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Abstract The growth mechanism of the Tibetan Plateau, postulated by a number of hypotheses, remains
under intense debate. Our analysis of recent satellite-based gravity model reveals that Tibetan lithosphere has
been decoupled and folded. It is further evidenced by the existence of crustal melts and channel flow that have
been observed by seismic and magnetotelluric explorations. Based on 3D geodynamic simulations, we elucidate
the exact buckling structures in the upper crust and lithospheric mantle: at mixed wavelengths between ~240
and ~400 km, the lower crustal viscosity is smaller than ~10'° Pa-s, implicating weak lower crustal flow
beneath the Plateau. This mixed wavelength is consistent with the result of our inverse gravity modeling. Our
results facilitate a new plausible hypothesis that the decoupled lithospheric folding mechanism can explain the
growth mechanism of the anomalously thick and wide Tibetan Plateau by conflating our idea and contemporary
hypothesized scientific findings.

Plain Language Summary The Tibetan Plateau, known as the Roof of the World, is the highest and
largest Plateau on Earth, whose formation involves complex and active geodynamic processes since the Late
Miocene. Here we emphasize the importance of decoupled lithospheric folding and its geodynamic process that
has not yet been fully considered in the contemporary hypotheses on the origin of Tibetan Plateau's formation.
The deep-seated folding structure modeled using the latest satellite gravimetry shows a structure consistent with
the plate tectonic setting, which allows rocks to melt easier and flow in the lower crust underneath the Tibetan
Plateau. Our hypothesis was further tested and validated by three-dimensional numerical simulations, revealing
the decoupled lithospheric folds in the collisional tectonic setting. Our study is consistent with the existence of
partial melting and flow channels of the Tibetan lower crust previously discovered by geophysical explorations.
Further it makes it easier to explain the morphological characteristics, magma of crustal origin, and in
particular, the mass transport process in the lower crust, which is the most important factor in the formation
processes of the Tibetan Plateau, than the indentation process of the strong lithosphere.

1. Introduction

The Tibetan Plateau is a unique geophysical feature due to its extreme size and elevation, and is one of the
most geologically active regions in the world with unique climatic and geodynamic processes. Modern geodetic,
geophysical, and geological observations reveal that the Tibetan Plateau is subjected to the collisional environ-
ment between India and Eurasia tectonic plates, and is still undergoing convergent movement (Pan et al., 2018).
However, there is no definitive consensus elucidating the growth process of the Plateau, which would completely
explain the outstanding findings, including the extraordinary thick crust and subducting slabs (Zhao et al., 2010),
widely spread crustal melts and channel flows (Bai et al., 2010; Nelson et al., 1996; Unsworth et al., 2005; Wei
et al., 2001), lithospheric folding structure (Jin et al., 1994; Shin et al., 2009, 2015), and magmatism (Chung
et al., 2005; Ding et al., 2003). Alternatively, ad hoc mechanisms including an oblique stepwise NE progressive
growth model (Tapponnier et al., 2001) have been suggested to explain some aspects of the growth process
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and to interpret new scientific observations, based on existing hypotheses including: (a) stacking and short-
ening (Allégre et al., 1984), (b) underthrusting of India (Argand, 1924; Ni & Barazangi, 1984), (c) injectiing
and hydraulic uplifting (Zhao & Morgan, 1985), (d) continental extrusion (Harrizon et al., 1992; Molnar &
Tapponnier, 1975), and (e) possible lower crustal flow (Royden et al., 1997).

Lithospheric folding has not yet been considered as an essential constraint in the postulated formation mecha-
nisms of the Tibetan Plateau, although the possibility of existence of the decoupled folding was first suggested by
Jin et al. (1994), and subsequently refined to include the development of a three-dimensional (3D) Moho folding
(Shin et al., 2009). However, the lithospheric folding in response to compressional stress is a much more wide-
spread mode of deformation than previously thought (Cloetingh et al., 1999). It is possible that folding played
an important role on basin formation (Cloetingh & Burov, 2011), as well as on the production of magmatism in
certain locations (Shin et al., 2012). The buckling structure can rise as a result of tectonic compressional situation
in which a mechanically strong layer is sandwiched by weaker medium (Hobbs et al., 2008). In this scenario, the
strong region at the brittle-ductile transition zone hosts a buckling structure.

