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Under regional tectonic shortening in the northern margin of Qinghai-Tibetan Plateau, the
fold-and-thrust belts composed of four thrust faults (North Qilian-Shan, North Yumu-Shan,
South Heli-Shan, and North Jintanan-Shan) formed from southwest to northeast
discontinuously sequentially in the Jiudong Basin area during Late Cenozoic.
Meanwhile, the North Qilian-Shan, Yumu-Shan, and Heli-Shan ranges were formed
successively, as the Earth’s local surface was unequally uplifted. In this study, based
on geological and geophysical observations, a simple two-dimensional elastic-plastic
numerical finite element method model for a southwest-northeast section in Jiudong Basin
is successfully established to simulate the spatiotemporal evolution of the local fold-and-
thrust belts. Results show that the computed equivalent plastic strain concentration zones
and the four observed thrust faults are consistently correlated in spatial position orientation
and time sequence. The simulated upper-surface deformation is congruent with the
observed topographic peaks and uplift sequences of the North Qilian-Shan, Yumu-
Shan, and Heli-Shan ranges. This study provides a geodynamic basis for
understanding the growth mechanism of the northern margin of Qinghai-Tibetan
Plateau under tectonic horizontal shortening. Also, we provide a thorough sensitivity
analysis for the model parameters of this particular geologic setting. Our sensitivity
simulations, considering systematic case variations about the regional geometrical-
material parameters, suggest the manifestation of three different possible evolution
patterns of fold-and-thrust belts for a wedge above a decollement layer, with wedge
plastic deformation migrating from 1) thick to thin end (well-known), 2) thin to thick end, and
3) both ends to middle. Finally, our results suggest that in this region, further growth of
mountain ranges is expected to continue in the future.
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1 INTRODUCTION

1.1 Context

Influenced by the far-field effect of the India-Eurasia plate
collision, the northern margin of Qinghai-Tibetan Plateau has
been continuously growing outward since the Late Cenozoic
(Tapponnier et al, 2001). As shown in Figure 1, Jiudong
Basin is a part of the Hexi corridor, a reactivated foreland
basin in the Late Cenozoic (Fang et al, 2012; Zheng et al,
2013a). Jiudong Basin in the northern margin of North
Qilian Shan has formed a fold-and-thrust belt composed of
four thrust faults (Figure 1A): North Qilian Shan Fault
(NQSF), North Yumu Shan Fault (NYSF), South Heli Shan
Fault (SHSF), and North Jintanan Shan Fault (NJSF) (Hu et al.,
2019). The uneven uplifting of the Earth’s local surface
successively formed North Qilian Shan, Yumu Shan, and
Heli Shan (currently observed as in Figure 1) (Hu et al,
2019), leaving the preexisting area north of the older Qilian
Shan finally confined between the Yumu and Heli Shan ranges,
and thus receiving sediments from essentially the three ranges
since at least 10 Ma ago. Yuan et al. (2013) reviewed the
geological data on neotectonic fault formation in
Northeastern Tibet since ~15 Ma, and they noted ~150 km
of northeastward expansion propagation of deformation.
Zheng et al. (2013a) pointed out that the northern
boundary of the thrust fault system in the Jiudong Basin is
North Jintanan Shan Fault, which is dipping southward.
Unlike the other three southward dipping thrust faults, the
south Heli Shan Fault is a north-dipping fault in the Jiudong
Basin (Zheng et al., 2013a). Previous studies on the structure
and evolution of continental orogenic belts show that
decollement (detachment) zones (interfaces, thin layers)
with different depths and length scales are important
structural elements of the orogenic belts, greatly controlling
their evolution. The development of decollement zones,
conditioned by the heterogeneity and anisotropy of rock
sequences, defines major structural characteristics of
orogens. A decollement zone often develops along low rock-
strength (or viscosity) and high fluid-pressure layers (Ranalli,
1997; You et al., 2001; Treagus, 2003). The deformation mode
of thin-skinned fold-and-thrust belts largely depends on the
decollement’s  sliding resistance. Usually, salt beds
(pressurized, hot, and water-permeated) as a basement
decollement layer can exhibit very low sliding resistance
(Davis et al., 1983). Previous studies show that the shallow
inner-crust decollement may play an important role in the
tectonic shortening deformation of the Jiudong Basin
(Tapponnier et al., 1990; Huang et al.,, 2020). Very likely,
the thrust system in the northern margin of Qilian Shan
gradually expanded from southwest to northeast above a
south-dipping shallow decollement layer in the Jiudong
Basin (Hu et al,, 2019). Seismic reflection profiles also show
a shallow southward dipping reflection layer, likely with a very
low dip angle, nearly horizontal (Gao et al., 2013; Huang et al.,
2020). An S-wave low-velocity layer exists between the upper
and lower crusts on the northern margin of Qinghai-Tibetan
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Plateau, also suggesting an inner crust decollement layer
(Zhang et al., 2015). The P-wave velocity structure beneath
the Qilian Orogen zone consistently reveals a low-velocity
layer in the upper crust at depths of 10-20 km (Guo et al,
2019).

