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Featured Application: Resource and environmental effects of the Tibetan Plateau.

Abstract: Himalayan orogenesis remains enigmatic in terms of Tibetan Plateau geodynamics origi-
nating from the Cenozoic India–Eurasian continental collision. India underthrusts below Tibet to the
Yarlung–Tsangpo suture, which has been identified as the northernmost boundary for underplating.
However, the way in which the historical evolution of continental subduction induces plateau uplift
and the way it controls the variation in uplift between outboard and inboard areas is still unclear. To
interpret the evolutionary mechanisms involved in the Himalayan growth history, we constructed
different 3-D dynamic models at important stages to address these questions related to the formation
of the Himalayas on the basis of paleoenthalpy evidence encoded in fossil leaves from recently
documented assemblages in southern Tibet. The results show that (1) the effect of crustal thickening
was the predominant factor in the early evolution from the Paleocene to the early Eocene, which
resulted in a moderate growth rate. (2) The consecutive slab break-off eastward from the western
syntaxis and the associated slab rebound significantly accelerated orogenesis from the late Eocene to
the Oligocene. The upwelling asthenospheric flow was a key control of increasing crustal buoyancy,
which resulted in the fastest growth of the Himalayas during the early Miocene. (3) Thereafter,
the gradually enhanced monsoon and surface erosion during accompanying the increasing moun-
tain height resulted in a slowdown of the orogenic rate, which counterbalanced the buoyant force
produced by asthenospheric flow driving continuous Himalayan growth.

Keywords: Himalayas; uplift; subduction; 3-D modeling

1. Introduction

Himalayan uplift is one of the most important orogenic and climate forcing events of
the Cenozoic (e.g., [1]). As the largest and most active collisional orogen at present (e.g., [2]),
the Himalayas are the result of the Indian plate colliding with Eurasia, which first occurred
at the center portion of the Yarlung–Tsangpo suture zone (YTSZ) between ca. 65 Ma and
63 Ma (e.g., [3]), and India continues to plunge into Eurasia along the main boundary
thrust (MBT) (Figure 1). The India–Eurasia collision is characterized by a significant level
of uplift, particularly along the high Himalayas, and an integral rise of the Tibetan Plateau
ranging across thousands of kilometers, constituting the highest landscape on Earth in
northeastern India (Figure 1). However, the way in which the historical evolution of
continental subduction induces plateau uplift and the way it controls the variation in uplift
between outboard and inboard areas is still unclear.
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sutures: YTSZ, Yarlung–Tsangpo suture zone; BNSZ, Bangong–Nujiang suture zone; JRSZ, Jinsha 

River suture zone; EKSZ, East Kunlun suture zone; ATSZ, Altyn Tagh suture zone; KF, Karako-

rum fault; MBT, main boundary thrust. Dashed lines indicate the main orogenic region focused by 

this study. 

The growth of Himalayan orogen was reconstructed using a paleoaltimeter based 

on paleoenthalpy contained in fossil leaves from two newly reported assemblages in 

southern Tibet (Liuqu and Qiabulin) and four previously known floras from the Hima-

laya foreland basin, using climate leaf analysis, multivariate program analysis, and iso-

topic data [4]. Zircon U–Pb dating has constrained the Liuqu flora to the latest Paleocene 

(ca. 56 Ma) and the Qiabulin flora to the earliest Miocene (ca. 21 Ma), the latter of which 

marked the starting point for a sudden change to accelerated uplift in the Himalayas. 

The proto-Himalayas grew slowly from ≈1000 m in the late Paleocene to Eocene (>42 

Ma) to ≈2.3 km at the beginning of the Miocene (23 Ma) and reached at least 5 km by 

approximately 15–11 Ma (e.g., [4]). The Himalaya–Tibet edifice and the Himalayan fore-

land basin have been gradually drying since 56 Ma, most likely due to the Himalayan 

orogen’s uplift [4]. 

