (Gerya, 2011):

𝜂𝜂disl =
1

2

1

(𝐴𝐴𝐷𝐷)
−1∕𝑛𝑛(�̇�𝜀𝐼𝐼𝐼𝐼 )

(𝑛𝑛−1)∕𝑛𝑛
exp

(

𝐸𝐸𝑎𝑎 + 𝑉𝑉𝑎𝑎𝑃𝑃

𝑛𝑛RT

)

× 𝑆𝑆𝑆 (1)

𝜂𝜂dif f =
1

2

𝐴𝐴𝐷𝐷

𝜎𝜎𝑐𝑐𝑐𝑐
(𝑛𝑛−1)

exp
(

𝐸𝐸𝑎𝑎 + 𝑉𝑉𝑎𝑎𝑃𝑃

RT

)

× 𝑆𝑆𝑆 (2)

where 𝐴𝐴 𝐴𝐴disl  and 𝐴𝐴 𝐴𝐴dif f  are viscosities for dislocation and diffusion creep, respectively; 𝐴𝐴 𝐴𝐴𝐴II = (0.5 𝐴𝐴𝐴𝑖𝑖𝑖𝑖 𝐴𝐴𝐴𝑖𝑖𝑖𝑖)
1∕2  is the 

second invariant of the strain rate tensor, and 𝐴𝐴 𝐴𝐴cr  is the critical stress for the dislocation to diffusion stress transi-
tion. The parameters AD, Ea, Va, and n are the material constant, activation energy, activation volume, and stress 
exponent, respectively. R is the universal gas constant. Finally, the strength factor, S, is introduced to vary the 
lithospheric viscosity of the Qaidam Basin (Beaumont et al., 2009).

For mineral aggregates, both dislocation and diffusion creep may occur simultaneously and the combined effec-
tive viscosity can be expressed as:

1

𝜂𝜂ductile
=

1

𝜂𝜂disl
+

1

𝜂𝜂dif f
, (3)

where 𝐴𝐴 𝐴𝐴ductile  is the effective ductile viscosity.
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Plastic rheology follows the Drucker-Prager yield criterion defined by

𝜂𝜂plastic =
𝜎𝜎yield

2�̇�𝜀II
,

𝜎𝜎yield = 𝐶𝐶0 + 𝑃𝑃 sin(𝜑𝜑eff ),

sin(𝜑𝜑eff ) = sin(𝜑𝜑)(1 − 𝜆𝜆),

 (4)

where σyield, C0, φ, and λ are yield stress, cohesion, internal friction angle, and pore-fluid pressure ratio, 
respectively.

The lithospheric effective viscosity is taken from the minimum of the ductile versus plastic viscosities 
(Ranalli, 1995):

𝜂𝜂eff = min
(

𝜂𝜂ductile, 𝜂𝜂plastic
)

. (5)

Finally, the effective viscosity relates the deviatoric stress 𝐴𝐴 𝐴𝐴′  to strain rate 𝐴𝐴 𝐴𝐴𝐴 via the constitutive relationship of:

𝜎𝜎′ = 2𝜂𝜂eff �̇�𝜀𝜀 (6)

3.2. Model Setup

Our 2-D numerical models were computed in a domain (Figure 2a) that is 4,000 km × 1,000 km and divided 
into 381 × 2,048 nodes in a cross-section view. Along the horizontal axis, stable nodes are spaced at 5 km in the 
marginal region and 1 km in the central region. In the vertical direction, the grid spacing for the upper 200 km is 
1 km; it increases from 1 to 5 km for the depth range 200–300 km, and is 5 km for the depth below 300 km. Over 
70 million Lagrangian markers were distributed randomly in the computational domain to trace the deformation.

Our models consider three tectonic units, that is, the Indian continent, the Tibetan Plateau and the Asian conti-
nent. We set five weak zones to represent the Indus–Yarlung Tsangpo Suture (IYS), the Bangong–Nujiang Suture 
(BNS), Jinsha Sture (JS), the Kunlun Suture (KLS), and North Qilian Suture (NQLS; Figure 2b). These suture 
zones with weak rheology are remnants of ancient subduction zones, and they play an important role in later 
lithospheric deformation (Heron et al., 2016; Xie et al., 2021). The geometric properties of the suture zones are 
inferred roughly from the main geological events, and the observational constraints and evidence are given in 
Text S2 in Supporting Information S1. These sutures bound the Lhasa, Qiangtang, Songpan–Ganzi, and Eastern 
Kunlun–Qaidam terrane and Qilian Shan thrust belt (KQQ) (Yin & Harrison,  2000). A strong crustal block 
as thick as the Tibetan crust is placed in the south of the KQQ terrane to represent the whole Qaidam crust 
(Figures 2d and 2e). Moreover, we simply assumed a 130 km thick initial lithosphere for the three continental 
blocks with a 30 km upper crust and a 20 km lower crust in the Tibetan Plateau, which is 10 km thicker than 
the crust of the Indian and Asian continents. The pre-thickened crust in the Tibetan Plateau is supported by 
observations of crustal thickening prior to the India–Asia collision (Murphy et al., 1997). We used wet quartz, 
plagioclase, and dry olivine flow laws to represent upper crust, lower crust, and mantle respectively. Weakened 
wet quartz and wet olivine were used to represent crustal and lithospheric sutures, respectively. The rheological 
parameters used in the model calculations are listed in Table 1, and strength factor S is 1 for all terranes except 
the Qaidam crust whose strength factor S will be tested. Following the work of Zhang et al.  (2014), Goussin 
et al. (2020), and Ma et al. (2021), we assumed a metasomatic mantle–lithosphere lid beneath Tibet created in the 
late Mesozoic prior to the India–Asia collision. Based on the geochemical and petrological arguments of O’Reilly 
and Griffin (2013) for a metasomatized mantle, we further assumed the density of this fertile mantle–lithosphere 
lid beneath Tibet to be 50 kg/m 3 denser than normal mantle lithosphere. The other parameters used in the model 
are listed in Table 2.

