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The northwestern Sichuan Basin has experienced Meso-Cenozoic intracontinental
compressional tectonic processes and formed multi-detachment stratigraphic
distribution of foreland basins and fold-thrust belts, which have caused complicated
structural deformations in the deep buried layers. Rapid uplift with accelerated erosion
and two sets of detachments in the Lower Triassic and Lower Cambrian controlled
the multilevel deformation structure. We conducted discrete numerical simulations
with double weak detachments and erosion under extrusion conditions in order to
examine the mechanics and kinematics of the frontalpiedmont zones of the NW Sichuan
Basin. The following findings were made. (1) With continuous compression, the weak
detachments promoted the decoupled and ladder-like deformation of the thrust belt,
where the deformation above the slip layer extended further than it did below it. Rapid
uplift and erosion at the thrust front contributed to the formation of a passive roof fault
and a monocline in the upper layer, a series of forward and backward thin-skinned
thrust-buried structures in the middle layer sandwiched between two weak detachments
and stacking structures in the lower layer. (2) Erosion effectively prevents the deformation
from propagating above the upper detachment, but can advance a horizontal transition
in the deformation style generated within the middle brittle layer: from oblique and
tight fault propagation folds to symmetrical, wide, and gentle detachment folds. (3)
The model results consistent with tectonic deformation in the NW Sichuan Basin
indicate a possible evolutionary mechanism under compression. There is hierarchical
deformation of uncoordinated contraction controlled by the Lower Triassic and Early
Cambrian weak layers, with the characteristics of the shallow monocline, the middle
thin-skinned thrusts, and the deeper basement-involved folds. Continuous compression
contributed a sequential pattern of steps as a whole, from the frontalpiedmont zones to
the foreland basin, autochthonous stacking thrusts, and the huge buried structure in
the NW Sichuan Basin. During the Himalayan period, syntectonic erosion along with the
uplifted thrust front maintained the development of a passive-roof duplex and a huge
forward buried structure.

Keywords: Northwestern Sichuan Basin, fold-thrust belt, multiple detachments, erosion, buried structure,
discrete element method
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INTRODUCTION

The northwestern Sichuan Basin, located on the eastern margin
of the Tibetan Plateau and the southern front of the Qinling
Orogenic Belt (Figure 1a), as a prospective retrogressive foreland
basin since the Late Triassic, has been an important location of
abundant natural gas resources and a target for development of its
vast petroleum resources (Jia et al., 2006; Gorum et al., 2011; Zhao
et al., 2012; Chen et al., 2019, 2020). The amalgamation of the
Qiangtang Block with the North China-Kunlun-Qaidam Block
and the South China Block during the Late Triassic Indosinian
Orogeny and the Cenozoic India–Tibet collision (Yin and Nie,
1993; Burchfiel et al., 1995; Meng et al., 2005; Richardson et al.,
2008; Royden et al., 2008; Hall, 2012; Zhang et al., 2015; Wang
et al., 2016; Yan et al., 2018) accommodated a strong fold-thrust
structure and crustal shortening in the Upper Yangtze area. In
particular, the thrusting and uplifting of the eastern margin at the
Tibetan Plateau in the Late Cenozoic and the multi-detachment
stratigraphic distribution of foreland basins and fold-thrust belts
ultimately led to the formation of the distinct structural features
of the NW Sichuan Basin.