To assess the role of active tectonics and geometric variations in shaping the topog-

raphy of the northwestern Himalayas, new constraints on deformation over geomorphic 

timescales are used, including morphometric analysis using high-resolution digital ele-

vation models and field observations of rock type (e.g., [5]). The regional distribution of 

topographic growth indicates consistent active growth over million-year to millennial 

timescales in the Himalayas with a structural and/or tectonic control on topographic 

evolution. With a focus on deformation restoration, Li et al. [6] estimated that at least 

1630 km of shortening (along 94° E) has occurred between India and Asia since 55 Ma, 

and Asia and the Himalayas have accommodated 1010 km and 620 km of the shorten-

ing, respectively. Wang et al. [7] suggested that slab break-off triggered litho-
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Figure 1. Tectonic map of the Himalayan orogen, including the major topographic features and
sutures: YTSZ, Yarlung–Tsangpo suture zone; BNSZ, Bangong–Nujiang suture zone; JRSZ, Jinsha
River suture zone; EKSZ, East Kunlun suture zone; ATSZ, Altyn Tagh suture zone; KF, Karakorum
fault; MBT, main boundary thrust. Dashed lines indicate the main orogenic region focused by
this study.

The growth of Himalayan orogen was reconstructed using a paleoaltimeter based on
paleoenthalpy contained in fossil leaves from two newly reported assemblages in southern
Tibet (Liuqu and Qiabulin) and four previously known floras from the Himalaya foreland
basin, using climate leaf analysis, multivariate program analysis, and isotopic data [4].
Zircon U–Pb dating has constrained the Liuqu flora to the latest Paleocene (ca. 56 Ma) and
the Qiabulin flora to the earliest Miocene (ca. 21 Ma), the latter of which marked the starting
point for a sudden change to accelerated uplift in the Himalayas. The proto-Himalayas grew
slowly from ≈1000 m in the late Paleocene to Eocene (>42 Ma) to ≈2.3 km at the beginning
of the Miocene (23 Ma) and reached at least 5 km by approximately 15–11 Ma (e.g., [4]).
The Himalaya–Tibet edifice and the Himalayan foreland basin have been gradually drying
since 56 Ma, most likely due to the Himalayan orogen’s uplift [4].

To assess the role of active tectonics and geometric variations in shaping the topog-
raphy of the northwestern Himalayas, new constraints on deformation over geomorphic
timescales are used, including morphometric analysis using high-resolution digital ele-
vation models and field observations of rock type (e.g., [5]). The regional distribution
of topographic growth indicates consistent active growth over million-year to millennial
timescales in the Himalayas with a structural and/or tectonic control on topographic evo-
lution. With a focus on deformation restoration, Li et al. [6] estimated that at least 1630 km
of shortening (along 94◦ E) has occurred between India and Asia since 55 Ma, and Asia and
the Himalayas have accommodated 1010 km and 620 km of the shortening, respectively.
Wang et al. [7] suggested that slab break-off triggered lithosphere-asthenosphere interaction
at the convergent margin. Jolivet et al. [8] showed that the closure of the former Tethys
Ocean can best be explained by asthenospheric mantle flow transporting India northward,
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forming the Himalayas and the Tibetan Plateau, by comparing the tectonic and kinematic
records from last 50 Ma with seismic tomography and anisotropy models.

The 3-D evolutionary models of Himalayan orogenesis were developed, and they
revealed a substantial temporal relationship between the Indian slab’s southward drift,
lateral migration of slab detachment, and subsequent dynamic rebound with major alter-
ation in Himalayas and coeval monsoon intensification (e.g., [9]). They further claimed
that from 30 to 25 Ma, anchoring off the subducting Indian plate steepened the dip of the
Himalayan thrust, resulting in crustal shortening deep within the Himalayan orogenic
wedge. At around 13 Ma, slab detachment spread inward from both Himalayan syntaxes,
causing a rapid rise in the mountain range. However, in their modeling, slab subduction
evolved into slab rollback, the surface elevation is not constrained in detail in their focused
dynamic processes, and the 3-D features of the heterogeneous uplift of the Himalayas
remained unclear. Therefore, we tested several construction models at different evolution-
ary stages to quantify the Himalayan uplift history and mechanism in accordance with
geological evidence (e.g., [4]) to provide insight into the Himalayan uplift on the basis of
3-D subduction modeling.