The side and upper boundaries are free-slip, whereas the bottom boundary condition is permeable and governed 
by 𝐴𝐴 𝐴𝐴𝐴𝐴𝑥𝑥∕𝐴𝐴𝜕𝜕 = 0  and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑦𝑦∕𝐴𝐴𝑦𝑦 = 𝐴𝐴𝑦𝑦∕Δ𝑦𝑦external  with vx and vy as the horizontal and vertical velocity components, and 

𝐴𝐴 Δ𝑦𝑦external  as the distance between the model bottom and external boundary. The external boundary is a virtual 
boundary and is located at a depth of 1,000 km away from the model bottom where free-slip conditions are satis-
fied. The permeable boundary allows mantle to convect, which solves the problem of the boundary effect at the 
base of the model. The thermal boundary conditions are as follows: the upper-boundary temperature is fixed at 
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0°C, the two sides of model have adiabatic boundaries with no horizontal heat flux across the vertical bounda-
ries, and the bottom thermal boundary condition is defined by 𝐴𝐴 𝐴𝐴𝐴𝐴 ∕𝐴𝐴𝜕𝜕 = (𝐴𝐴external − 𝐴𝐴 )∕Δ𝜕𝜕external  , where 𝐴𝐴 𝐴𝐴external  
is a fixed temperature at 2280°C. As a permeable boundary, temperature and vertical heat fluxes can vary along 
the model bottom during model simulations. The crustal geothermal gradient is assumed to be 13°C/km, which 
requires the Moho temperature to be 650° and 520°C beneath the Tibetan Plateau and the two plateau-bounding 
blocks to the north and south, respectively (Figure 2c). We also set a temperature of 1350°C at the base of the 
Asian, Indian, and Tibetan lithospheres. An adiabatic thermal gradient of 0.5  oC/km is used for the asthenosphere. 
Furthermore, a 20 km thick “sticky air layer” is placed on the top of the model, which allows a realistic construc-
tion of topography during model simulations (Crameri et al., 2012; Schmeling et al., 2008). Finally, a constant 
4 cm/yr convergence rate is applied to the Indian lithosphere in a profile with X = 1,300 km and Y = 20–140 km 
(Figure  2a). The assumed constant convergence rate is a simplification of the true convergence-rate history 

Figure 2. Model setup. (a) Global model and boundary conditions. Three tectonic units in the model are the Indian continent (IN), the Tibetan plateau (TP) and the 
Asian continent (AS). The yellow arrows indicate convergence rate of 4 cm/yr. (b) Enlarged study region. The two white lines are isotherms of 600 and 1200°C. (c) 
Initial geotherm of the Tibetan Plateau. (d). (e) Initial viscosities and corresponding deviatoric stress. The red and blue lines represent the initial strength of the Qaidam 
Basin and other regions in the Tibetan Plateau, respectively. When calculating the initial viscosity and converting it to deviatoric stress by constitutive relation, the 
strain rate is assumed to be 1 × 10 −16 s −1. Abbreviations: IYS: Indus–Yarlung Tsangpo suture; BNS: Bangong–Nujiang suture; other abbreviations refer to Figure 1. 
Colored grids for different rock types, with: 1–sticky air; 2–sediments; 3/4–upper/lower crust of the India and Asia; 5/6–upper/lower crust of the Tibetan plateau; 7–
strong crustal block representing the Qaidam block; 8, 9–mantle lithosphere; 10–asthenosphere; 11/12–crustal/Lithospheric sutures; 13/14–partially molten upper/lower 
crust of the India and Asia; 15/16–partially molten upper/lower crust of the Tibetan plateau; 17–partially molten asthenosphere. The sediments and partially molten 
rocks are not shown in this figure, but will appear during the model evolution. Detailed properties of different rock types are shown in Tables 1 and 2.
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between India and Asia, which varies between 3 and 5 cm/yr (Cande et al., 2010; Meng et al., 2012; Molnar & 
Stock, 2009). However, we note that our assumed rate is similar to the average shortening rate of the Asian litho-
sphere at 3.4 cm/yr (Guillot et al., 2003).

4. Model Results
We performed a series of models to systematically assess the effect of width, thickness, and strength of the 
Qaidam crust on the deformation history of northeastern Tibet. All models show northward Indian-lithosphere 
underthrusting, lithospheric delamination and decompression melting beneath the northern plateau in the early 
stages of the model runs. In the later stages of the model runs, three lithospheric-deformation modes emerge 

Table 1 
Rheological Parameters of Rocks Used in This Study

Rocks Abbreviations Ea (K J mol −1) Va (K J mol −1) n AD (MPa −n s −1) η0
 a (Pa n s) sin(𝐴𝐴 𝝋𝝋eff) C0 (MPa)

Sticky air SA – – 1 – 1.00 × 10 18 0 0

Wet quartzite WQ 154 8 2.3 3.2 × 10 −4 1.97 × 10 17 0.15 1.0

Plagioclase PL 238 12 3.2 3.2 × 10 −4 4.80 × 10 22 0.15 1.0

Diabase DB 260 12 3.4 2.0 × 10 −4 1.26 × 10 24 0.15 1.0

Dry mafic granulite DMG 238 12 4.2 3.3 × 10 −4 1.13 × 10 21 0.15 1.0

Dry olivine DOL 532 12 3.5 2.5 × 10 4 3.98 × 10 16 0.6 1.0

Weakened Wet quartzite WWQ 154 8 2.3 3.2 × 10 −4 1.97 × 10 17 0.05 0.1

Wet olivine WOL 470 12 4.0 2.0 × 10 3 5.01 × 10 20 0.006 0.1

References Karato et al. (1986); Wilks and Carter (1990); Ranalli (1995)

 aη0 is the reference viscosity, which is calculated by η0 = (1/AD) × 10 6n.

Table 2 
Other Parameters Used in This Study a

Compositions Rocks ρ0 (kgm −3) K b (W/m/K) Ts
 c (K) Tl

 d (K) HL (KJ/kg) Hr (uW/m 3)

Sticky air – 1 – – – – 0

Upper crust WQ 2,700 (solid) K1 TS1 TL1 300 1.5

2,400 (molten)

Lower crust PL 2,800 (solid) K2 TS2 TL2 380 0.25

2,500 (molten)

Mantle lithosphere DOL 3,300 (solid) K3 TS3 TL3 400 0.022

3,350 (metasomatic)

Asthenosphere DOL 3,300 (solid) K3 TS4 TL3 400 0.022

2,900 (molten)