The front belt of the NW Sichuan region exhibits a shallow
passive-roof duplex and deep-buried imbricated thrust structures
(Jia et al., 2006; Jin et al., 2010; Chen et al., 2019; Fan et al.,
2020), which shed some light on the structural features of
intracontinental orogenic propagation in the India–Eurasian
collision event. The mechanical conditions under multiple
detachments (Hubbard et al., 2010; Li et al., 2019; Cui et al.,
2020; Wang et al., 2020) or widespread erosion (Meng et al.,
2005; Richardson et al., 2008; Yang et al., 2013; Ma et al., 2019;
Fan et al., 2020) may be the reason for the adjustments in
the regional tectonic stress field for the back thrust. However,
due to the limitations imposed by hydrocarbon exploration in
the NW Sichuan Basin and poor data quality for the area, we
still need to conduct sufficient and systematic analyses of the
features and evolution of the deeply buried geological structures.
Numerous studies have focused on the impact of erosion or
detachments on the structural evolution of fold-and-thrust belts
(Couzens-Schultz et al., 2003; Konstantinovskaia and Malavieille,
2005; Bonnet et al., 2007; Hubbard and Shaw, 2009; Hao et al.,
2013; Wang et al., 2013). The proposed model, without involving
detachment, exhibited a uniformly spaced forward-breaking
sequence with synchronous thrust activity (Morgan, 2015). The
proposed model involving a detachment was almost the same as
a forward in-sequence style, except that the deformation above
the slip layer extended further (Cui et al., 2020). Syncontractional
erosion inhibited forward propagation of the deformation front,
lessening the number of major thrusts and increasing thrust
activities in the hinterland (Wu and McClay, 2011). However,
few studies have looked at the deformation of deep-buried
thin-skinned thrust structures with two detachments under
conditions of erosion.

Hence, this paper applies particle-based discrete numerical
methods to simulate the development of a contractional foreland
basin under multiple detachments and erosion conditions, with
a particular emphasis on deep structural deformation, in order
to understand the geometric characteristics of and tectonic

evolution in the NW Sichuan Basin, aiming to provide principal
structural understanding for regional geological studies and deep
gas exploration.

TECTONIC SETTING

The architecture and evolution of the NW Sichuan Basin are
largely affected by peripheral thrust belts (Burchfiel et al., 1995;
Jia et al., 2006; Hubbard and Shaw, 2009; Luo et al., 2009;
Wang and Meng, 2009; Thompson et al., 2015; Wang et al.,
2016), especially in the Longmen Shan belt to the west and the
Micang Shan to the north (Figure 1b). The basin developed
mainly extensive marine transgression as a large intracratonic
basin from Sinian to the Middle-Late Triassic (Burchfiel et al.,
1995; Jia et al., 2006; Wang et al., 2016). Due to the closure of
the Paleo-Tethys (Gorum et al., 2011), the basin transitioned
to being fully terrestrial during the Late Triassic Indosinian
Orogeny (Meng et al., 2005; Zhao et al., 2012). The NW Sichuan
Basin is a top-to-the south thrusting foreland basin (Yan et al.,
2018) formed during the Mesozoic that is superimposed on
the extensional basin of the Late Paleozoic. Subsequently, the
Cenozoic deformation involved in the growth of the Tibetan
Plateau and the India–Asia collision (Royden et al., 2008; Yin,
2010) overprinted and reactivated the NE–SW trending thrust
belts, giving rise to the complex basin–mountain landforms in
the NW Sichuan region. Broadly speaking, the NW Sichuan Basin
experienced a stronger later compression and uplift and formed
fold rows with a NE–SW strike during the Jurassic and Lower
Cretaceous, indicating that the later compressive strength varied
along the NW–SE strike. By observing surface structures in the
intraplate thrust system, the fold and fault axis strikes are found to
be located mainly in NE–SW direction and are clearly controlled
by the northern Longmen Shan.

In general, the NW Sichuan Basin consists of a Neoproterozoic
basement of the Yangtze Craton covered by a thin, incomplete
succession of Sinian to Middle Triassic shallow-marine rocks
and Upper Triassic to Cretaceous terrestrial sedimentary rocks
(Figure 2). The Sinian to Middle Triassic rocks are composed
mainly of marine deposits on the craton carbonate platform
and passive continental margin, and the Upper Triassic to
Lower Cretaceous rocks are composed of deposits in the non-
marine foreland basin (Meng et al., 2005; Royden et al., 2008).
The décollement layers are an important component of the
complex tectonics of the thrust belt, a marine mud shale in
the Cambrian and a set of salt gypsum layers deposited in
the Lower Triassic Jialingjiang–Leikoupo Formations, serving
as regional weak detachments to constrain the deformation
propagation and decoupling structural layers at different depths
(Lu et al., 2014). The evolution of the multiphase basin led
to thick filling sequences, while these sediments were always
capped by widespread erosional unconformities (Richardson
et al., 2008; Yang et al., 2013). Rapid lift and erosion (Richardson
et al., 2008) caused almost none of the contemporary Cenozoic
deposits found in the NW Sichuan Basin. The exposure of the
basin interior consists of Jurassic and Lower Cretaceous rocks
in the majority.
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FIGURE 1 | (a) Topographic map of the Northeastern Tibetan Plateau and the NW Sichuan Basin; (b) enlarged simplified geological map of the study area shown in
the yellow box; (c) AA’: seismic profile of the study area. Modified after Luo et al. (2009) and Chen et al. (2019).