In this study, we refer to previous works on the fold and thrust
belts, particularly 1) Coulomb critical wedge theory (Chapple,
1978; Davis et al., 1983; Dahlen and Suppe, 1984; Dahlen, 1990;
Yin, 1993, 1994; Hu and Wang, 2006, 2008; Wang and Hu, 2006;
Cubas et al, 2008; Nassif et al,, 2019), 2) sandbox physical
simulations (Davis et al., 1983; Dahlen and Suppe, 1984; Storti
et al., 2000; Bose et al., 2009; Driehaus et al., 2014; Schreurs et al.,
2016), and 3) numerical simulations (Makel and Waleters, 1993;
Barnichon and Charlier, 1996; Beaumont et al., 2001; Bose et al.,
2009; Hardy et al.,, 2009; Li et al., 2009; Buiter, 2012; Ruh et al,,
2012; Dean et al,, 2013; Fillon et al., 2013; Ruh et al., 2013, 2017;
Buiter et al., 2016; Granado and Ruh, 2019; Zhang et al., 2019).
After this, based on regional and local geological and
geophysical observations, a series of systematic, reasonably
accurate numerical simulations can, in our understanding,
provide an adequate conceptual and mathematical framework
to understand the dynamics of these structures in the Jiudong
Basin since Late Cenozoic. This entails a sensitivity analysis for
the model parameters of this particular geologic setting,
including wedge inclination angles, uniaxial compressive
strength, internal friction angle, and decollement’s depth and
friction coefficient. We study the main features of the tectonic
evolution of four thrust belts and three mountain ranges in the
Jiudong Basin region since the Late Cenozoic, compare and
analyze the spatiotemporal evolution of our models with
observational data, and quantitatively try to explain the
growth and development of fold-and-thrust belt in Jiudong
Basin. In addition, it is inferred from the model results that
the wedge deforms episodically with the progressive horizontal
contraction, and the fold-and-thrust belt will likely grow further
with time, which is useful for determining whether the northeast
margin of the Qinghai-Tibetan Plateau continues to grow.

1.2 Regional Tectonic Setting
The Hexi Corridor, with an average altitude of ~1,500 m (above
sea level), is a complex foreland basin located in the north foot of
the high [~5,500 meters above sea level (m.a.s.l.)] Qilian Shan
mountain range in NE Qinghai-Tibetan Plateau. The Hexi
Corridor basin is divided into four sub-basins from northwest
to southeast, namely, Jiuxi, Jiudong, Zhangye, and Wuwei, nearly
parallel to Qilian Mountain (Fang et al., 2005; Wang et al., 2018).
Fold-and-thrust belts, composed of four thrust faults, namely
North Qilian Shan Fault, North Yumu Shan Fault, South Heli
Shan Fault, and North Jintanan Shan Fault, have been formed in
Jiudong Basin. An uneven uplift on the surface can be observed
with the formation of North Qilian Shan, Yumu Shan, Heli Shan,
and other mountains successively uplifted since the Late Cenozoic
(Figure 1).

The sediments in Jiudong Basin are Cenozoic, most of them
Miocene to Pliocene, amount to a maximum thickness exceeding
3 km (although at these depths, they are likely almost lithified).
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FIGURE 1 | Tectonic setting of Jiudong Basin in northern margin of Qinghai-Tibetan Plateau. (A) GPS velocities (Wang and Shen, 2020), historical earthquakes
(780 B.C.-A.D. 2019, M > 5.0) (*), and topography (in meters above sea level) of Jiudong Basin (Zhang et al., 2017; Hu et al., 2019; Wang et al., 2020) and surrounding
regions. Locations of major faults are from Yuan et al. (2013). (B) Enlarged subset of red rectangle in (A). Four main thrusts, i.e., NQSF: North Qilian-Shan Fault, NYSF:
North Yumu-Shan Fault, SHSF: South Heli-Shan Fault, and NJSF: North Jintanan-Shan Fault. (C) Elevation in meters above sea level (m.a.s.l.) profile along blue line
section in (B), with original and low-pass versions of data. Three main mountain ranges in Jiudong Basin are visible: North Qilian Shan, Yumu Shan, and Heli Shan. (*)
Department of Earthquake Disaster Prevention, State Seismological Bureau, 1995; Department of Earthquake Disaster Prevention, China Earthquake Administration,
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TABLE 1 | Summary of chronological specifications for three mountain ranges of our study. Observations of uplift-start ages and present-day profile horizontal coordinates
are shown. Although there are significant uncertainties (outliers) in ages, a clear uplift-onset migration trend from SWS to NEN exists. Horizontal coordinate as in

Figure 1. See text in this subsection for references.

Mountain range

Observed uplift-onset ages/Ma

Current X coordinate/km

North Qilian Shan 10-8 <15
Yumu Shan 4.6-4-3-2.9-2.8-2.6 20-30
Heli Shan 4-2-1 75-100

The outcropping strata reveal Cenozoic sedimentary rocks
overlying Paleozoic metamorphic sedimentary rocks. The
provenance of sediments in Jiudong Basin is closely related to
the uplift of the Qilian mountains (Li and Yang, 1998; Bovet et al.,
2009; Zhuang et al., 2011; Hu et al, 2019). Seismic reflection
analysis across the Qilian Shan reveals a south-dipping Cenozoic
thrust system that places Paleozoic and Mesozoic strata on
undeformed Mesozoic-Cenozoic sediments in the Hexi Corridor
foreland. This thrust system has accumulated >53% Cenozoic
strain (~50km of horizontal shortening), accommodated by
several south-dipping thrust faults (Zuza et al., 2016, 2018).
The Jiudong Basin continuously receives sediment materials
from the Qilian Mountains in the south since 7 Ma (Hu et al.,
2019). In Jiudong Basin, the bedrock is composed of Paleozoic
sandstone, siltstone, limestone, and volcanic rock and
Mesozoic red sandstone, green mudstone, and charcoal-gray
mudstone, which is exposed in Jintanan Shan and Heli Shan
ranges in the northern Jiudong Basin (Hu et al.,, 2019). The
sedimentary strata in Jiudong Basin are not horizontally
distributed but show a strong structural deformation. The
unconformity of sedimentary strata in the Jiudong Basin shows
evident folding (Fang et al., 2005; Chen et al., 2006; Liu et al., 2011;
Hu et al., 2019), suggesting horizontal contraction.