2. Materials and Methods

To estimate the multifactor-controlled Himalayan uplift evolution, we used a dynamic
slab subduction model to simulate the effects on the uplift height of the controlling factors,
including plate convergence thickening, slab rebounding, lithospheric flow, and surface
erosion. Modeling reproduces the 1800 km width, 1600 km length, and 300 km depth
viscoelastic domain along the Indian–Eurasian plate convergent margin beneath the Hi-
malayas (Figures 1 and 2) with subduction velocity (Vs) and erosion rate (Ve) varying
among different stages (Table S1). Horizontal resolution is approximately 20–22.5 km per
grid. Continental collision occurs through the incoming plate slowly thrusting underneath
the overriding plate along the plate boundary, extending to a depth of 100 km beneath
the YTSZ and facilitating slab detachment and break-off, thus generating slab rebound
forces upward and causing significant lithospheric flows beneath the tectonic complex of
the lithosphere. Our simulation is inclusive of poloidal and toroidal mantle flows around
the slab edge and lateral variation along the MBT during subduction-controlled orogenic
processes, which are evolving self-consistently through time during the entire period of
prescribed slab growth based on convergence rate [10,11].

The model is constructed on the basis of the finite difference method based on code
Stag3D [11] and focuses on subduction regimes and geodynamics [10,12]. An anelastic
liquid approximation and the equations of conservation of mass, momentum, and energy
are used in this study (e.g., [12,13]):

∇ · {ρs(z, Ts)v} = 0, (1)

− ∂P
∂xi

+
∂τij

∂xj
− δi3ρsgα0(T − Ts) = 0, (2)

ρcp

(
∂T
∂t

+ v · ∇T
)
= k∇2T + η(∇v)2 + ρgαTvz + ρHr, (3)

where P is the pressure deviation from hydrostatic pressure, α0 is the reference thermal
expansivity, τij (i, j = 1, 2, 3) is the stress tensor, and δij is the Kronecker delta. The energy
equation includes an advection term, thermal diffusion term, viscous dissipation term,
adiabatic heating term, and radioactive heating term.
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Figure 2. Conceptual figure of model domain and the slab geometry (splitting from west to east). The
bottom and perpendicular planes are prescribed as adiabatic and permeable, and the top surface is
set to be permeable. Detailed model settings are available in the Supplemental Information.

In this model, subducted plate geometry is kinematically prescribed according to
Slab2.0 on the basis of seismic tomographic data [14] for depths of <60 km. The slab
topography with a depth of 60–100 km adopts the extrapolation method and is assumed
to feature steep subduction (45◦) before 42 Ma (Figure 2) and shallow subduction (15◦)
after 42 Ma. The model dimensions are 72 × 72 × 72 grids. The Indian lithosphere is
estimated to be >40 km thick according to Yoshii [15]. The temperature boundary condition
agrees with the plate cooling model [16]. The slab’s bottom and perpendicular planes
are prescribed as adiabatic and permeable, while the top surface is set to be a constant
temperature (0 ◦C) and permeable, allowing crustal extrusion and uplift. The composite
upper mantle viscosity under a given condition is

ηcomp =
ηd f ηds

ηd f + ηds
, (4)

where ηdf and ηds are the diffusion creep and dislocation creep viscosities for olivine,
respectively (model setting details are available in the Supplemental Information).

The thickness of the upper and lower crusts is prescribed to be 20 km. The upper
crust is a pure elastic body, and the viscosity coefficient η is infinite; the lower crust is
a maxwell body, and η is approximately 1.0 × 1019 Pa·s. The elastic modulus E of the
crust is assumed to be 90–120 GPa (the reference value is 98 GPa), and the elastic modulus
of the upper mantle is E = 170 GPa. Density ρ uses the global CRUST2.0 data from
PREM and Stanford University (the upper crust is 2.6 × 103 kg/m3, the lower crust is
2.9 × 103 kg/m3, and the upper mantle is 3.3 × 103 kg/m3) (Table S2). The kinematic
plate subduction modeling method [12] is used to calculate subduction velocities inside a
prescribed 3-D constrained volume of the oceanic lithosphere. The subduction velocity is
set to vs. = 4.4–11.8 cm/year, as shown in Table S1. Current global MORVEL plate motion
data have indicated a subduction velocity of 4–5 cm/year at the MBT [17,18], which is in
accordance with our assumption.
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The uplifted land surface has slowly been eroded, with erosion reducing the thickness
of the continental crustal surface. The erosion rates reach the highest value in the High
Himalayas at 2.7 ± 0.3 mm/a (1σ errors) and fall to <0.6 mm/a in the foothills to the south
of the high mountains [19], which suggests an average erosion rate as low as <1 mm/a
for the present-day Himalayas. Lenard et al. [20] further suggested that during the past
six million years, the erosion rates were on average approximately 1 mm/a, which is
close to the modern erosion rates in the Himalayas. During the Quaternary, there has
been a marked increase in the erosion rate due to glacial erosion, especially in the High
Himalaya (e.g., [21]). Considering these factors, we assumed the average erosion rate to be
0.2–0.4 mm/a (Table S1) in our modeling. The composite model setting, including model
configuration, initial and boundary conditions, and physical parameters are illustrated in
the Supplemental Information.