Based on the representative seismic profile (Figure 1c), the
surface structure of the NW Sichuan Basin is dominated by a
large anticline outcropped with the Jurassic. The Jurassic and
Cretaceous rocks in a continuous sequence along the eastern
side of the northern Longmen Shan belt were shallow dipping,
and the folds of the different strata are generally parallel
(Luo et al., 2009; Jia et al., 2010). A regional cross-section
was constructed to illustrate the combination and distribution
characteristics of the large-scale thrust nappes, the NW-dipping
autochthonous stacking thrusts, and the huge buried structure
from the orogeny to the foreland basin (Luo et al., 2009;
Jin et al., 2010; Chen et al., 2019; Li et al., 2019). Seismic and

well data indicate that the subsurface blind stacking thrusts are
composed of three NW-dipping thrust sheets and a repetitive
stratigraphic sequence. The strong stacking anticline imbricated
in the front zone is in close proximity to the weak deformation
in the foreland basin, including a passive duplex with shallow
dipping strata and a series of buried kink structures that wedge to
the southeast between the Lower Cambrian shale and the Lower
Triassic evaporates. The passive roof detachment refers mainly
to the back thrust and uplift of the Mesozoic strata above the
salt layer of the Jialingjiang Formation. The partial kink block
contains secondary thrust faults. Numerous studies have inferred
that the buried deformational event in the NW Sichuan Basin
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FIGURE 2 | Simplified stratigraphic column of the NW Sichuan Basin, showing multistage tectonic activities. Modified from Chen et al. (2019).
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is Late Cenozoic in age and perhaps continues to the present
(Luo et al., 2009; Jia et al., 2010; Chen et al., 2019). This study
simulates mainly the Cenozoic deformation without considering
syn-sedimentation.

METHODS AND MODEL SETUP

Discrete Element Method
The discrete element method (DEM) is a particle-based
numerical approach that employs iterative calculation of particle
displacement and force to solve motion via Newtonian mechanics
(Cundall and Strack, 1979). Geologists have applied DEM mainly
to gain insight into continuum fracture problems. Large-scale
fold and thrust belt deformation, and shallow crustal rocks
subject to Coulomb behavior (Burbidge and Braun, 2002; Naylor,
2005; Hardy et al., 2009; Miyakawa et al., 2010; Dean et al., 2013;
Morgan, 2015; Morgan and Bangs, 2017; Liu and Konietzky,
2018; Vora and Morgan, 2019; Wang and Morgan, 2019). One of
the attractions of DEM is that discrete particles under the contact
mechanism can localize strain and yield emergent behavior in
the system. We can use different material properties to simulate
discontinuities and heterogeneities and apply the stress field
of extrusion or tension. The technique resembles a numerical
sandbox, but can offer added information by monitoring
mechanical states correlated with deformation behavior and
structure throughout the simulation and directly output the
stress–strain characteristics of the deformation process.

Our implementation of DEM adopted the Hertz–Mindlin
contact mechanics model (Li, 2019; Morgan, 2015). The
numerical model in DEM can be denuded arbitrarily and be set
different particle properties, which is suitable for studying the
evolutionary process of double detachment layers in a denudation
environment. Based on repeatable numerical experimental
results, we studied the geometric characteristics and tectonic
evolution of the NW Sichuan Basin.