The thrusting of the North Qilian Shan started at 10-8 Ma. As
Qilian Shan grew and extended to Jiudong Basin, the active fold-
and-thrust belts progressed and continue to this day, including
Yumu Shan anticline (Chen et al., 2006), Yumu Shan formation
(Palumbo et al., 2009; Liu et al., 2010), and Heli Shan formation
(Zheng et al., 2013a). The uplift of the Yumu Shan range is likely a
result of the propagation of accretionary prism and SWS-NEN
tectonic shortening of the North Qilian Shan region (Seong et al.,
2011; Chen et al., 2017), with fault initiation and concentrated
Yumu Shan deformation occurring in the north face and foot of
the range. The shape of the Yumu Shan range is controlled by the
local fault distribution (Seong et al., 2011; Chen et al., 2017). The
Yumu Shan range began to rise at ~3 Ma, and the Jintanan Shan
range began to uplift at 1.8 Ma (Hu et al., 2019). Palumbo et al.
(2009) calculated the slip rate of the Yumu Shan fault as
0.5-0.8 mm/year through cosmogenic exposure dating, which
indicated that the onset of uplift of Yumu Shan range is in
2.8-4.6 Ma. Liu et al. (2011) studied the western part of the Yumu
Shan range by using the angle consistency of sedimentary layers
and further limited the start of uplift to 2.9-2.6 Ma (see Table 1).
The growth of Yumu Shan began ~4 Ma ago, extended to the
south of Alashan block in the Hexi Corridor of Early Pleistocene
(Wang et al., 2018). The vertical components of the slip rates of
0.11 + 0.03 mm a”" for Jintanan Shan Fault in Late Quaternary

indicate that the deformation of Qinghai-Tibetan Plateau’s
northern margin remains significant, most likely ongoing
(Zheng et al., 2013b). The uplift of the Heli Shan range started
1-4 Ma ago but is most likely to occur since ~2 Ma ago (Zheng
et al,, 2013a). Bi et al. (2018) used high-resolution topographic
data to constrain the slip distribution of the South Heli Shan Fault
associated with several large historical earthquakes, indicating
that the South Heli Shan Fault’s long-term activity plays a role in
the uplift of the range it bounds.

The thin wedge in North Qilian Shan’s northern margin
expanded along the south-dipping decollement zone to the
basin at approximately 3 Ma (Hu et al,, 2019). In the Late
Cenozoic, the foreland basin was reactivated and continued to
accumulate sediments. The northward progression of thrust
faults from the North Qilian Shan Fault may occur above the
Precambrian basement’s decollement zone (Hu et al., 2019,
Figure 2). The seismic reflection profile and seismic
tomography also show a shallow southward-dipping
reflection layer with a very small dip angle (<5°) (Gao
et al, 2013; Guo et al, 2019; Huang et al, 2020). A
shallow geological section of the Jiudong Basin (Fang et al,,
2012), consistent with the research profile selected by us,
shows the stratigraphic ages and fault distributions
(Figure 2B).

The section selected in this paper sits in an area where some
neighboring seismic-profiling data exist. There is a deep seismic
reflection profile in Jiuxi Basin, approximately 150 km west of our
selected section (Huang et al., 2020). The distribution of faults
and the position of crustal decollement layers are revealed by the
deep seismic-reflection profile (Huang et al., 2020). As a whole,
they reflect the forward leaping thin-skinned structural wedge on
the northern margin of the Qinghai-Tibetan Plateau. The shallow
inner-crust decollement layer in Jiudong Basin is detected by
seismic reflection profile (Gao et al., 1999; Huang et al., 2020).
The crustal deformation of the Hexi Corridor in NE Tibet is
decoupled downward by the inner-crust decollement (at the top
of the crustal low-velocity layer, Huang et al., 2018, 2020). The
crustal wedge above the decollement is dominated by a series of
south-dipping thrust faults, developed from the decollement,
perhaps indicating the northeastward expansion (continued
growth) mode of the Qinghai-Tibetan Plateau (Gao et al.,
1999, 2013; Zheng et al., 2013a; Huang et al., 2018, 2020). The
current frontal edge may be located in the Heli Shan range
(Huang et al., 2018). Huang et al. (2020) proposed a double-
layered shortening mechanism on the Qinghai-Tibetan
Plateau, with decoupled deformation of the upper crust and
lower crust.
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FIGURE 2| Observations near study profile. (A) Structure diagram of four major thrusts and three mountain ranges in a crustal-scale SWS-NEN section in Jiudong
Basin (modified from Hu et al., 2019). These structural elements are now clearly associated with horizontal contraction dynamics in region. (B) Geological cross-section
of Jiudong basin on a nearby profile, close to our selected profile; panel modified from Fang et al., 2012. NQSF, North Qilian shan fault; NYSF, north Yumu Shan fault; and
NKLF, northern marginal fault of Kuantan Shan-Longshou Shan. O+, Early Ordovician; S, Silurian; J, Jurassic; Ky, Early Cretaceous Xiagou Formation; Ey,
Palaeogene Baiyanghe Formation; Ng, Neogene Shulehe Formation; Q;, Early Quaternary; Qo_4, Late Quaternary.