Strong crustal block PL 2,800 K2 TS2 TL2 380 0.25

Crustal suture WWQ 2,700 K1 TS1 TL1 300 1.5

Lithospheric suture WOL 3,300 K3 TS3 TL3 400 0.022

References e 1 2 3 4, 5 4 2, 6 2

 aOther parameters: Heat capacity Cp = 1000 J kg −1 K −1, thermal expansion α = 3 × 10 −5 K −1, the compressibility β = 1 × 10 −5 MPa −1; 𝐴𝐴 𝐴𝐴 = 𝐴𝐴0(1 − 𝛼𝛼(𝑇𝑇 − 𝑇𝑇0))(1 + 𝛽𝛽(𝑃𝑃 − 𝑃𝑃0))  , 
where 𝐴𝐴 𝐴𝐴0  is initial density at standard conditions (T0  =  20°C, P0  =  10 5  MPa).  bK1  =  0.64  +  807/(T  +  77); K2  =  1.18  +  474/(T  +  77); K3  =  [0.73  +  1,293/
(T + 77)] × (1 + 0.00004P).  cTS1 = 889 + 17,900/(P + 54) + 20,200/(P + 54) 2, P < 1,200 MPa; or TS1 = 831 + 0.06P, P > 1,200 MPa. TS2 = 973 – 70400/
(P + 354) + 77,800,000/(P + 354) 2, P < 1,600 MPa; or TS2 = 935 + 0.0035P + 0.0000062P 2, P > 1,600 MPa. TS3 = 1,394 + 0.132899P – 0.000005104P 2, P < 10,000 MPa; or 
TS3 = 2,212 + 0.030819 × (P − 10000), P > 10,000 MPa. TS4 is the mantle solidus with 0.01% water content. TS4 = 689.32 + 221920P − 13.87 × 10 4P 2 + 3.3 × 10 8P 3, 
P ≦ 14,870 MPa; TS4 = 2,199.24 – 35450P+ 2.29 × 10 4P 2-3.8 × 10 7P 3, P > 15,170 MPa; TS4 = 457.74 + 105110P, 14,870 MPa < P ≦ 15,170 MPa.  dTL1 = 1,262 + 0.09P, 
TL2 = 1,423 + 0.105P, TL3 = 2,073 + 0.114P.  e1 = Gerya (2011); 2 = Turcotte and Schubert (2014); 3 = Clauser and Huenges (1995); 4 = Schmidt and Poli (1998); 
5 = Litasov et al. (2011); 6 = Bittner and Schmeling (1995).
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while varying the width, thickness, and strength of the Qaidam crust: (a) the Lhasa lithosphere delaminates to the 
south and the KQQ lithosphere remains undeformed, (b) the Lhasa lithosphere continues to move northward and 
the KQQ lithosphere subducts southward, and (c) the Lhasa lithosphere continues to advance northward while 
the KQQ lithosphere region is thickened. Here we select 13 typical models (Models 1–11 without subduction 
of  the Continental Greater India, Models 12 and 13 with subduction of the Continental Greater India) to display 
the simulation results in detail (Table 3).

4.1. Reference Model

In the reference model (Model 1), the Qaidam crust is assumed to be 300 km in the horizontal direction, and 
50 km in the vertical direction, and to have a crustal strength factor of 1. The Qaidam crust is placed in the south of 
the KQQ terrane. The simulation results for this reference model show that during incipient collision, the Indian 
lithosphere underthrusts northward along the IYS, and that the Qiangtang and Songpan–Ganzi mantle lithosphere 
also underthrusts along the BNS, JS, and KLS, respectively (Figure 3a). Meanwhile, the deformation front prop-
agates forward rapidly, generating high topography across the entire Tibetan Plateau. Lithospheric deformation 
is concentrated mainly to the south of the KQQ terrane owing to the resistance of the stronger Qaidam crust, 
and minor deformation occurs along the northern Qilian Shan margin (Figures 4a and 4b). Crustal thickening 
south of the modeled Qaidam crust leads to rapid uplift, and a basin is gradually developed above the basement 
(Figure 3b). The subducting lithosphere becomes denser relative to its surrounding mantle owing to its lower 
temperature (Figure 4c). As a result, the entire Qiangtang mantle lithosphere is peeled away from the crust, with 
this process being referred to as lithospheric delamination and being facilitated by partial melting in the mantle 
(Figure 3c). The Songpan–Ganzi mantle lithosphere is dragged into the deeper mantle by the delamination of the 
Qiangtang lithosphere. A lithospheric window is opened by delamination, resulting in asthenospheric upwelling 
and decompression melting. Upwelling of the hot asthenosphere heats the crust and causes partial melting of 
the upper crust (Figures 3c and 4d). Delamination of the mantle lithosphere in northern Tibet allows the Lhasa 
mantle lithosphere to be pushed northward more easily than before. Driven by the Indian continental subduction, 
lithospheric deformation in the Tibetan Plateau propagates northward, as expressed by crustal thickening in the 
northern KQQ terrane. The Qaidam crust is also pushed northward with little internal deformation. Meanwhile, 
the partially molten asthenosphere is pushed northward by the Lhasa mantle lithosphere. During this process, the 
partially molten asthenosphere gradually intrudes the basal section of the crust, which helps the crust decouple 
from the mantle lithosphere, and contributes to the southward subduction of the KQQ mantle lithosphere. When 
the crustal shortening in the Tibetan domain is as much as ∼700 km, the Indian lithosphere becomes subducted 
northward beneath the BNS in the south, and the KQQ mantle lithosphere is bent downward like a subduction 
zone beneath the Qaidam region (Figure 3d).

4.2. Effect of the Qaidam Width

In this section, we test a series of models to assess the role of the north-south width of the Qaidam crust while 
holding other parameters constant. Figure 5 shows several snapshots of such models that display a similar evolu-
tionary path to that of the reference model in the early stage of the model run. However, a remarkable difference 
in lithospheric deformation emerges in the later stages of model runs after the shared lithospheric delamination 

Table 3 
Tested Numerical Parameters and Model Results

Model name Widths of QC (km) Thicknesses of QC (km) Strength factors of QC Add a CGI? Results (Figure)

Model 1 300 50 1 No  3 and 4

Models 2–4 50/400/700 50 1 No  5 and S2 in Supporting Information S1

Models 5–8 300 40/30/20/0 1 No  6 and S3 in Supporting Information S1

Models 9–11 300 50 0.1/0.5/10 No  7

Model 12 300 50 1 Yes  8

Model 13 300 50 10 Yes  13

Note. QC, Qaidam crust; CGI, the Continental Greater India.
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event in the northern Tibetan Plateau. The Qaidam crust in Model 2 is 50 km wide, 1/14 the width of the KQQ 
region (Figure 5a). The narrow Qaidam crustal block cannot resist displacement, and it is pushed northward 
during lithospheric delamination below the Qiangtang and Songpan–Ganzi terranes. Meanwhile, the partially 
molten asthenosphere intrudes into the Lhasa crust, which facilitates the southward peeling of the Lhasa mantle 