Model Setup
Our two-dimensional (2-D) experimental setup (Figure 3)
follows that of Morgan (2015), but with two detachments
embedded within the sediment strata to simulate the two-
detachment system of the NW Sichuan Basin. The initial model,
with a size of 60 × 5.5 km, was divided into three brittle layers
by two weak detachments. Particles of different colors with the
same mechanical properties as the brittle layers were used as
marker horizons in order to clearly observe the deformation
features. The mechanical properties of the simulated system were
controlled by the assigned particle properties and interparticle
cohesion (Table 1), of which adhesion exists in the brittle layers
but not in the décollements. From bottom to top: the 1.4 km-
thick brittle layer denotes the Precambrian strata, the 400 m-thick
lower detachment represents the Cambrian detachment, the 1.2
km-thick brittle layer represents the strata from the Cambrian
to the Triassic, the 400 m-thick upper detachment depicts the
Triassic Jialingjiang–Leikoupou formations, and the 2.1 km-
thick upper layer serves as the cover sequence. The Cambrian
detachment is composed mainly of marine mud shales and

siltstone, and the Triassic detachment consists chiefly of a set of
salt gypsum layers and mud shales belonging to shallow lagoon
facies carbonate rocks. The lithology is not distinguished in detail
in the simulation. It is divided mainly into décollement layers
and brittle layers by referring to the differences in the rheological
characteristics of the rocks.

Because of wide scale erosion in the study area, we designed
two models with the same initial model setup but with different
erosion characteristics during compression to simulate the effects
of detachments and erosion on the deformation pattern of
the models. Based on the low-temperature thermochronological
study and erosion thermal model of a fold-thrust belt and
foreland basin in the Longmen Shan region (Kirby et al., 2002;
Li et al., 2012), the speeds of denudation decreased initially
and increased afterward, especially during the Late Triassic and
Late Cenozoic, which may be the two periods showing strong
uplift in the Longmen Shan area. Model 2, in comparison,
underwent accelerated erosion at shortenings of 3, 7, 10, and 12
km, indicating the shorter denudation intervals with rapid uplift
representing faster rates of denudation. During each denudation
process, the 1 km thickness was denuded from the top, except for
the first denudation of 200 m. Model 1, as an identical simulation
without erosion, defined a reference configuration. Deformation
was induced by displacing the left wall at a constant velocity
of 2 m/s of the domain among two low-friction décollements,
modeling the compressive strength varying along the NW–SE
strike during the Himalayan period.

EXPERIMENTAL RESULTS AND
DISCUSSION

Model 1—No Erosion
Figures 4, 5 show the structural deformation results obtained
from Model 1. We analyzed the progressive evolution of Model
1 in four stages up to a maximum shortening of 12 km and a
shortening rate of 20%.

Stage 1 (shortening of 3 km and shortening rate of 5%): A
fore-thrust (T1) and a back-thrust (B1) formed, resulting in a
broad and gentle fold structure next to the left-moving wall
(Figure 4B). In the upper layer, the strain was distributed widely
along Décollement 1 and formed a gentle passive roof at the front
limb. T1 slipped forward and developed two ramp-flat faults in
the multilevel detachments, where the extent of the upper ramp-
flat fault was much wider than that of the lower one (Figure 5A).
The maximum shear stress increased in zones adjacent to the
moving wall and the monocline of the brittle cover (Figure 5E).
The highest values of maximum shear stress occurred on the front
of the frontal thrusts, outlining regions of unfaulted material.

Stage 2 (shortening of 7 km and shortening rate of 11.7%):
The structural layers in depths divided by weak detachments
were decoupled, where the newly formed thin-skinned thrusts
between detachments did not synchronize with the upper brittle
strata. The extension of T1 broke through the upper layer and
developed a pop-up structure (Figure 4C), while a series of gentle
kink folds were formed and sandwiched successively between
the detachments associated with new thrusts T2, B2, T3, and B3
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FIGURE 3 | Initial model setup.

TABLE 1 | Parameter setting for the DEM model.