Yumu Shan

1.3 Research Questions
In this paper, we want to address the following questions:

1) Can an elastic-plastic two-dimensional 2D numerical model
with a choice of reasonable (appropriate for the region) set of
parameter values yield outcomes that are geologically
meaningful, acceptable, and representative for the region?
Are these model outcomes relatable to the observations
regarding spatial behavior? Temporal behavior?

2) Can a brief exploration of the model parameter space reveal
some additional clues? Do the model outcomes diverge when
the parameters vary from the reference ones? Are there any
patterns in the system behavior that depend on these
parameter-values combinations?

2 NUMERICAL MODELS FOR THE
EVOLUTION OF FOLD-AND-THRUST
BELTS IN JIUDONG BASIN

In this work, simple 2D, elastic-plastic finite element method
(FEM) models are used to study the fold-and-thrust belts’
structural evolution in Jiudong Basin. We consider the
influences of the gravity field, tectonic horizontal shortening of
the region, contact basal friction on the bottom decollement layer,

crustal wedge geometry, and its elastic-plastic strengths.
Considering the elongated geometry of Qilian Shan and Heli
Shan ranges and that our transect (shown in Figure 1) cuts across
the ranges, a 2D description is a reasonable approximation for our
model setup on the transect. The geometry of the finite-element
reference model of a fold-and-thrust-belts wedge is as follows
(Figure 3):

This is the reference model (Model 1), representing a
southwest-northeast section as in Figure 1. Model 1 is
established based on the latest geological surveys and
geophysical field observations. The upper part of the model
represents a thin wedge supporting Jiudong Basin, with a
horizontal length of 100 km, undergoing strong deformation
since the Late Cenozoic. The lower part of the model
represents the nearly undeformed basement of the Jiudong
Basin with a horizontal length of 120 km (Figure 3). The
wedge is considered homogeneous (except for compressibility)
and isotropic in its material properties, which allows for simple
and fast computation of dynamics. The wedge mass density is
assumed to have a common adequate uncompressed value of
2,500 kg/m®.

Contact friction on the decollement layer between the wedge
body and the (unmodelled) lower basement of the model is
considered. The Coulomb contact friction is adopted, that is
1, = FC - 0,,, where 1, is the sliding-threshold shear stress, 0,, the
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FIGURE 3 | Model setting: initial condition for geometry and grid definition used in modeling tectonics of Jiudong Basin region. Left end (SW) is marked by a red line
and is movable; right end (NE) is marked by a black line and is fixed. These particular parameter values pertain to our reference model.

Y

actual normal stress, and FC is the frictional coefficient of the
contact surface. The deformation of the lower part (basement) of
the model is ignored (following Panian and Wiltschko, 2004,
2007), and we define that displacements are zero in it at all steps
in the computation.

The inclination angle of the upper surface of the model is
based on the current surface elevation observation data. The
average elevations of North Qilian Shan and Heli Shan are ~4,000
and 1,300 m.a.sl, respectively, and they are separated
horizontally by approximately 100 km. Thus, based on a linear
approximation, the slope inclination angle « of the upper surface
of Model 1 (reference) is specified to 1.5° (Figure 3). We discuss
the effect of a small change in the inclination angle of the upper
surface on the evolution of fold-and-thrust belts in Jiudong Basin
in the Sensitivity and Discussion.

The left end of the upper part of the model is approximately
12.5 km thick based on the position of shallow inner-crust
decollement (Guo et al., 2019; Hu et al., 2019; Huang et al.,
2020). The shallow inner-crust decollement usually has a very low
dip angle, nearly horizontally (Gao et al., 2013; Huang et al,
2020); we established a wedge with an inclination f of 3° of the
decollement (Figure 3), which accords to local seismic-reflection
profile data (Gao et al., 1999, 2013) and geological interpretations
of data (Zheng et al,, 2013a; Hu et al,, 2019). The effects of the
depth and dip angle of the decollement are treated in Discussion.

An ideal elastic-plastic constitutive equation is adopted for the
wedge, with the Drucker-Prager failure criterion (Drucker and
Prager, 1952; Li et al., 2009; Panian and Wiltschko, 2004, 2007);
see Appendix SB.

al, +\J,-k=0

I, is the first invariant of the stress tensor o, and ], is the second
invariant of the deviatoric stress tensor S;; = 0;; — %&jakk. The
variables g, k, are material parameters. The Drucker-Prager yield
surface is a cone in the principal-stress space. The
Drucker-Prager failure criterion considers the influence of
confining pressure on yield characteristics, which is suitable
for geotechnical materials.