Figure 3. Simulation results of the reference model (Model 1). The Qaidam crust is assumed to be 300 km wide, and 
50 km thick in the vertical direction, and to have a crustal strength factor of 1 in the reference model. (a–d) Topography and 
composition results at 6.5 Myr (∆WTP = 200 km), 16.3 Myr (∆WTP = 550 km), 21.5 Myr (∆WTP = 660 km), and 27.9 Myr 
(∆WTP = 700 km), respectively. ∆WTP indicates the amount of crustal shortening to the north of the IYS. In each snapshot, the 
topography profile overlays on the composition field. Arrows indicate the moving direction of the Indian lithosphere, and the 
two white lines are isotherms of 600 and 1200°C.
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Figure 4. Viscosity, strain rate, density and temperature results of the reference model. (a) Viscosity field; (b) Strain rate field; (c) Density field and (d) Temperature 
field. The Qaidam crust is pointed out by the black polygon in (a and b). The two black lines are isotherms of 600° and 1200°C in each snapshot.
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lithosphere. Topography across the whole plateau is at a similar height, and a narrow and shallow basin is formed 
in the Qaidam region. The evolutionary path of Model 3 with a block 400 km width is similar to that of the 
reference model from the beginning to the end of the model runs (Figure 5b). Models with Qaidam crust widths 
of 150–650 km (2/14 to 13/14 the width of the KQQ terrane) also yield similar evolutionary paths to that of the 
reference model (Figure S2 in Supporting Information S1). We used Model 4 to represent a special case where 
the Qaidam crust is extremely wide (Figure 5c). In contrast, an extremely wide Qaidam crust results in little 
deformation across the Qaidam region, while the crust to the south is intensely shortened in association with 
high topography. The wide Qaidam crust also resists northward movement of the partially molten asthenospheric 
materials. Meanwhile, the window of mantle upwelling is closed by the progressive northward movement of the 
Lhasa mantle lithosphere. Model 4 shows that the system develops a lithospheric architecture expressed by north-
ward subduction of the Indian lithosphere in the south, minor deformation of the KQQ lithosphere in the north, 
and a small window of mantle upwelling beneath the Songpan–Ganzi terrane.

4.3. Effect of the Qaidam Crustal Thickness

In this section, we describe a group of models to examine the effects of varying Qaidam crustal thickness. In the 
reference model, the thickness of the Qaidam crust is assumed to be 50 km, which is equal to the initial crustal 
thickness of the Tibetan Plateau. Here, we systematically decrease the Qaidam crustal thickness, while keeping 
all other parameters the same as those used in the reference model. Model 5 has a 40 km thick Qaidam crust, and 
its results are identical to the reference model (Figure 6a). Models 6, 7, and 8 involve a Qaidam crust that is 30, 
20, and 0 km thick, respectively, and the results differ drastically from those of Models 1 and 5 but are similar to 
the results of Model 2 in that the Lhasa mantle lithosphere is delaminated southward after the delamination of 
the Qiangtang and Songpan–Ganzi mantle lithosphere (Figure 6b and Figure S3 in Supporting Information S1).

4.4. Effect of the Qaidam Crustal Strength

In this section, we run a couple of models to explore the effects of Qaidam crustal strength on lithospheric defor-
mation. As shown in Equations 1–3, we used various strength factors S to scale the strength of the Qaidam crust 
in Models 9, 10, and 11 while keeping other parameters consistent with those in the reference model.

Figure 5. Simulation results of models with different Qaidam crustal widths. (a–c) Topography and composition results at different evolution time of Models 2–4. 
The Qaidam crust is 50 km, 400 and 700 km wide in Models 2–4, respectively. Three distinct lithospheric-deformation modes caused by Qaidam crust with different 
widths after lithospheric delamination. (a) The first mode (Deformation Mode I) is caused by a narrow Qaidam crust, and it is characterized by southward delamination 
of the LS mantle lithosphere and an undeformed KQQ mantle lithosphere. (b) The second mode (Deformation Mode II) is caused by a wide Qaidam crust, and it is 
characterized by northward-advancing LS mantle lithosphere and southward subduction of the KQQ mantle lithosphere. (c) The last mode (Deformation Mode III) is 
caused by an extremely wide Qaidam crust, and it is characterized by northward-advancing LS mantle lithosphere and undeformed KQQ mantle lithosphere.
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Figure 7 shows the simulation results. Strength factor S plays a role in ductile rheology, therefore, and chang-
ing its value would mainly affect lower crustal strength where deformation is dominated by ductile rheology. 
Compared with the reference model, the initial lower crustal strength is reduced by an order of magnitude using a 
strength factor of 0.1 in Model 9. The simulation results show that a strong upper crust and the mantle lithosphere 
are decoupled by weak lower crust, expressed by the former moving faster than the latter. The results of Model 9 
are similar to those in Models 2 and 6 (Figure 7a). The strength factor is 0.5 in Model 10, resulting in the lower 
crust having half the strength than it had in the reference model. Model 10 gives similar results to those of Model 
1, 3, and 5 (Figure 7b). The strength factor in Model 11 is 10, and the crust is dominated by brittle strength, with 
the initial viscosity in the lowermost 10 km layer of crust one order of magnitude larger than that of the reference 
model. The strong crust and mantle lithosphere of the Qaidam crust are always strongly coupled, thus they behave 
as a rigid block that prevents the crustal deformation from propagating northward. The strengthened Qaidam 
crust plays a role that is similar to that of an extremely wide Qaidam crust. Hence, the evolution shown in Model 
11 is analogous to that of Model 4 (Figure 7c). However, in the late stages of evolution in Model 11, the mantle 
lithosphere the north of the KQQ terrane is thickened after lithospheric delamination beneath the Qiangtang and 
Songpan-Ganzi terranes, which is more significant if there are more weak zones in this region (Figure S4a in 
Supporting Information S1). After systematically testing of the strength factors, three lithospheric-deformation 
modes can be distinguished, which are similar to those caused by varying width of the Qaidam crust.

4.5. Effect of the Subduction-Consumed Continental Greater India

In Models 1–11, the India–Asia collision begins immediately after model initiation. In Model 12, we add an 
1,100 km terrane with a thin crust of 15 km and mantle lithosphere of 90 km to represent the Continental Greater 

Figure 6. Simulation results of models with different Qaidam crustal thicknesses. (a–b) Topography and composition results at different evolution times of Model 5, 6. 
The Qaidam crustal thickness is 40 and 30 km in Models 5 and 6, respectively. Simulation results show two lithospheric deformation modes similar to Mode II (Model 
5) and Mode I (Model 6).
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India. To facilitate the subduction of the Continental Greater India, the density of the Continental Greater India 
mantle lithosphere is 50 kg/m 3 denser than that of the Indian mantle lithosphere. Other Parameters are same to 
the Indian continent. As shown in Figure 8, in the early stage of model evolution, the Continental Greater India 
lithosphere subducts deeply to the mantle and breaks off at 28.3 Myr. During this phase, crustal shortening in 
the Tibetan Plateau is about 173 km, and topography uplifts to ∼1.3 km in the whole Tibetan Plateau except 
the Qaidam region where an intermountain basin gradually forms. After subduction of the Continental Greater 
India, the Indian lithosphere indents the Tibetan lithosphere, subsequent model results are similar to the reference 
model, but with less shortening in the Tibetan lithosphere when model terminates at 52.1 Myr.