Unit Radii (m) Shear modulus (Pa) Poisson’s ratio Friction coefficient Density (kg/m3) Young’s modulus (Pa) Color

Upper layer 60, 80 2.90 × 109 0.2 0.3 2500 2.0 × 108 ••
Décollement 1 60, 80 2.90 × 109 0.2 0.0 2200 2.0 × 108 •
Middle layer 60, 80 2.90 × 109 0.2 0.3 2500 2.0 × 108 ◦••
Décollement 2 60, 80 2.90 × 109 0.2 0.0 2200 2.0 × 108 •
Lower layer 60, 80 2.90 × 109 0.2 0.3 2500 2.0 × 108 ◦•

(Figure 5B). Red detachment particles were accumulated at the
crests and troughs of the kink belts. Continuous compression
caused the dominant deformation to be controlled by the faults
of T1 and B1, with a significant increase in displacement. In
addition, ramp-flat faults slid wider along the detachments,
especially the upper one. The maximum shear stress was
distributed step by step (Figure 5F), where the upper layer spread
farthest, the middle layer accumulated near the folds, and the
lower layer was transported a limited distance, but stronger
than the others.

Stage 3 (shortening of 10 km and shortening rate of 16.7%):
T2 shared a similar trace to T1 through cutting the upper layer
upward and causing the maximum shear stress to be transported
forward to the new unfaulted front limb (Figure 4D). Meanwhile,
kink belts propagated forward, where the deformation style of
the original gentle folds changed to being tight and oblique.
The new-born folds generated within the middle brittle layer
remained symmetrical, wide, and gentle. With the rupture of
T3 and B3 (Figure 5C), the range of stress accumulation in the
middle layer became smaller (Figure 5G). Deformation beneath
the Décollement 2 began to form stacking imbricating structures,
but were still limited in the hinterland.

Stage 4 (shortening of 12 km and shortening rate of 20%):The
various brittle layers displayed different progressive deformations
to transform the strain forward (Figure 4E). The latest principal
strain within the thrust belt presented as the jumping forward
of the thrust front. When a frontal pop-up structure was
shaped by B6, T7, and B7 (Figure 5D), the stress decreased
sharply on the left of B6 but was transferred forward along
the upper detachment (Figure 5H). The formation of B6
through the upper layer caused a stress weak zone above the

upper detachment, which led to stress between detachments
being transferred forward and gathered beneath B6. Therefore,
there was a horizontal transitional deformation in the middle
layer generated from the backstop to the area below B6: from
oblique and tight fault-propagation folds in the hinterland to
relatively symmetrical, wide, and gentle detachment folds in
the foreland, from steeper and large-inclination-angle Y-shaped
fault groups (T3 and B3, T4, and B4) to gentle hedge structures
(T5 and B5, B8). Deformation beneath Décollement 2 formed
stacking structures via three imbricate faults, but was still limited
to the hinterland.

Model 2—Accelerated Erosion
The evolution of Model 2 with a total shortening of 12 km and
a shortening rate of 20% (Figure 6) can be divided into four
deformation stages accompanied by four times of denudation.
With the increase in shortening and the height of the hinterland,
the erosions were added to the model and the interval of
denudation became shorter where the strata were denuded to a
height of 6 km at a shortening rate of 5%, a height of 7 km at
a shortening rate of 11.7%, and a height of 8 km at shortening
rates of 16.7 and 20%. During each denudation process, the 1
km thickness was denuded from the top, except for the first
denudation of 200 m. The uneven surface following denudation
was due to the spring-back of elastic particles.

The first deformation stage (shortening of 3 km and
shortening rate of 5%) was almost the same as those of
Model 1 except for being denuded to 6 km: one fore-thrust
(T1) formed toward the foreland and one back-thrust (B1)
formed the first stage (Figure 6B). Similarly, T1 still slipped
forward and developed two ramp-flat faults in two detachments,
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FIGURE 4 | Modeled progress with two detachments due to the left-wall displacement at shortening distances of (A) 0 km, (B) 3 km, (C) 7 km, (D) 10 km, and (E)
12 km. T1–T6 and B1–B8 denote fore-thrusts and back-thrusts, respectively, in the order of their formation;αrepresents the current slope angle.

where the upper flat-ramp fault extended much wider than
the lower one (Figure 7A). The erosion meant that the wedge
taper angle became gentle, but the monocline above the back-
thrust changed from a gentle tilt to a steeper one. The most
significant difference was in the maximum shear stress. The
reduction in load as a result of denudation released the originally
accumulated stress near the monoclinal inflection point and
the extrusion backstop. The stress was concentrated mainly

at the lower layer in the hinterland due to its depth and
compression (Figure 7E).