Previous numerical studies investigated the correlation between lithospheric rheology and buckling structures
(Gerbault, 2000). Strength envelopes of continental lithospheres show at least two local strength maximum at
the center of upper crust and the top of lithospheric mantle (Burov, 2011), which indicates that more than two
buckling can grow simultaneously under compression. Analog and numerical studies (Currie et al., 1962; Schmid
& Podladchikov, 2006) suggested that the interaction of two buckling structures is highly nonlinear, depending on
a distance between two strong layers and strength of medium. In this study, we performed 3D viscoelastic geody-
namic simulations based on Lagrangian finite element method to examine the effects of lower crustal viscosity
on the degree of decoupling between two buckling structures.

According to our analysis, detectable signals from the decoupled interfaces between three layers of upper and
lower crust and upper mantle can be found. In addition, the 3D investigation of the lower crustal structure
indicates that pressure variation due to the folding is very likely related to the regions of crustal melts which
had been observed by seismic and magnetotelluric (MT) explorations. These studies support the idea that the
buckling-induced pressure decrease has increased the melting possibility of lower crust, partially mixed with
bottom of upper crust and top of lithospheric mantle as well as the existence of lower crustal melts and their flow
channel. In the decoupled lithospheric folding model, the channel flow is not limited to the boundary regions but
can be extended to inside the whole Plateau, which facilitates the crustal mass supplies into the interior of the
Plateau, supporting the growth of the Plateau into an abnormally high, wide, and flat feature. Such explanation
can in turn link the mechanical lithospheric folding process to the crust-originated magmatism at collisional
regions.

2. Methods

We applied the methodology described in our former studies (Shin et al., 2007, 2009) for upward continua-
tion, the gravity effect of topography and sediments, spectral analyses, gravity inversion, and Moho fold estima-
tion. Coherence and coherency analysis and effective elastic thickness estimation is based on Forsyth method
(Forsyth, 1985).

In numerical simulation, the size of three-dimensional domain is 2,000 X 2,000 X 297 km (Figure S1 in Support-
ing Information S1). The spatial scale is consistent with the Tibet and its associated numerical studies (Chen
et al., 2017; Li et al., 2013). To investigate viscoelastic behaviors associated with buckling of upper crust and
lithospheric mantle, we adopted COMSOL Multiphysics® (ver. 5.4) to solve a coupled system of quasi-static
momentum conservation equation (Equation 1) and Maxwell viscoelastic constitutive relation (Equation 2).
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o; and x; are Cauchy's stress tensor and spatial coordinates, respectively. Deviatoric strain-rate tensor e'lfj is the
sum of deviatoric elastic strain-rate 5.,,5 and viscous strain-rate g”j" tensors. G, D/Dt, t, o-,fj, and 7 are, respectively,
shear modulus, material derivative, time, deviatoric stress tensor, and viscosity.

Our layered models have four layers, that is, upper crust, lower crust, strong lithospheric mantle, and weak upper
mantle. The upper crust and lithospheric mantle play the role of a strong core for initiating the buckling mode
between free-surface and lower crust and between lower crust and weak upper mantle, respectively. The viscos-
ity profile (Figure S2 in Supporting Information S1) has been widely used to simplify temperature-dependent
strength envelopes with two brittle-ductile transition zones in upper crust and lithospheric mantle (e.g., Bischoff
& Flesch, 2018; Keum & So, 2021). The detailed values of mechanical properties of each layer are displayed in
Table S1 of Supporting Information S1.