5. Discussion
5.1. Three Lithospheric Deformation Modes

In all of our models, mantle lithosphere of the Qiangtang terrane is first to underthrust and delaminate in the early 
stage, which is similar to the evolution described by Kelly et al. (2020). However, in contrast to their results, our 
models predict three distinct deformation modes after lithospheric delamination in northern Tibet as a result of 
changing the crustal properties of the Qaidam Basin (Figure 9a).

The first deformation mode (Deformation Mode I) features southward delamination of the Lhasa mantle litho-
sphere and a relatively undeformed KQQ mantle lithosphere. If the Qaidam crust is narrow (width ratio <1/7), 
or weak (crustal strength factor <0.2), or thin (strong crustal thickness <30 km), it has no capacity to resist 
deformation. In this situation, the Qaidam crust is prone to being pushed northward relative to the underlying 
mantle lithosphere which remains in place in the early evolution of the model (e.g., Model 9 in Figure 9b-I). 
As a result, the relative horizontal displacement between them gradually increases, which implies crust–mantle 
lithosphere decoupling in the Qaidam region (e.g., Model 9 in Figures 9b-II). Crustal deformation and strain 
partitioning in the Qaidam region delay lithospheric delamination below the Songpan–Ganzi terranes. Slow 
sinking of the Songpan–Ganzi mantle lithosphere helps the partially molten asthenosphere intrude the lower 
crust of the Lhasa terrane, triggering southward delamination of the Lhasa mantle lithosphere (Figures 5a, 6b, 
and 7a). The second deformation mode (Deformation Mode II) features northward-advanced Lhasa mantle lith-
osphere and flexing of the mantle lithosphere beneath the Qaidam region. If the Qaidam crust is wide, or if 
the crustal strength factor reaches 1.0, the Qaidam crust and the mantle lithosphere are slightly coupled (e.g., 

Figure 7. Simulation results of models with different Qaidam crustal strengths. (a–c) Topography and composition results at different evolution times of Models 
9–11. The insets are viscosity results at 27.9 Myr in the Qaidam region. The crustal strength factor is 0.1, 0.5 and 10 in Models 9–11, respectively. Similar three 
lithospheric-deformation modes are caused by a weakened, normal and strengthened Qaidam crust, respectively. But in Model 11, the mantle lithosphere is thickened to 
the north of the Qaidam region, which is slightly different from Figure 5c.
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Figure 8. Simulation results of Model 12 with an 1,100 km wide terrane representing the Continental Greater India (CGI) between the Indian continent and Tibetan 
Plateau.
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Figure 9.
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Model 1 in Figure 9b-I). In this situation, the Qaidam crust can resist deformation in the early evolution of the 
model; however, after lithospheric delamination, the Qaidam crust and the partially molten asthenosphere is 
pushed northward, during which decoupling of the crust and mantle lithosphere takes placein the Qaidam region 
(Figures 3, 5b, 6a, 7b and 8). Coupling in the early stage of model evolution and decoupling in the later stage lead 
to flexing of the mantle lithosphere beneath the Qaidam region, which resembles southward subduction of the 
KQQ mantle lithosphere (e.g., Model 1 in Figures 9b-II). The third deformation mode (Deformation Mode III) 
is characterized by the northward-advancing Lhasa mantle lithosphere and a thickened mantle lithosphere north 
of the Qaidam region. If the Qaidam crust is very strong (i.e., a crustal strength factor >2), it has the capacity to 
resist deformation. A strong Qaidam crust couples with the underlying mantle lithosphere so that no relative hori-
zontal displacement occurs between them throughout the model evolution (e.g., Model 11 in Figure 9b). After 
lithospheric delamination in northern Tibet, the Qaidam crust and the mantle lithosphere are pushed northward 
simultaneously, which results in lithospheric thickening north of the Qaidam region (Figure 7c). If there are more 
pre-existing weaknesses in the lithosphere north of the Qaidam crust, lithospheric thickening is more significant 
in this region (Figure S4a in Supporting Information S1). The deformation mode produced by an extremely wide 
Qaidam crust (700 km) is also similar to Deformation Mode III except that there is no lithospheric thickening in 
the north of the Qaidam region (Figure 5c).

Crustal deformation and topographic uplift have distinct responses in the three deformation modes. Crustal defor-
mation and topographic uplift occur north of the Qaidam region soon after model initiation in all deformation 

Figure 9. Lithospheric-deformation modes controlled by the relative displacement between the Qaidam crust and mantle lithosphere. (a) Three distinct lithospheric-
deformation modes in different model groups with various Qaidam crustal widths, thicknesses and strength factors. Group A: Fixing the crustal strength factor as 1 and 
changing the crustal thicknesses and widths; Group B: Fixing the crustal width as 300 km and changing the crustal thicknesses and strength factors; Group C: Fixing 
the crustal thickness as 50 km and changing the crustal widths and strength factors. Purple circles represent Deformation Mode I; green triangles represent Deformation 
Mode II; brown squares represent Deformation Mode III; blue stars represent a transitional mode between Deformation Modes I and II and white diamonds indicate 
irregular deformation due to a weak Qaidam crust. (b) Evolution of the horizontal positions and relative horizontal displacement of the Qaidam crust and mantle 
lithosphere. In each evolutionary snapshot, the horizontal positions of Qaidam crust and mantle lithosphere are traced by markers inside the crust (the yellow marker 
in cartoon) and mantle lithosphere (the red marker in cartoon), respectively. (I) Evolution of the horizontal positions of the Qaidam crust and mantle lithosphere. Solid 
and dashed lines indicate the horizontal positions of the crust and mantle-lithosphere, respectively. The red, blue and black lines indicate results of Models 1, 9, and 11, 
respectively. ML: Mantle lithosphere. (II) Relative horizontal displacement between Qaidam crust and mantle lithosphere (∆X = Xcrust − XML), which can approximately 
indicate the degrees of coupling of the Qaidam crust and mantle lithosphere. Similarly, the red, blue and black lines indicate the results of Models 1, 9, and 11, 
respectively.