Stage 2 represents a model being denuded to 7 km at a
shortening rate of 11.7%. The structural style of the thrust
belt was formed into a passive-roof duplex back-thrust (B1)
along the upper detachment (Figure 6C). In the upper brittle
layer, shortening was absorbed by the slip of the back-thrust
along the upper detachment. Meanwhile, T4 was formed due to
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FIGURE 5 | Final distortional strain field (left) and final maximum shear stress field (right) for simulation with two detachments at shortening distances of (A,E) 3 km,
(B,F) 7 km, (C,G) 10 km, and (D,H) 12 km. Shear strain magnitude is shown by color intensity. Red indicates top-to-the-right sense of shear; blue indicates
top-to-the-left sense of shear. Stress intensity scales with color. T1–T6 and B1–B8 denote fore-thrusts and back-thrusts, respectively, in the order of their formation.

stress accumulated strongly enough at the monoclinal inflection
point that T1 cut through (Figure 7B).However, under the
influence of denudation, there was a mistake between T1 and
T4. In the middle, decoupling deformation resulted in two
fault-propagation folds and led to T2, B2, T3, and B3 being
asymmetrically formed sequentially. The stress was still ladder-
like, but it was weaker than that before denudation (Figure 7F).

Stage 3 corresponds to a model shortening rate from 11.7
to 16.7% and being denuded to 8 km. In the upper brittle
layer, the structural deformation was still dominated by the
passive duplex roof along the upper décollement level instead
of the leaping structures. The monocline layer shifted more
steeply, and the wedge front propagated farther without obvious
displacement inside (Figure 6D). With shortening increasing, the
fault-related folds passed forward and B4 and T5 were formed
in the middle layer, giving rise to a certain lift in the foreland
(Figure 7C). Because of the strong basal friction, sequential thrust
faults developed along the basal detachment, forming a stacking
structure at the bottom that raised the height of the hinterland.
On the maximum shear stress map (Figure 7G), it is difficult
for stress to be concentrated in the cover under erosion, thus
preserving the integrity of the passive roof. The inflection point of
the monocline was still the best breakthrough point of the faults,
and a slight deformation can be seen in the strain diagram.

During Stage 4, the model was shortened from 16.7 to 20%
and denuded to 8 km. The evolutionary progress was similar to
Stage 3 (Figure 6E). The shortening of the model resulted in the
monocline being uplifted by the bottom stacking structure. The
forward transfer of the faults (B5, T6) reduced the degree of the
slope angles slightly (Figure 7D). Under the dual influence of
extrusion and denudation, the transition from the asymmetric
and tight folds at the back edge to the symmetrical and loose folds

at the front thrusts was complete, and the maximum shear stress
spread farther (Figure 7H).

DISCUSSION

Effect of Erosion on the Thrust Wedge
Tapers With Two Detachments
Denudation causes a reduction in the overlying load. Due to
this reduction, the amount of overlap between particles (δn) is
reduced, and then elastic particles will rebound within a certain
range. At the same time, the localized deformation fracture
follows a law similar to Coulomb’s fracture criterion for the shear
force (f s) and repulsive normal forces (f n):