The model wedge is subjected to gravity and to a progressive,
variable-displacement boundary condition on its left vertical side
(Figure 3). Observationally, low average horizontal fault slip rates
(~1 mm/year) of the northern Qilian Shan fault since its initiation
(~10 Ma) suggest that total horizontal contraction displacement
did not exceed 10 km (Zheng et al, 2010). This observation,
however, provides no information on the horizontal contraction
of the Jiudong Basin between the Qilian Shan and Heli Shan
ranges.

A constant gravity field acts on the system, at all points in
space and at all steps in the computation. The left-boundary
tectonic loading displacement is applied incrementally, step by
step (in a total of 66 steps), that is, that boundary is prescribed
with (0.0-0.1-0.2-0.3- ... -6.4-6.5-6.6) km of cumulative, right-
ward, horizontal displacement on the model material-points
(mesh points on the left, thick, end). During the process, the
boundary conditions on the right side (vertical wall) and the
underlying basement remain unchanged as fixed with zero
displacement. Owing to this (time-dependent) difference in
horizontal displacement between the two ends, there is
material horizontal shortening and associated normal stress
(push). When the shortening reaches a certain value, the
wedge inner-stresses begin to produce plastic strain usually
intensified in concentrated zones; and later, plasticity is
reactivated if stresses surpass the threshold stress at any point
in space-time.

Equivalent plastic strain (EPS) is applied to describe the
permanent deformation when a material is under a stress state
beyond the elastic limit (which is a function, here defined by the
Druker-Prager criterion, Druker and Prager, 1952; Panian and
Wiltschko, 2004, 2007; Zhou et al., 2019). We performed the
finite element models’ calculations using the ABAQUS package
(Panian and Wiltschko, 2007; ABAQUS, 2016), which can readily
deal with the nonlinearity of elastic-plastic materials and basal
contact friction.

It is widely known that the elastic-plastic material and contact
friction of the model are both nonlinear and often
computationally challenging during model calculations. These
nonlinearities mean that small changes of the geometrical and
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TABLE 2| Model parameters of our 14 elastic-plastic finite-element models for fold-and-thrust-belts evolution in Jiudong basin. Variables a and $ are inclination angles of top
and bottom surfaces of wedge, respectively; ¢ and UCS are plasticity parameters; H is depth of decollement at left boundary in initial (undeformed) configuration of
wedge, and FC decollement friction coefficient. Wedge uncompressed mass density is p = 2,500 kg/m®, Young’s modulus E = 6 x 104 MPa and Poisson’s ratio » = 0.25
(compressible), for all models.

Upper surface Decolle-ment angle Internal frictional Uniaxial compressive Decollement frictional Decollement left
angle a/° B angle (®)/° strength (UCS)/MPa coefficient (FC) boundary’s initial
depth (H)/km

Model 1 1.5 3 30 110 0.175 12.5
Model 2 1.5 2 30 110 0.175 12.5
Model 3 2 3 30 110 0.175 12.5
Model 4 1.5 3 30 80 0.175 12.5
Model 5 1.5 3 30 100 0.175 12.5
Model 6 1.5 3 30 120 0.175 12.5
Model 7 1.5 3 20 110 0.175 12.5
Model 8 1.5 3 25 110 0.175 12.5
Model 9 1.5 3 35 110 0.175 12.5
Model 10 1.5 3 30 110 0.100 12.5
Model 11 1.5 3 30 110 0.125 12.5
Model 12 1.5 3 30 110 0.150 12.5
Model 13 1.5 3 30 110 0.175 10
Model 14 1.5 3 30 110 0.175 14
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FIGURE 4 | Reference model (Model 1). Equivalent plastic strain (EPS) at different amounts of tectonic left boundary displacement (LBD). Panels show deforming
wedge in initial reference frame. Colors map intensity of plastic strain, with pink-white zones being at maximum concentration of deformation where faulting would likely
occur. Three panels display states of system at tectonic LBD (associated with horizontal shortening) (A) of 2 km; (B) of 4 km; (C) of 6.6 km. As horizontal contraction
progresses in time, plastic-deformation zones develop from thick end toward thin end of wedge. In state (C) with 6.6 km of shortening, model suggests four main
thrusts, likely approximating/reproducing real Earth’s NQSF: North Qilian Shan Fault, NYSF: North Yumu Shan Fault, SHSF: South Heli Shan Fault, and NJSF: North
Jintanan Shan Fault and three mountain ranges: North Qilian Shan, Yumu Shan, and Heli Shan and low-plasticity area (x~55-85 km) representing Jiudong Basin wedge
region (consistent with Hu et al., 2019).

material parameters can greatly influence the final patterns of the  the evolution of fold-and-thrust belts in Discussion. The material
numerical simulation results. In this paper, we discussed the  parameters of all 14 models are shown in Table 2. The expansion
effects of geometry, material parameters, and contact friction on  angle and flow-stress ratio are assumed 0° and 1, respectively
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FIGURE 5 | Differentiation (rate) of two model output variables on upper surface, with respect to LBD increments (related to time increments). Finite differences
(derivatives numerators) are not divided by denominator increments (of LBD or time). Panels show upper surface. (A) Differential of vertical displacement Uz and (B)
Differential of EPS; as functions of horizontal distance, as they evolve with progressing LBD (which might be related to a geologic timescale, here set to last 10 Ma as a
plausible relevant example). Highest “rates” of change of uplift and plasticity clearly manifest over x < 20 km. Annotations on both panels are interpreted features,
highly correlated with real-Earth observed ranges (A) and faults (B). In panel (A), superimposed are dashed-line rectangles of observed (black) and modeled (white) uplift-
onset time intervals, which should correspond to accelerating stages. In model, after respective onset-and-maxima times, uplift rates and plasticity rates continue being
non-zero (positive), consistent with present-day continued ranges uplift and bounding-faults activity.