Slab thrusting, detachment, and subsequent possible delamination give a rise to the
uplift of the overriding continental terrain surface. To simulate the steady subduction of
the Indian plate, previously developed subduction models applied to various subduction
zones have been utilized (SI). The evolution scenario is shown in Figure 3, and the surface
uplift velocity is shown in Figure 4.
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Figure 3. The four stages of the Himalayan uplift based on 3-D subduction modeling. Red ar-
rows denote the elevation of the Himalayas. MBT, main boundary thrust; YTSZ, Yarlung–Tsangpo
suture zone. The insets are modified from Ding et al. [4]. (a) Plate-convergence-induced thicken-
ing (60−42 Ma). (b) Progressive uplift of the Himalayas caused by slab detachment and rebound
(42−23 Ma). (c) Upward asthenospheric flow causing rapid uplift of the Himalayas (23−11 Ma).
(d) Slowed uplift of the Himalayas affected by surface erosion (11−0 Ma).
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Figure 4. The vertical surface deformation field in and around the Himalayan orogen. (a,b) indi-
cate the variation in vertical flow velocity (mm/year) in the Oligocene (42−23 Ma) and Miocene
(23−11 Ma), respectively.

The first stage of the early plate collision period (60−42 Ma) is prescribed by a sub-
duction velocity of 11.8 cm/year. The dominant uplift force is plate-convergence-induced
thickening, and the Himalayan uplift rate is moderate (insets indicating the time-height
covariation) until the region reaches a height of around 2 km. From 42 to 11 Ma, the Hi-
malayas experienced a dramatic increase in elevation from 2 km to around 4-5 km. During
this stage, slab break-off occurred, resulting in slab rebound and the occurrence of upward
lithospheric flows, which are the prevailing driving forces of buoyancy; this mechanical
mechanism explains such rapid uplift. Since 11 Ma, the Himalayan uplift slowed, probably
due to the cessation of upward buoyant forces, and the monsoon-associated surface erosion
became another crucial control affecting the surface height, which led to a gradually declin-
ing growth rate for the Himalayas. The subduction velocity during this period has passively
decreased to an average of 4.4 cm/year since the late Miocene. The elevation of the surface
topography increased continuously, reaching the current configuration characterized by
significantly high topography with low relief.

3. Results

Considering the influence of crustal deformation, developed folds, and arc magma-
tism, the regions adjacent to the Yarlung–Zangpo suture zone are conjectured to have
undergone rapid crustal thickening accompanied by structural shortening after the ini-
tial collision, which is evidenced by the formation of adakitic rocks (e.g., [22,23]). The
Himalayan orogen is inferred to have featured a north-south compressional setting accord-
ing to magmatic rock exhumation. The effect of crustal thickening was predominant in
determining the uplift rate in the Paleocene and Eocene during the early evolution of the
Himalayas (Figures 5a and 6a). The velocity field of the Himalaya orogen slows from south
(>0.3 mm/year) to north (<0.1 mm/year), indicating strong shortening between India and
Eurasia (Figure 4). In the second stage, the Himalayan uplift was linked to the detachment
of the subducted Indian Plate. The mean compressive stress increased within the Indian
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plate and decreased the slab pull (e.g., [24]). Associated rebound occurred, facilitating
uplift and increasing the elevation of the Himalayas by approximately 1.5 km prior to
23 Ma (Figures 5b and 6b). After slab break-off, the upwelling asthenospheric mantle flow
also affected the acceleration of the uplift rate after 23 Ma in stage 3 (Figures 5c and 6c).
Guo and Wilson [25], using Sr-Nd-Pb isotope data, indicated a change in the distribution
of magmatism in Tibet, implying that asthenospheric mantle flow triggered further melt-
ing. Subducted Indian slab rollback could also have resulted in east-west-trending slab
break-off ([26], shown in Figure 2). A large number of small tears within the underthrusting
Indian plate are due to the upwelling of asthenospheric flow [27].
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along the distance are specified in Figure 6. (a) Plate-convergence-induced thickening (60−42 Ma).
(b) Progressive uplift of the Himalayas caused by slab detachment and rebound (42−23 Ma). (c) Up-
ward asthenospheric flow causes rapid uplift of the Himalayas (23−11 Ma). (d) Slowed uplift of the
Himalayas affected by surface erosion (11−0 Ma).