Figure 10. Evolution of crustal deformation and topography in different deformation modes. The left, middle and right columns represent the strain rate and 
topography in deformation Modes I, II and III, respectively. The upper row is the strain rate results and the lower row is the topography results. Black lines indicate the 
start time of the Songpan–Ganzi lithospheric delamination. Thick yellow lines point out the boundary of the strain rate.
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modes (Figures 10d–10f). In Deformation Mode I, crustal deformation and topographic uplift are distributed 
throughout the Tibetan domain, resulting in a unified plateau across Tibet (Figures 10a and 10d). But in Defor-
mation Modes II and III, crustal deformation is concentrated mainly to the south of the Qaidam region, and 
only weak deformation exists to the north of the Qaidam region before lithospheric delamination (Figures 10b 
and 10c). If multiple lithospheric weak zones exist to the north of the Qaidam region, the crust would also deform 
intensively (Figure S4b in Supporting Information  S1). After lithospheric delamination, crustal deformation 
transfers northward (Figures 10b and 10c). Finally, a primary plateau and a secondary orogen are developed to 
the south and north of the Qaidam region, respectively, and a basin is formed in Deformation Modes II and III 
(Figures 10e and 10f).

5.2. Lithospheric Deformation in Northeastern Tibet

Our model simulation results show that the initial width and strength of the Qaidam crust play important roles in 
controlling the deformation of the Tibetan lithosphere. Crustal strength can be reflected by the crustal thickness 
ratio of the strong brittle crustal layer in the entire crust, which is affected by the crustal strength factor. The larger 
the crustal strength factor, the thicker the strong brittle crustal layer and its thickness ratio, and the stronger the 
crust (Figure 11a). According to our simulations, for a medium width Qaidam crust, and if the crustal strength 
factor is less than 0.2, a thickness ratio of less than 0.50 is generated for the brittle crustal layer and the deforma-
tion is Mode I. If the crustal strength factor lies between 0.5 and 1, the thickness ratio of the strong brittle crustal 
layer will be between 0.56 and 0.60, and the deformation is Mode II. If the crustal strength factor is greater than 2, 

Figure 11. Initial strength of the Qaidam crust. (a) Initial crustal strength, brittle crustal layer thickness and ratio derived from different strength factors. (b) Estimated 
initial Qaidam crustal strength at the beginning of India-Aisa collision. (I) Crustal strength with different lower crustal compositions. The Moho temperature is assumed 
to be 500°C, and the lower crust is composed of plagioclase, diabase and dry mafic granulite, respectively. (II) Crustal strength with different Moho temperature. The 
lower crust is assumed to be composed of plagioclase, and the Moho temperature is 400°C, 500 and 600°C, respectively. Both in (I) and (II), the upper crust and mantle 
lithosphere are represented by wet quartz and dry olivine, respectively. Rheological parameters of different rocks are listed in Table 1. The strain rate is assumed to be 
10 −16 s −1. The thickness ratios of the brittle crustal layer are all greater than 0.67 in (b), which corresponds to the crustal strength factor >2.
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the thickness ratio of the strong brittle crustal layer will be greater than 0.66, and the deformation will be Mode III 
(see Group C in Figure 9a and the Table in Figure 11a). We can infer, therefore, that the type of the deformation 
mode in northeastern Tibet is determined by the Qaidam crustal width and strength. After taking the uncertain-
ties of lower crustal compositions and Moho temperatures into account (details given in Text S3 in Supporting 
Information S1), we can estimate the initial thickness ratio of the brittle crustal layer to have been greater than 
0.67 in the Qaidam Basin (Figure 11b), which according to our models implies that it was generated by a crustal 
strength factor greater than 2 (see the table in Figure 11a). Moreover, according to Yin and Harrison  (2000) 
and Zuza et al. (2016), more than 300 km of Cenozoic crustal shortening occurred north of the Qaidam Basin. 
Combining that with the present-day 600 km width of northeastern Tibet, the initial width of northeastern Tibet 
was ∼900 km. Thus, the ∼300 km wide Qaidam Basin takes up about one third of the total initial width of north-
eastern Tibet. The Qaidam crust with an initial brittle crust thickness ratio of >0.67, a crustal strength factor >2, 
and an initial width ratio of ∼1/3 would result in deformation Mode III, as outlined by the black rectangular area 
in Group C (Figure 9a).

Deformation under Mode III is also supported by many observations in Tibet. For instance, (a) the structure of 
the lithosphere under deformation Mode III is consistent with the P-wave velocity structure of the flat Asian lith-
osphere exposed in the mantle low-velocity zone (Figure 12); (b) upwelling of hot asthenosphere and decompres-
sion melting can explain the low mantle velocity zone beneath the Songpan–Ganzi terrane (Ceylan et al., 2012; 
Liang et al., 2012), and the high-temperature lithosphere and young potassic volcanism in the Songpan–Ganzi 
terranes (Barron & Priestley, 2009; Guo et al., 2006; Tunini et al., 2016); and (c) evidence of lithospheric thick-
ening in northeastern Tibet is seen in receiver function results (Zhang et al., 2020). The deformation Mode III 

Figure 12. Comparisons of Deformation Mode III with observations. (a) Predicted topography, lithospheric structure and 
temperature field in Deformation Mode III. (b) Observed topography, shear wave velocity structure (Liang et al., 2012) and 
temperature distribution (modified from Tunini et al., 2016).
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scenario also suggests that the Asian lithosphere did not subduct southward below the Songpan–Ganzi terrane, 
although the observed seismic results related to this are still debated (Ceylan et al., 2012; Kind et al., 2002; Liang 
et al., 2012; Yue et al., 2012; Zhao et al., 2011). Our results provide independent evidence from a geodynamic 
point of view for this debate.

5.3. Crustal Deformation and Topographic Evolution in Northeastern Tibet

In deformation Mode III, our simulations obtain a flat-topped plateau in the south, an intermontane basin in the 
middle, and a secondary highland in the north, which is similar to the general topography of Tibet to the south 
and north of the Qaidam Basin (Figure 10f). The Model 13 which contains an 1,100 km wide Continental Greater 
India and a strong Qaidam crust with crustal strength factor of 10, can evolve to ∼55 Myr and produce similar 

Figure 13. Predicted lithospheric deformation and topographic evolution in the Tibetan Plateau. (a) Composition and topography results of Model 13 containing an 
1,100 km wide continental Greater India and a strong Qaidam crust whose crustal strength factor is 10. (b) Predicted topographic uplift of the Qilian Shan. Two phases 
of rapid topographic uplift occurred in the first 10 Myrs and later ∼42–55 Myr. (c) Predicted crustal deformation of the Qilian Shan. Two phases of crustal deformation 
occurred in the Qilian Shan indicated by crustal strain rate results. In the first ∼20 Myrs, the Qilian Shan appeared weak crustal deformation in the NQLS, but intense 
deformation immediately spread across the Qilian Shan after lithospheric delamination at ∼40 Myr.
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lithospheric structure and topography to deformation Mode III (Figure 13). Here, we emphatically discuss the 
topographic evolution and lithospheric deformation in the Qilian Shan.