(ABAQUES, 2016). The geometries of Models 1-3 are different but
with the same material parameters values. The geometries of
Models 4-12 are the same as Model 1 but with different material
parameter values. The material parameters of Models 13-14 are

the same as Model 1 but with different depths of the bottom
decollement layer. We will see that the series of numerical
simulation experiments show three different evolution patterns
on the fold-and-thrust belts in a thin wedge, which provides some
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knowledge about crustal material behavior and tectonic
deformations.

3 REFERENCE MODEL (MODEL 1)
RESULTS

Model 1, our reference model, is reasonably consistent with the
tectonic evolution process of the Jiudong Basin. Four bands with
important plastic strain can be observed successively from the
near (thick) end to the far (thin) end of the wedge (Figure 4). The
simulation is fairly consistent with the work of Hu et al. (2019).

Figure 4A shows that with a tectonic shortening of 2 km, the
model’s first plastic-strain concentration zone developed from the
lower-left boundary (SW end of the profile), likely corresponding
to the North Qilian Shan thrust fault. Model surface uplift
concentrates between the left end and the first plastic-strain
concentration zone and is related to the North Qilian Shan range.

With a tectonic shortening of 4 km, a second plastic-strain
concentration zone began to develop around x~40 km, likely
corresponding to the North Yumu Shan inverse fault (Figure 4B).
The North Yumu Shan Fault and the North Qilian Shan Fault
both have similar dip (SWS) angles. The relative displacements
between these two inverse faults resulted in local terrain uplift (up
to 800 m), related to the Yumu Shan range.

With a total tectonic shortening of 6.6 km, two conjugate
(opposite dips) plastic-strain concentration zones developed near
the right (thin) model end (Figure 4C), likely corresponding to
two thrust faults, namely South Heli Shan Fault and North
Jintanan Shan Fault, with the faults-bounded terrain (Heli
Shan range?) being uplifted (computed uplift ~600m). In
addition, two plastic-strain concentration zones with relatively
small strains (EPS) located approximately around 70-80 km from
the left boundary, and accompanied by surface uplift, are
suggested by the model. However, recent faulting or surface
uplift between 70 and 80km is not evident in real Earth
(Figure 1C); see Discussion Section 4.2.

From southwest to northeast, four simulated main EPS
concentration zones (EPS > 0.1) formed with progressing
tectonic shortening and, due to their spatial locations and
their dip orientations, are relatable to North Qilian Shan Fault,
North Yumu Shan Fault, South Heli Shan Fault, and North
Jintanan Shan Fault. South Heli Shan Fault, the only major
regional fault dipping northward, does have its expression in
our reference simulation, and it starts at left displacement
boundary (LBD) > 3km. This model-versus-reality
correspondence is not a trivial result (see Discussion Section 4.2).

As seen in Figure 5A, computed surface differential of vertical
displacement, proportional to vertical velocity, shifts with time
and space. It can be seen that the model region in x < 15 km has
the largest rate of change and the earliest uplift time; it is then
followed by activation over x~30-45 km and later over x > 85 km.
This simulated spatiotemporal surface uplift pattern shows
correspondence with that of the real scenario, with three real
mountain ranges in the study area. The real North Qilian Shan
began to uplift roughly approximately ~10 Ma ago (Metivier
et al, 1998; Zheng et al, 2010; Zheng et al, 2017); it

Fold-and-thrust Belts in Jiudong Basin

propagated along the northeast direction with the passage of
time and flanking the Jiudong Basin, with fold-and-thrust belts
such as Yumu Shan range whose formation began at
approximately 4 Ma (Liu et al., 2010; Zheng et al., 2017; Yang
et al.,, 2020), ~4.6-2.8 Ma (Palumbo et al., 2009; Hu et al., 2019).
The Heli Shan range formation began perhaps at 4 Ma but likely
at approximately ~2 Ma (Zheng et al., 2013a; Zheng et al., 2017;
Yang et al., 2020). The activation times’ sequence both in the
model and in the observations is first Qilian Shan, then Yumu
Shan, and later Heli Shan; see Table 3. This can be regarded as
continental deformation spreading inward Eurasia, particularly
here from the thick toward the thin sections of the wedge,
gradually with the model’s left boundary displacement and push.