To initiate the buckling instability, we applied a small-scale sinusoidal perturbation, which has ~0.01 km ampli-
tude and ~200 km wavelength, to the lower crust (Figure S3 in Supporting Information S1). We adopted free
slip boundary condition to bottom and east-west (EW) side walls. The top surface is free surface to mimic
a sharp strength contrast between air and upper crust. The north-south (NS) compression is simulated by
constant strain-rate boundary condition of 5-107'¢ s~! at the both of north and south side boundaries. The bulk
shortening is up to ~5%. Previous semi-analytical and numerical studies suggested that <10% shortening is suffi-
cient for fully grown buckling instability (Zhang et al., 1996). Total degree of freedom reached ~3 millions. We
used Multifrontal Massively Parallel sparse direct Solver (Amestoy et al., 2000) to solve momentum equation.

3. Data Analysis

Gravity data analyzed in this study is the most recently released global gravity model by the European Space
Agency, GO_CONS_GCF_2_DIR_R6 (Forste et al., 2019), in short, DIR_R6. Spectral analysis of the gravity
model shows that DIR_R6 can recover the spatial resolution up to 156 km (spherical harmonics, or SH, complete
to degree and order 256), while the signals gradually decrease up to 140 km (SH degree 286) in the study area
(Figure 1). Observed coherence between Bouguer anomaly (BA) and topography matches well for effective
elastic thickness (Te) of 37 km. It is evident that the correlation between the observed and predicted is much
better than the earlier gavity models used in prior studies (Jin et al., 1994; Shin et al., 2007), which illustrates
the improvement of the gravity model including new data and analysis methods. The coherence curve shows an
unexpected pattern for wavelengths shorter than 156 km. It shows a peak at around 110 km, which was previously
interpreted as a buried load (Shin et al., 2007). However, we now attribute the peak to an artifact induced by
error in the interpolation, and to the topography data of 30 arc-minutes resolution for BA computation. This is
because that this signal is beyond the spatial resolution limit of Gravity field and Steady-State Ocean Circulation
Explorer (GOCE). Thus the same anomalous pattern (but reduced amplitude) of Earth Gravitational Model
1996 (Lemoine et al., 1998) could be caused by similar error source, because the topography-based predicted
gravity data was used for the wide area where no-terrestrial gravity data are available in Tibet (Shin et al., 2007).
Formerly a terrestrial-gravity-based study also showed a very similar pattern and attributed the pattern as evidence
for not being a single elastic lithosphere (Jin et al., 1994). However, the noted correlation at about 110 km could
originate from the inclusion of geophysically predicted data. Therefore, for the study of large-scale Tibetan crust
and lithosphere deformation, the use of the satellite-only gravity model is preferable than using higher resolution
combination gravity models in which the less accurate or interpolated terrestrial gravity and/or topography data
were used.

The Shuttle Radar Topography Mission data (Becker et al., 2009; Farr et al., 2007) is used for computing gravity
effect caused by topography in determining of BA and for computing Moho depth of Airy-type isostasy as well.
We also estimated the effect of the sedimentary basin by using the 30 arc-minute sedimentary thickness data
from the Institute of Geodesy and Geophysics, Chinese Academy of Science (Shin et al., 2007). Density model
in this study is determined by considering the seismic-exploration-based density model of Haines et al. (2003). It
divided the crust into six layers for Lhasa and Qiangtang blocks. A jump in density is appeared between the third
and fourth layers. Based on the model, we determined the density of topography as 2,570 kg/m?, sedimentary
2,465 kg/m3, upper crust 2,691 kg/m?, lower crust 3,044 kg/m?, and upper mantle 3,412 kg/m?. As we divided
the crust into two layers, we used weighted mean of three layers of upper and lower layers. Only we modified
the density of upper mantle as 3,412 kg/m? instead of 3,320 kg/m?, because the former gives better fitting of the
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Figure 1. Spectral analysis: (a) The coherence of Bouguer anomaly (BA) and topography shows that the Tibetan lithosphere has effective elastic thickness (Te) of
about 37 km. (b) Coherency shows positive at wavelengths between 175 and 245 km, while negative at the others. (c) BA has positive coherency with topography,
which is presumed to represent the late stage of upper crustal folding (Figure 2(c)). (d) Power spectral analysis of BA shows three density discontinuities of 366 km,
53.9 km, and 35.3 km, which are corresponding to 410-km discontinuity marking the top of the mantle transition zone, Moho, and the boundary between upper and
lower crust, respectively. Anomalous patterns are shown in waves corresponding to upper crustal fold (green line), Moho fold, and partial isostatic deformation (blue

lines).