According to the simulation results of Model 13, the Qilian Shan gains an elevation of ∼1.5 km in 10 Myrs after 
initiation of the model (Figures 13a and 13b). The elevation in the Qilian Shan is maintained ∼1.0–1.5 km over a 
long period of time, but rapidly decreases to ∼0.5 km during the lithospheric delamination of the Qiangtang and 
Songpan-Ganzi terranes (Figure 13b). After that, the elevation rapidly uplifts again to ∼3.0 km. The topographic 
responses are consistent with the features of crustal deformation, as revealed by the strain rate results which show 
weak but durable crustal deformation in the weak NQLS in the early stage of model evolution and intense crustal 
deformation across the Qilian Shan soon after lithospheric delamination (Figure 13c). If the Qilian Shan terrane 
is divided further into three sub-blocks—or if it contains more weak zones, topographic uplift and crustal defor-
mation are more intense in this region (Figures S4 and S5 in Supporting Information S1).

The two phases of crustal deformation and surface uplift in our models are consistent with observations from 
northeastern Tibet, where extensive crustal deformation occurred in the Eocene–Oligocene and from the Miocene 
to the present (Figure 1). Early crustal deformation occurred mainly around the Qaidam Basin (Figure 1), where 
the Altyn Tagh fault, Kunlun fault, and Qimen Tagh faults became active from 49 Ma to 35 Ma, and the North 
Qaidam thrust systems was active at 65–50 Ma (Clark et al., 2010; Jolivet et al., 2001; Yin et al., 2008). Crustal 
shortening also occurred in the hinterland and on the northern margin of the Qilian Shan at ca. ∼55 Ma, along 
with surface uplift (Qi et al., 2016; Zuza et al., 2019), and the Nan Shan thrust belt in central Qilian Shan was 
shortened at 33 Ma (Yin et al., 2002). The West Qinling thrust started deforming ca. ∼50 Ma in response to the 
India–Asia collision, causing uplift of ∼0.8 km during 50–30 Ma, which is approximately consistent with the 
early ∼1.0–1.5 km elevation predicted in our simulations (Clark et al., 2010). Likewise, the clockwise rotation of 
the crust in the Xining–Lanzhou region (beginning at ca. 45 Ma) indicates early crustal deformation in this region 
(Dupont–Nivet et al., 2004). Early crustal thickening produced considerable topographic relief in northeastern 
Tibet, as indicated by the appearance of conifers in the Xining Basin at 38 Ma that required high-altitude climatic 
conditions (Dupont–Nivet et al., 2008). Since the Miocene, new large-scale crustal deformation has taken place 
in northeastern Tibet (Figure 1). The Eastern Kunlun fault, the southern boundary of northeastern Tibet, was 
activated at ca. 20 Ma, and the North Qilian Shan and Haiyuan faults along the northern margin experienced rapid 
exhumation at 10–8 Ma (Duvall et al., 2013). Other faults and basins between the southern and northern margins 
underwent deformation during this phase, including the Jishi Shan fault at 13 Ma, the Laji Shan fault at 22 Ma, 
the Elashan fault at 13 Ma, the Wenquan fault at 9 Ma, the Jiuxi Basin at 13–10 Ma, and the Guide Basin at 17 Ma 
(Duvall et al., 2013 and references therein; Wang et al., 2016). Extensive crustal deformation caused northeastern 
Tibet to expand rapidly eastward toward the Liupan Shan fault at 8 Ma, and to thicken to 55–60 km causing uplift 
to ∼4 km (Li et al., 2014; Zheng et al., 2006).

Based on the aforementioned observations, two contrasting views have been proposed to address crustal deforma-
tion in northeastern Tibet: (a) plateau formation occurred nearly synchronously across the northern and southern 
margins of Tibet since the onset of the India–Asia collision (Dupont–Nivet et al., 2004; Yin et al., 2002); (b) 
plateau has been developed progressively northward and it reached the northeastern Tibet at 20–15 Ma (e.g., 
England & Houseman, 1986; Meyer et al., 1998; Tapponnier et al., 2001). However, these two views cannot 
be reconciled with the multi-phase Cenozoic deformation in northeastern Tibet. Recently, Wang et al.  (2022) 
proposed a multi-stage lithospheric delamination model to explain the pulsed uplift events in northeastern Tibet 
at 30 Ma and 10 Ma. But this model does not explain the Cenozoic deformation before 30 Ma. Our simulations 
replicate the two phases of crustal deformation in the Qilian Shan in the early and late stages of the model initi-
ation, and the simulations provide the following plausible explanations of the crustal growth in northeastern 
Tibet. The strong Qaidam Basin caused stress to transfer rapidly to northeastern Tibet shortly after the India–Asia 
collision (Bian et al., 2020; Dayem et al., 2009), which activated pre-existing weaknesses (e.g., sutures and faults) 
to produce early crustal shortening and surface uplift in the Eocene to Oligocene (Figure 13c and Figure S5a in 
Supporting Information S1). As the Indian continent advanced northward, the mantle lithosphere in central and 
northern Tibet was thinned by delamination or convection removal in the Miocene (Molnar et al., 1993), which 
decreased the strength of the Tibetan lithosphere. From the Miocene, the strong Qaidam crust, coupled with the 
underlying mantle lithosphere, was pushed rapidly northward owing to a change in the lithospheric structure of 
central and northern Tibet. The advance of the Qaidam Basin thickened the Qilian Shan lithosphere, producing 
the second wave of large-scale crustal deformation and topographic uplift (Figure 13 and Figure S5 in Supporting 
Information S1). Two phases of strong tectonic compressional stress in the northern Qaidam margin at 52–45 Ma 
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and 21–15 Ma provide strong support for our explanations (Sun et al., 2022). The active left-slip Altyn Tagh fault 
with ∼360–470 km offset in the west of the Qaidam Basin recorded the northeastward movement of the basin 
(Cheng et al., 2016; Yin et al., 2002).

5.4. Comparison With Early Geodynamic Modeling Work

Previous numerical modeling works about the India-Asia collision mostly regarded the Tibetan lithosphere as 
a homogeneous block (Capitanio & Replumaz, 2013; Li et  al.,  2016; Pusok & Kaus, 2015), but lithospheric 
heterogeneities have been gaining more attention in recent years. For example, Huangfu et al. (2018) divided the 
Tibetan lithosphere into a strong block in south Tibet and a weak block in north Tibet to simulate different litho-
spheric delamination styles in western and eastern Tibet; Kelly et al. (2020) considered the inherited lithospheric 
heterogeneities of each terranes in their models to study the post-collisional Himalayan-Tibetan evolution; Kong 
et al. (1997) and Chen et al. (2020) evaluated the role of the pre-existing weak suture zones inside Tibet on the 
formation of the Tibetan Plateau; and Zhang et al. (2022) explored the topographic response of the local basin 
basements inside the Tibet. These numerical simulations further advanced our understanding about the geody-
namic processes of the Tibetan Plateau, but none of them specifically focused on lithospheric deformation in 
northeastern Tibet.