GPS constraints indicate that the SWS-NEN horizontal
shortening rate (Avy) across N Qilian Shan and Hexi
Corridor is approximate of A,v,~1-2km/Ma between the
extremes of our 100-km long profile. Then, the timescale t =
LBD/Avy, would imply that the shortening at LBD = 6.6 km takes
approximately 4.4 Ma. The late-Cenozoic regional shortening
rate is distributed on several active faults: North Yumu Shan
fault, Heli Shan Fault, and Jintanan Shan fault, with the individual
slip rates of faults being <~1 mm/year (Métivier et al., 1998;
Zhang et al., 2001; Palumbo et al., 2009; Seong et al., 2011; Zheng
et al., 2013a; Chen et al., 2017). Figure 5B shows the results of
time differentiation of upper surface EPS evolving with the LBD
as a function of the horizontal distance. There is a basic surface-
plastic-strain migration pattern from thick-to-thin ends of the
model wedge, which is consistent with the basic uplift pattern (5a)
and with the scarce observations. Different local maxima in
Figure 5B can be related to real fault positions and timings,
also with the faults’ orientations being consistent with reality (see
Discussion Section 4.2). Each uplifting region seems flanked by
two strain-rate zones, exactly like conjugated inverse faults
bounding an uplifting block. Structural observations suggest
North Qilian Shan Fault (NQSF) activated in early times, then
activation gradually spread to the neighboring North Yumu Shan
fault (NYSF), then far away to the distal South Heli Shan fault
(SHSF) and North Jintanan Shan fault (NJSF). The vertical slip
rates of North Yumu Shan fault were 0.4-0.8 mm/year (Palumbo
et al,, 2009; Seong et al., 2011) and 0.4-0.7 mm/year (Chen et al,,
2017); the crustal horizontal shortening rate was 0.4-1.1 mm/year
(Palumbo et al., 2009; Seong et al., 2011). The vertical slip rate of
the South Heli Shan fault (SHSF) was 0.18-0.53 mm/year; the
crustal shortening rate was 0.1-0.5 mm/year (Zheng et al., 2013a).
Figure 5B shows that strain rates in regions related to NYSF and
SHSF are similar, in agreement with the fault-slip observations.

Our computed surface displacements, by spatiotemporal
correlation, may reflect the formation sequence of North
Qilian Shan, Yumu Shan, and Heli Shan (Figures 1, 6).
Particularly in the final state, our reference model’s
topographic-displacement spatial pattern is remarkably similar
to that of the present-day observed topography along the profile
(comparing Figures 1C and 6A). Due to the unknown initial
(before contraction, without recent topography) surface angle of
the real Jiudong Basin, and the unknown amount of continuous
horizontal shortening (between faults) this has experienced since
10 Ma (just to give a time reference), it is really hard to objectively
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TABLE 3 | Comparison between time intervals of computed and observed topographic uplift start of features that are spatially correlated. Computed onset intervals are
simply accelerating stages, whereas observed ones come from diverse geochronological estimates. In this exercise, control variable LBD has been converted to time:
LBDin (0, 6.6) km mapped linearly to (10, 0) Ma ago, as a potential time scaling for reference and comparison. Computed and observed time-order sequences are same, but
real onset-times of YS and HS are somewhat later (younger ages) than computed ones (Discussion Section 4.2). Observations of mountain ranges’ deformation times (and
associated faults’ slip-rates) are from Métivier et al. (1998), Zhang et al. (2001), Palumbo et al. (2009), Liu et al. (2010), Zheng et al. (2010), Seong et al. (2011), Zheng et al.
(2013a), Chen et al. (2017), Zheng et al. (2017), Hu et al. (2019), and Yang et al. (2020).

Feature (mountain range)

Computed-scaled

Observed uplift-onset ages/Ma

uplift-onset ages/Ma

North Qilian Shan 10-9
Yumu Shan 6.5-5.5
Heli Shan 5-4.5
A
2
% + Left boundary displacement (LBD)=2 km
X % Left boundary displacement (LBD)=4 km
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FIGURE 6 | Dynamic surface 2D displacements over profile in Jiudong
Basin obtained in Model 1 (reference) after 2, 4, and 6.6 km of left boundary
displacement (LBD, here also equating to HS). Using model’s initial frame,
panels display (A) vertical displacement (Uz) and (B) horizontal
displacement (Ux), as functions of horizontal coordinate (in undeformed
frame). As can be seen, both vertical and horizontal displacements (as a
function of distance and of shortening) are inhomogeneous and nonlinear;
thus, they have associated 2D differential deformations and rotations.
Important deformations are observed at horizontal coordinates x ~ (18, 50, 83,
100) km coinciding with high-plastic-strain surface expressions.

and quantitatively compare the computed and observed
topographic reliefs (elevations of mountain ranges with respect
to the basin). However, we must acknowledge the remarkable
similarity between the horizontal locations of computed
topographic maximum displacements Uz (with peaks at
x~0km, x~35km, and x~90km in Figure 6A, but in the
final-contracted coordinate frame, these translate to x~0km,

10-8
46-26
4-1

x~33 km, and x~84km) and the observed topographic peaks
[QS (x < 5km), YS (X~26 km), and HS (x~85 km), Figure 1C]J;
see Table 4.

This similarity may be due to the model parameters having
adequate regional values and the simple elastic-plastic
formulation being able to capture the first-order precision of
the variables of the system. Also, regarding the initial condition of
the model based on present-day data, this similarity could
alternatively be interpreted as implying a reinforcement of the
existing topography toward the geologic near future.

The surface elevation, horizontal shortening variations, and
plasticity occurrence on the profile in Jiudong Basin displayed in
Model 1 are heterogeneous (Figures 4-6). Regions where the
surface elevation varies abruptly correlate to the surface
expression of plastic-strain concentration zones (Figures 4-6),
and in this way, our continuous model is consistent with the fault-
bounded uplifting-rigid-blocks paradigm.