fs ≤ µfn + C; fn = knδn

where kn represents the normal interparticle stiffness, µ

represents the friction on the particle surfaces, and C is the
cohesion strength. When maximum shear force is reached at a
fixed shear strength, slip occurs, allowing particles to slide past
each other. By this mechanism, faults can develop and grow.
Thus, the erosion imposed on the model lowers the normal
stress and subsequently also lowers the shear strength. With the
increase in erosion and the decrease in load, the particles in the
brittle layer along the upper detachment rebound, so that the
maximum shear stress cannot be concentrated at the inflection
point of the monocline and be large enough to form a new fault,
but is more dispersed in the foreland leading edge. Although the
shear strength is reduced, however, there is no direct erosion in
the middle brittle layer, the stress does not dissipate significantly,
with sufficient shear stress meeting the decreased shear strength
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FIGURE 6 | Modeled progress with two detachments and erosions due to the left-wall displacement at shortenings of (A) 0 km, (B) 3 km, (C) 7 km, (D) 10 km, and
(E) 12 km. T1–T6 and B1–B5 denote fore-thrusts and back-thrusts, respectively, in the order of their formation;αrepresents the current slope angle.

and then forming a group of forward transitive fault propagation
folds. The double weak detachment layers experience an obvious
decoupling deformation, and the distribution of maximum shear
stress will be stepped, where the shallower the layer, the farther
it spreads. The upper detachment layer has high mobility, while
the middle detachment layer is controlled by the formation
range of the folds.

Critical tapered-wedge theory was first proposed in the
1980s (Davis et al., 1983; Dahlen, 1984, 2003) and has been

successfully applied to the study of the deformation mechanism
and kinematic evolution of fold-and-thrust belts and accretionary
prisms in compressional settings (Dahlen, 2003; Morley, 2007;
Dedontney and Hubbard, 2012; Wang et al., 2013; Sun et al.,
2016). The theory indicates that the critically tapered wedge, as
a stable geometry, slides along the basal décollement without
internal deformation and is dependent on the basal friction
coefficient and the internal strength of the material. Therefore,
when the wedges are in subcritical or supercritical states,
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FIGURE 7 | Final distortional strain field (left) and final maximum shear stress field (right) for the simulation with two detachments and erosions at shortenings of (A,E)
3 km, (B,F) 7 km, (C,G) 10 km, and (D,H) 12 km. The shear strain magnitude is shown by color intensity; red indicates the top-to-the-right sense of shear; blue
indicates the top-to-the-left sense of shear. Stress intensity scales with color. T1–T6 and B1–B5 denote fore-thrusts and back-thrusts, respectively, in the order of
their formation.

adjustments are required for internal unstable structures to gain
critical taper. The subcritical wedge will internally form new
thrusts or reactivate old thrusts to increase the slope angle, while
the supercritical wedge may propagate deformation by jumping
in the front limb to decrease its taper.

In Model 1 without denudation, as the thrust zone extends
forward, the thrust front leaps forward instead of mainly sliding
forward to maintain a critical taper (Figure 8). The state of
the wedge accommodates states from subcritical to supercritical,
and adjustments to their geometries are required for them to
gain a stable critical taper. When the wedge at the front of
the thrust belt is in a subcritical state, the ramp-flat structure
and vertical uplift in the hinterland increases the slope angle to
approach the critical angle. As the slope angle increases beyond
the critical state, the intermediate horizontal shear zone passes
upward and cuts through, and then the pop-up structure along
the upper detachment jumps forward sequentially to stabilize the
propagation of the tectonic deformation in a critical state. In the
supercritical state, the fore-thrust of T1 is primarily reactivated
and cuts through, destroying the passive roof, to reduce the slope
angle. The upward breakthrough of the T1 is the key to the failure
to preserve the passive roof.

In Model 2, denudation reduces the taper angle in order
to hold it away from the state when T1 begins to cut upward
(Figure 8), ensuring the integrity of the passive roof. The slope
angle swings back and forth between the T1 critical upward
transmission and the subcritical state. When the wedge at the
front of the passive roof belt is in a subcritical state, back-
thrusting along the upper décollement steepens the wedge
so as to approach the critical angle. The deformation styles
from the subcritical to the supercritical state rely on the
steepened passive roof, from tight fault propagation folds to