Moho of gravity inversion with that of seismic explorations. The calculated BA (Figure S4 in Supporting Infor-
mation S1), representing anomalous subsurface mass distribution, shows some large differences with that of Shin
etal. (2015) along the southern boundary of the Tibetan Plateau. However, it is not due to the observed gravity but
due to the difference of the topography models, because there are only small differences of N-S directional stripe
pattern between the gravity models of DIR_R6 (used in this study) and DIR_RS (used by Shin et al. (2015)).

Gravity inversion primarily depends on the signal separation for the target interface of density contrast. BA,
having peaks at 175-245 km and positive coherency (Figure 1c), could be interpreted as upper crustal fold
signals, associated with the late stage of folding process (Figure 2¢), while BA having peaks 330—420 km has
been interpreted as Moho fold signals (Shin et al., 2009). If the wavelengths are assumed to be those of the Moho
fold rather than upper crustal fold, it would not be in agreement with the predicted folding wavelengths of an
elastic plate of Te 37 km. Such an argument can be made because the prevailing folding wavelength would be
384 km for a continental lithosphere of Te 37 km, and 205 km for much smaller Te of 16 km (Shin et al., 2009).
With the corresponding wavelengths the mean depth is also estimated as 28.3 km ((35.3-7.0) km), that is, the
expected depth for the boundary between upper and lower crust (Figure 1d). Thus we separate the signals into two
parts: one generated at the deep interface, that is, Moho and its folds, those having the most of the signals longer
than 300 km, and the other from shallower interface, that is, folds that lie at boundary between upper and lower
crust, having signals between 175 and 245 km.
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Figure 2. Basic concept of the decoupled lithospheric folding for gravity data analysis: In compressional tectonic setting, the lithosphere could have both folding
component (a) and isostatic component (b). If an elastic upper crust, underlain by a ductile lower crust, is folded due to compression, lower crustal density (p3) could
vary from the early to late stages along with the mass flow. Accordingly, the coherency between Bouguer anomaly (BA) and topography varies from negative to
positive (c). If an elastic upper mantle lithosphere is folded, the overlying lower crustal density could also vary as time goes on. However, the coherency would not be
clear, because the topography deformation is depending on the rheology of the layers, while the BA has clearly shifted to negative (d). The meshes represent density,
that is, each block has same mass. At the beginning of decoupling, density p3 is assumed to be almost 0 and then increase up to nearly as much as p2. It is also assumed
that density increases with depth: upper crust (p1) < lower crust (p2) < upper mantle (p4).