Our numerical models referred to the multi-terrane structure of the Tibetan lithosphere, and simultaneously took 
local weak sutures and strong Qaidam basement into account. We emphatically studied how the strong Qaidam 
Basin affected lithospheric deformation in northeastern Tibet. As suggested by Bian et  al.  (2020), the strong 
Qaidam Basin facilitated stress propagation to activate pre-existing weak zones in northeastern Tibet, causing 
diachronous uplift in Qilian Shan in the early India-Asia collision. The instant distal deformation is also related 
to the strength of the Tibetan lithosphere, a very strong Tibetan lithosphere would not produce distal deforma-
tion in northeastern Tibet (Huangfu et al., 2022). Finally, the strong basement developed into the Qaidam Basin, 
and the weak Qilian Shan became a part of the Tibetan Plateau (Sun & Liu, 2018). Our simulation results also 
showed lithospheric delamination in northern Tibet and lithospheric thickening in northeastern Tibet, and the 
two dynamic processes were connected by the strong Qaidam Basin. Compared with the 3-D models in Chen 
et al. (2020) and Zhang et al. (2022), our 2-D models were unable to reproduce along-strike deformation and 
lateral expansion in northeastern Tibet.

6. Model Limitations
Our simulation results can help us to a certain extent to understand the role of the stronger Qaidam lithosphere in 
the deformation of northeastern Tibet. Some simplifications are necessary in our numerical models, but perhaps 
also affect our simulation results, for example,: (a) The dipping directions of the sutures greatly affecting the 
deformation of Tibetan lithosphere are hard to confirm, and we only referred to the most–likely combination of 
the sutures and did not take other possibilities into account. (b) The India–Asia convergence rate varied with time, 
and it decreased from ∼10 to 11 cm/yr at ca. 60 Ma to ∼3–4 cm/yr at ca. 10 Ma (Cande et al., 2010; Molnar & 
Stock, 2009). To simplify this process, we simply used a constant convergence rate of 4 cm/yr in our 2-D models. 
Such simplification led to a trade-off between the evolution time and the width of the Continental Greater India. 
Undoubtedly, the convergence rate is a crucial factor affecting the deformation of orogens (Li et al., 2013; Vogt 
et al., 2017), and its impact on the Tibetan Plateau needs more in-depth and detailed research.

Furthermore, addition of the Continental Greater India can extend model evolution to 52–55 Myr, which is 
consistent with India-Asia collision duration of ∼56 Myr (Hu et al., 2016). The extended model evolution also 
makes some lithospheric deformation more time-matched with observations (Figure 13), such as (a) the delamina-
tion of the Songpan-Ganzi lithosphere at ∼40 Myr is consistent with the Mid-Miocene potassic volcanic rocks in 
north Tibet (Chung et al., 2005); and (b) two phases of crustal deformation in Qilian Shan in 0–10 and 42–55 Myr 
are also consistent with the two-stage crustal deformation during the Eocene–Oligocene and since the Miocene in 
northeastern Tibet (Figure 1; Duvall et al., 2013). However, in our models, subduction of the Continental Greater 
India absorbs most of early convergence, during which only local lithospheric deformation and topographic uplift 
occur in the subduction zone and weak sutures. Undeniably, such lithospheric deformation does not match well 
with all the observations in the Himalayan-Tibetan orogenic system, for example, the regional-differentiation 
uplift history of the Himalaya-Tibetan plateau (Ding et al., 2022), substantial Eocene (ultra) potassic and adakitic 
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igneous rocks in central Tibet (Chung et al., 2005; Kapp & DeCelles, 2019) and widespread Eocene–Oligocene 
fold-thrust belt from the Himalaya to Qilian Shan (Li et al., 2015). The main cause for these differences is that 
our models do not distinguish the inherited lithospheric heterogeneities of each terrane in the Tibetan lithosphere 
like models in Kelly et al. (2020).

At last, the Qaidam Block was squeezed to the northeast of the Tarim Block by the Indian collision in the Ceno-
zoic (Meng et al., 2008), and during this period, the Tarim Block rapidly concentrated the strain along its southern 
margin and restrained the northward propagation of deformation (Dayem et al., 2009). Therefore, deformation 
in the Qaidam region was shielded to some extent by the adjoining Tarim region. However, our 2-D models are 
incapable of simulating the effects of out-of-plane motion and deformation.

7. Conclusions
We used high-resolution 2-D thermal-mechanical simulations to assess the effects of Qaidam crustal structures 
and strength on the deformation history of northeastern Tibet during the Cenozoic India-Asia collision. All simu-
lations predict lithospheric delamination and mantle decompression melting in northern Tibet, but varying the 
width, thickness, and strength of the Qaidam crust leads to three end-member scenarios for the first-order Tibetan 
lithospheric deformation: (a) southward delamination of the Lhasa mantle lithosphere and an almost undeformed 
mantle lithosphere beneath the Eastern Kunlun-Qaidam terrane and the Qilian Shan thrust belt (Deformation 
Mode I), (b) ongoing northward-advancing Lhasa mantle lithosphere and southward subduction of the mantle 
lithosphere beneath the Eastern Kunlun-Qaidam terrane and the Qilian Shan thrust belt (Deformation Mode 
II), and (c) ongoing northward-moving Lhasa mantle lithosphere and thickened lithosphere to the north of the 
Qaidam Basin (deformation Mode III). Different degrees of coupling of the crust and mantle lithosphere in 
the  Qaidam Basin may contribute to distinct deformation modes. After estimating the initial Qaidam crustal 
width and strength, and comparing them with the tested Qaidam crustal parameters, we infer that the lithospheric 
deformation in northeastern Tibet is consistent with Deformation Mode III. This inference is supported by many 
observations in Tibet. Two phases of crustal deformation and topographic uplift north of the Qaidam Basin 
are replicated in our models. The first phase of crustal deformation results from the activation of pre-existing 
weaknesses shortly after the onset of the India–Asia collision, and this deformation is sustained for an extended 
period. The second phase of crustal deformation is induced by lithospheric delamination in northern Tibet. Our 
results consistent with observations provide a plausible explanation for the tectonic history of northeastern Tibet.

Data Availability Statement
All simulation results are available at https://zenodo.org/record/7542591.
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