loose detachment folds sandwiched between two detachment
layers and superimposed on the stacking structure. With the
erosion continuing to decrease the slope, the passive back-
thrust along the upper detachment remains active and inhibits
the fore-thrust developing at the thrust front, leading to the
sustained passive-roof duplex. Accompanied by continuous
erosion, the deformation front is controlled mainly by the
buried thin thrusts and kink fold structure sandwiched between
two weak detachments. There was a gradual transition in
the deformation style generated within the middle brittle
layer: from asymmetrical, tight, and foreland-convergent fault
propagation folds in the hinterland, affected mainly by extrusion,
to symmetrical, wide, and gentle décollement folds in the foreland
under the combined influence of extrusion and denudation. The
distance at which the buried folds pass forward depends on the
extent of the middle detachment layer and the slope angle of
the frontal region of the passive roof. Continuous erosion and
extrusion allow buried folds to pass forward to a certain extent.

Mechanism and Evolution of the NW
Sichuan Basin
Of the two numerical models, Model 2 showed the greater
similarity with the natural geological model in the NW Sichuan
Basin in terms of the autochthonous stacking thrusts, huge buried
structures, and passive duplex roof. Geological cross-sections
revealed that the passive roof layer had no obvious displacement
or thrusting forward into the basin via the upper detachment, but
instead consisted of a series of tight and asymmetric thin-skinned
fore-thrust and back-thrust structures located between the two
weak detachments, and multiple unconformable relations since
the Late Triassic corresponded to denudation events occurring
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FIGURE 8 | Comparison of the slope angle versus shortening for the two models.

from the Mesozoic to the Cenozoic, especially the Cenozoic
India–Asia collision that built up rapid lift and extensive
denudation. This similarity suggests two pivotal factors for
the deformation of the NW Sichuan foreland basin: (i) the
decoupling effect of the detachments causing the Late Triassic
gypsum salt bed and Early Cambrian sand shale to act as two
weak detachments dominating the tectonic deformation style of
the thrust belt, and (ii) the extent to which erosion plays an
important role in shaping the present structural framework of the
NW Sichuan Basin. We have concluded that denudation results
in the spring-back of strata and the activation of the back-thrust
fault along the upper detachment, so that the maximum shear
stress cannot be concentrated in the upper structural layer to
ensure the integrity of the passive roof. Moreover, erosion reduces
the shear strength related to fault formation, engendering a
series of complex buried structures in the middle structural layer.
The stacking structure is formed in the lower structural layer
due to strong basal friction. The maintenance of a passive-roof
duplex in the NW Sichuan Basin depends mainly on continuous
compression and denudation in the Himalayan period.

CONCLUSION

We have used the discrete element method (DEM) to carry out
a numerical simulation of the deformation mechanism of the
fold-and-thrust belt in NW Sichuan Basin, and we draw the
following conclusions.

(1) With continuous compression, the weak detachments
promoted the decoupled and ladder-like deformation of
the thrust belt, where the deformation above the slip layer
extended further than that below it. Rapid uplift and
erosion at the thrust front contributed to the formation
of a passive roof fault and a monocline in the upper
layer, a series of forward and backward thin-skinned
thrust buried structures in the middle layer sandwiched
between two weak detachments, and stacking structures in
the lower layer.

(2) Erosion effectively prevents the deformation from
propagating above the upper detachment, but can advance
a horizontal transition in the deformation style generated
within the middle brittle layer: from oblique and tight
fault propagation folds to symmetrical, wide, and gentle
detachment folds.

(3) The model results consistent with tectonic deformation
in the NW Sichuan Basin indicate a possible evolutionary
mechanism under compression. There is hierarchical
deformation of uncoordinated contraction controlled
by the Lower Triassic and Early Cambrian weak layers
showing the characteristics of a shallow monocline,
the middle thin-skinned thrusts, and the deeper
basement-involved folds. Continuous compression
contributed overall a sequential pattern of steps from
the frontalpiedmont zones to the foreland basin,
autochthonous stacking thrusts, and the huge buried
structure in the NW Sichuan Basin. During the Himalayan
period, syntectonic erosion, along with the uplifted thrust
front, maintained the development of a passive-roof
duplex and a huge forward buried structure.
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