4. Results and Discussion
4.1. Subsurface Structure and Lithospheric Folding

Crust structure is calculated by using the so-called Parker-Oldenburg method using the fast Fourier transform
algorithm. The estimated Moho structure reveals a very thick crust and three “Moho ranges” (Shin et al., 2007)
beneath the Plateau (Figure S6 in Supporting Information S1). Moho undulation along the west and east lines
best fit with seismic explorations when the density contrast of 368 kg/m? and mean depth of 46.9 km. The fold
structure of Moho could be estimated by eliminating the isostatic component from the whole Moho undulation
(Shin et al., 2009), assuming that the Moho structure has two kinds of components: one is a folding component
due to horizontal loading in the compressional tectonic environment, and the other an isostatic component due to
vertical loading (Figure 2). The estimated Moho fold structure (Figure S7 in Supporting Information S1) exhibits
the EW and NS directionality which is in agreement with the observed crustal velocity derived from the global
positioning system (GPS) observations (Pan et al., 2018). The prevailing wavelengths are at 330, 342, 374, 405,
and 417 km, whose values are close to that of the predicted, 384 km. Coherency of the Moho folding components
would become negative with time, since the lithosphere would be unable to support the vertical loading of the
corresponding wavelengths and consequently undergoes deformation due to isostatic response.
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Figure 3. Vertical inflation of the lower crust (a) and the schematic illustration of the hypothesis of the decoupled-lithospheric-folding-based plateau growing (b),
(c): The inflation of lower crust (red regions) corresponds to the locations of the partial melts or channel flows (rectangles or polygons with shaded red (strong
conductivity) and purple (less strong conductivity)) observed by magnetotelluric (MT) surveys. It means that the density decrease due to the decoupled folding could
have played an important role on the melting and viscous channel flowing at lower crust, which is slowly moving between rigid walls or pillars (blue regions). It might
shed light on 3D distribution of the channel flow, extending the 2D channel flow suggested by the results of the MT explorations. Red and blue contours represent

+2 km to emphasize the ductile and rigid regions, respectively. Melting along subducting slabs and of deeper mantle origin is not considered here. Gray line bordering

the Plateau represents 3-km-height level.

The upper crustal folding that lies at the boundary between upper and lower crust is estimated with the
BA of wavelengths between 175 and 245 km (Figure S8 in Supporting Information S1), while the other
wavelengths are filtered out even if they might reflect the boundary structure between upper and lower crust
since they are not thought to be associated with the upper crustal folding. The directionality is very similar
with that of the Moho fold, except for the unexpected NS directionality in the western end of Lhasa terrane.
This could be explained if there was an intermediate EW stress on Lhasa Terrane for a certain period in
the past (not observed by present-day GPS, e.g., Chung et al., 2005) that was strong enough to fold the
upper crust but was not strong enough to fold the mantle lithosphere. Our crustal folding model indicates
that there could be another decoupled shallow layer at the top of the upper crust in southeastern Tibet, as
the GPS shows quite different direction of surface mass flow from that of the subsurface folding structures.
The superimposed effect of the complex geology of fault zones can be further investigated with terrestrial
gravity data of higher resolution.

Our analysis shows that the GOCE gravity model has recovered the signals from the two separated folding
structures beneath the Tibetan Plateau. Thus a decoupled (biharmonic) folding model is more likely to
explain the observed feature than a coupled (monoharmonic) folding model (Cloetingh et al., 1999; Jin
et al., 1994). It appears that the weak lower crust, a layer sandwiched between the two, must have experi-
enced volume (pressure) change proportional to the folding and uplift/subsidence rate of the upper crust
above and the upper mantle below. The volume inflation calculated with the decoupled lithospheric folding
model (Figure 3a) shows that it is consistent with the distribution of partial melts or channel flows observed
by seismic and MT explorations (Bai et al., 2010; Unsworth et al., 2005; Wei et al., 2001). We argue that the
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decrease of pressure due to the decoupled folding process has greatly influenced the lower crustal melting
and viscous channel flowing (red regions in Figure 3a). The flow would be slowly moving between rigid
walls or pillars (blue regions in Figure 3a). This effect would be largest at the early stage of the decoupled
folding, because the uplift/subsidence rate may have been the largest at the early stage of folding process and
but decreased with time (Shin et al., 2012).