To explore the uplift rate of the Himalayas and its relationship to stress variation, we
calculated the stress state in the underthrusting and overlying plates. Govin et al. [28]
showed that the Himalayan uplift is caused by increased fault slip rates in response to
stresses. Our results imply that the vertical flow velocity indicating the Himalayan uplift
in the Miocene (23−11 Ma) was significantly higher than that in the Oligocene, which
is a result of the bending of the Indian lithosphere due to lithospheric flow beneath the
Himalayas (Figure 4). From the results, we found that the vertical flow velocity (uplift)
was much greater than the average erosion rate (Figures 4 and 6). Although the strong
monsoon climate results in a high erosion rate (e.g., [29]), erosion has not kept pace with
the uplift of the Himalayas. The vertical velocity field reveals a phase of rapid uplift of the
Himalayas in the Miocene (Figure 4b), and the range is still rising at a maximum rate of
~2 mm/year (e.g., [30]).
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11 Ma 0 Ma

42 Ma 23 Ma

Figure  6

(a)

(c)

(b)

(d)

Figure 6. Model calculation of the surface height in the four periods along the profile AA’ in Fig.
3d. The curves indicate the net uplift effect for the Himalayas due to different tectonic processes,
including convergence-induced thickening, slab rebound, asthenospheric flow, and surface erosion, at
the end of the four evolutionary stages of the Himalayas. (a) 60−42 Ma. (b) 42−23 Ma. (c) 23−11 Ma.
(d) 11−0 Ma.

The onset of slab detachment to reproduce surface morphometry results in signifi-
cant surface uplift in southern Tibet (Figures 3d, 5d and 6d). The modeled uplift rates
exhibit gradual along-subduction gradients (Figures 4 and 6), with faster uplift occurring
predominantly in the regions adjacent to the Himalayas, where the plate interface is shal-
lower and descends rapidly. The fact that the along-subduction variation in uplift rates
has long wavelengths and low gradients suggests potential mechanisms responsible for
plate-subduction-induced lithospheric flow. Hence, fast and steady uplift during the period
from the late Eocene to the early Miocene (42-11 Ma) played a critical role in constructing
the Himalayas into the highest mountain system on Earth.

4. Discussion
4.1. 3-D Numerical Modeling and Subduction Evolution

Dynamic models have been used to investigate Himalayan tectonic models, which are
primarily focused on pro- and retro-plate interactions with contrasts in physical properties
such as rigidity, density, rheology, widths, and lengths (e.g., [31]). The slab geometry
determined in previous studies, however, is based on the model calculation and varies
with time; thus, it is very difficult to reach the current tomography of the downgoing plate
beneath the Himalayas. For this reason, a kinematically prescribed slab based on seismic
tomography is helpful for high-resolution simulation of surface evolution. Hence, we aimed
to construct such a 3-D, time-evolving kinematic model using seismic tomographic data
to constrain the final geometry of the subducted Indian plate. With the modeling, we can



Appl. Sci. 2022, 12, 7413 9 of 12

explore lithospheric crustal-scale subduction processes and forearc surface development.
The growth of the Himalayas is a complex process involving the collision of Gondwanan
terranes and thickening of the crust close to the MBT first, instead of the rise of the Tibetan
Plateau as a single entity (e.g., [32]). This indicates that Indian plate subduction is the major
control for Tibetan uplift, especially for the southern part adjacent to the MBT, i.e., the
Himalayas. According to estimates of the rise of the Tibetan Plateau (e.g., [4]), the uplift of
the Himalayas (which at present reach elevations of at least 5.5 km) could be divided into
four stages (insets in Figure 3). The proto-Himalayas grew slowly from ~1 km in the late
Paleocene to ~2.5 km at the beginning of the Miocene (42−23 Ma) and produced significant
uplift (e.g., from 2.5 to >5 km) at 23−11 Ma. Finally, the Himalayas reached the present-day
elevation of ~6 km in the third stage (11 Ma to present). This proposal was adopted by this
study for numerical modeling with further refinement of the subduction parameters. We
consider that due to the comparison between the Himalaya–Tibet edifice and the Himalaya
foreland basin from precipitation patterns, a characteristic feature is that the uplift of the
Himalaya orogen may have generated progressive drying across southern Tibet over the
past 56 Myr and intensified the monsoon over 11−0 Ma [33]. Hence, the surface erosion
involving the monsoon effect was included in our modeling with the erosion rate prescribed
in different stages (Table S1 and Figures 5 and 6).