4.2. Mechanics of Decoupled Buckling

We performed 3D numerical simulations to test our hypothesis. The initial thickness of lower crust is 47 km
similar to our gravity inverse modeling. Previous studies argued that the Tibet was simultaneously thickened
with the India-Eurasia collision (e.g., Chung et al., 2009). However, England and Searle (1986) suggested
that the thickening occurred prior to the collision to explain the reduced shortening rate after the collision
using the positive buoyancy from 3-5 km uplifted Lhasa Block (52.5-70 km crustal thickness). Figure 4
shows the interaction between the two buckling structures with different values of lower crustal viscos-
ity. We selected this lower crustal viscosity following previous geophysical studies (Clark et al., 2005;
Copley et al., 2011). Figures 4a and 4b exhibit the buckling and topography for the cases of ~10'° Pa-s and
~10203 Pa.s viscosity of lower crust after 4.7% shortening. The decoupled buckling appeared in Figure 4a.
The two buckling structures in upper crust and lithospheric mantle display different wavelength of ~240
and ~400 km, respectively. This pattern of buckling indicates that the two structures preserve their inherent
buckling modes. On the other hand, when the lower crustal viscosity is as high as 1023 Pa-s (Figure 4b),
our simulation results show a single wavelength (i.e., ~480 km) of the two buckling in upper crust and
lithospheric mantle, which cannot constrain the observation. The multiple and mixed waveform of buckling
are similar with our gravity anomaly observation, which infers that lower crust viscosity beneath the Tibet
is as low as 10! Pa-s.

In the bottom row of Figure 4, we also present the negative and positive dynamic pressure using red and blue
colors, respectively. The deviation in dynamic pressure is ~100 MPa, indicating the small-scale expansion and
contraction of the lower crust occurred during buckling growth. The concept of dynamic pressure has been
widely adopted for the mechanisms of deep-focused earthquakes (So & Yuen, 2015), fluid/melt transport in
the subducting slab (Gerya, 2015). Moreover, we found that the magmatism and volume inflation by folding
are spatially correlated (see Figure 3a). We speculate that the dynamic pressure changes due to buckling can
be associated with localized partial melting and magmatism. We note that our models are built on viscoelastic
solid mechanics in which the mantle convection is not considered. The compressional thickening can cause lith-
ospheric delamination (Chen, 2021; Kim & So, 2020), which affects the buckling mode.

5. Conclusions

We suggest that the decoupled folding has played a key role in the growth of the Tibetan Plateau (Figure 3);
mass supplies into the Tibetan lower crust from the detached crust of the subducting slab have been revealed
by seismic imagings (Nelson et al., 1996; Owens & Zandt, 1997). If a sufficient melting condition has been
reached by the pressure decrease due to the decoupled lithospheric folding, the mass inflow from the outside
crust would be much easier with less resistance, and the slowly moving viscous channel flow could supply mass
into the interior of the entire plateau. Then, with the growth of the Plateau, the crust isostatically deepened.
Therefore, one could explain the reason why the Plateau has grown so high, wide, and flat. It further explains
the decrease of convergence rate (Lee & Lawver, 1995) and the growth rate of the Plateau as well, because
the resistance against the mass inflow increases as uplift/subsidence rate of the folding process decreases with
time (Shin et al., 2012).

Contemporary and multiple satellite geodetic sensors have demonstrated their ability of delineating various
geodynamical- meteorological- cryospheric processes on the Earth's surface and its interior. With longer obser-
vation records from these geodetic sensors, and the complementary use of traditional geophysical methods,
including seismic, MT, and terrestrial gravity surveys, it would be increasingly plausible to further constrain the
outstanding hypotheses on the theory of the growth of the Tibetan Plateau.
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Figure 4. (a) Decoupled and (b) fully-coupled buckling structures after ~5% shortening. For (a) and (b), we applied ~10'° Pa-s and ~10%> Pa-s viscosity to lower
crust, respectively. The top row in (a) and (b) shows folded shapes of each layer. Gray and orange colors refer to lower crust and weak upper mantle, respectively. The
rainbow colors on the top, front, and east surfaces indicate the vertical displacement measured in upper crust and lithospheric mantle, respectively. The topographies
along top (red lines) and bottom (blue lines) of lower crust in the middle row in (a) and (b). In the bottom row, dynamic pressure in the lower crust induced by buckling
is displayed.

Data Availability Statement

The gravity inversion results are available in a Zenodo repository (https://doi.org/10.5281/zenodo.6635298).
They are computed from gravity data provided on ICGEM webpage (http://icgem.gfz-potsdam.de/home).
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