4.2. Slab Detachment and Asthenospheric Flow

In this work, we calculated the Himalayan subduction and orogenic processes from
the Eocene to the present day and related their covariation to an integrated subduction
model that governs Himalayan elevation. In the modeling, we considered the steepened
dip of the Himalayan thrust affected by the anchoring of the Indian subducted lithosphere
(e.g., [9]). Slab detachment of the Indian crust subducted beneath the Himalayan orogen
is the crucial factor for the rapid uplift in the Oligocene to early Miocene. In this context,
slab detachment results in a buoyancy force on both the subducted and overlying crust and
leads to the accelerated uplift of the Himalayas (Figures 5 and 6) (e.g., [34]). To explain
this significant uplift, Husson et al. [35] suggested that the rise presumably occurred by
means including convergence crustal thickening, and She and Fu [36] inferred that the
upwelling of the mantle material is the dominant driver of the acceleration of uplift. This
interpretation is supported by our modeling showing that the upwelling of asthenospheric
flow facilitates the uplift of surface topography to ~3.5 km, and the effect of crustal thick-
ening is comparatively weaker in our model (Figure 6). With continued convergence, we
estimated that the sunken remnants of the detached lower lithosphere caused slab rebound
and played a crucial role in elevating the Himalayas since 23 Ma (Figure 3b).

4.3. Orogenic Uplift and Surface Erosion

Moreover, the rise of the Himalayan orogen is thought to explain the development of
the South Asian monsoon (e.g., [4,37]). In the fourth stage (11–0 Ma), the enhanced erosion
and monsoon intensification contributed to shaping the peculiar topographic profile of
the Himalayans we observed today (e.g., [38]). The variation in mantle convection and
climate-induced erosion could modulate the crustal motion velocities (e.g., [39]) and affect
the rise of the orogen (Figures 5d and 6d). The cold and dense lower lithosphere pushing
into the hotter asthenosphere will cause convective instability in the mantle lithosphere
(e.g., [40]). In this regard, the horizontal extension and thinning of the crust are a result
of the thinning of the mantle lithosphere and thus slow acceleration in the Himalayas
(Figure 5d). Furthermore, the enhanced climate change by uplifted mountains in turn
influenced the precipitation and resultant surface erosion in the early and middle Miocene
(e.g., [41]). Clift et al. [38] provide ample evidence by analyzing the chemistry and mineral-
ogy of sediments record and suggest that Indian monsoon efficiently erodes the Himalayas.
The potential counterbalancing relationship between orogenic uplift and surface erosion
obtained from water, freeze-thaw, chemical weathering, and physical erosion observations
from environmental measurements implies a nonlinear inverse relationship that is consid-
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ered to predominantly control the current surface topography of the Himalayas and the
Tibetan Plateau according to 3-D subduction modeling.

5. Conclusions

Through 3-D modeling of subduction beneath the Himalayas, we obtained the fol-
lowing results. During the early evolution of the Himalayas (60–42 Ma), the effect of
crustal thickening was predominant in determining the surface uplift rate. The effects
of slab break-off and associated slab rebound caused significant Himalayan uplift in the
Oligocene (42–23 Ma). The upwelling asthenospheric mantle flow was the dominant driver
of the rapid uplift of the Himalayas in the Miocene (23–11 Ma). The enhanced erosion and
monsoon intensification counterbalance the further uplift of the Himalayas, and growth
has slowed since 11 Ma, resulting in the present-day height of the Himalayas.

Supplementary Materials: The supplementary information is available for download:
https://www.mdpi.com/article/10.3390/app12157413/s1. References [42–60] are mentioned in Sup-
plementary Materials file. Table S1: Main model parameters; Table S2: Parameters for model domains.
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