Figure 7 shows the distribution of computed normal and shear
stresses on the bottom decollement layer at the state of 6.6 km of
horizontal shortening. Both stresses are heterogeneous along the
profile (located as in Figure 1B) coordinate. The normal and shear
stresses generally decrease from the southwest (thick) to the northeast
(thin), but some clear short-length-scale disturbances exist all over the
profile, concentrating at some positions, dynamically relating to the
fault zones and uplifted mountains. The normal and shear stresses on
the bottom decollement layer are subjected to the Coulomb contact
friction, which is a contact nonlinearity. This is a key point for our
modeling: If there is no Coulomb contact friction on the decollement
layer, we cannot simulate the evolution pattern of fold-and-thrust
belts in Jiudong Basin successfully.

It is worth noting that the computed normal stress is highly
complex (due to differential deformations) but dominated by a
linear trend that stems from lithostatic-column weight projected
onto the inclined (3°) decollement surface. For reference, we

TABLE 4 | Comparison of spatial (horizontal) locations of prominent topographic features: Computed peaks of vertical displacements (after 6.6 km of horizontal shortening)
and present-day observed topographic peaks. For computed topography, horizontal coordinate has been transformed to final-contracted state. Observed coordinates
are as in topographic profile in Figure 1C. Correlation of x-coordinate for QilianShan and HeliShan ranges’ peaks is almost perfect and that of Yumu Shan range is

somewhat off.

Feature (mountain range)

Computed final Uz-peak
X coordinate/km

Observed topo-peak X
coordinate/km

Qilian Shan 0
Yumu Shan 33 26
Heli Shan 84 85
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FIGURE 7 | Final-state normal and shear stresses on bottom decollement after 6.6 km of tectonic shortening in reference model, plotted versus horizontal distance

of its undeformed state. (A) Computed normal stress (dots) of elastic-plastic model and theoretical normal stress (green line) from a reference homogeneously deformed
wedge with same parameters (these are compressive stresses); (B) computed shear stress (dots) and theoretical reference (red line) (these are up-the-slope directed).
Elastic-plastic-dynamics normal stress is dominated by lithostatic-column weight (which projects onto decollement), and dynamic shear stress is very close to
Coulomb sliding-threshold stress (see Appendix SA). Short-length scale and small-amplitude variations of computed stresses are result of dynamically created
topography, plastic deformation zones, and differential slip-on decollement, resulting from general elastic-plastic response to horizontal shortening.

100

calculated the theoretical normal stress in the final state of a
homogeneously deformed wedge (with the 6.6% shortening and
the same material parameters). See Appendix SA.

The computed, dynamic contact shear-stress is upward the slope
on and along the decollement, and this is so responding to the
shortening and right-ward push from the left boundary. Assuming
that the wedge displacement and deformation are slow and quasi-
static, the dynamic shear stress cannot be too different from the sliding
threshold given by Coulomb frictional criteria on the decollement. For
reference, we calculated such critical shear stress using the reference
normal stress previously calculated (for the deformed state), with the
frictional coefficient FC = 0.175 of this model.

Both normal and shear computed stresses exhibit short-
length-scale  variations, likely resulting from variable
topography, inhomogeneous plastic strain, and differential
slip-on decollement. See Figure 7.

In summary, using the available literature information, we
decided on a single (most likely) set of parameter values to
perform a single forward modeling trial. This combination of
parameter values chosen for the reference model yields a
reasonable approximation to the observations. The spatial

correlation between observed topography and computed uplift
is evident and relatively large; however, in the time dimension,
things are not so perfect, and this is due to observational data
imprecision and difficulties in defining the model’s initial
condition and to unmodelled heterogeneities. Assuming a 10-
Ma timescale as reasonably representative for the system
evolution (constrained by geochronology), there is some
correspondence between computed and observed uplift-and-
plasticity timings. Our simulation produces four major high-
strain regions that, given their spatial locations and dip-angle
orientation (with only one having reflected dip orientation), are
remarkably similar to the observed four main regional faults. The
agreement or correlation between observed and simulated
patterns is nontrivial. This answers our first research question.

4 DISCUSSION
4.1 Sensitivity Analysis Models

A simple finite-element model (Model 1, reference) is adopted to
simulate the spatiotemporal evolution of the fold-and-thrust belts
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FIGURE 8 | Final state EPS for models with different boundary-surfaces’ inclinations. After 6.6 km of shortening displacement, panels (A-C) show states of
models 1, 2, and 3, which have inclination angles (a, ) of their top and bottom surfaces of (1.5, 3), (1.5°,2%), and (2°, 3°) respectively. Plasticity concentration patterns are
rather different among them. A slight trend being that higher surfaces’ angles (on top or bottom) tend to favor plasticity in thinner region of wedge.

in Jiudong Basin. In a model like ours, there are two important
nonlinearities: material plasticity and contact friction, which may
lead to diverging patterns of simulation results. The model
sensitivity to its parameters shall now be tested. In this study,
we set up 13 additional models to understand the spatiotemporal
evolution patterns of the system. These models are comparable
with other authors’ models of thin-skinned fold-and-thrust belts
(Chapple, 1978; Gao et al., 1999, 2013; Buiter, 2012; Zheng et al.,
2013a; Buiter et al., 2016; Meng and Hodgetts, 2019). In the
following, we will test the effects of the most important model
parameters.

4.1.1 Influence of Inclination Angles of the Top and
Bottom Surfaces of the Wedge

In presence of gravity and material friction, the wedge’s upper
and lower surface angles matter.

Figure 8A shows the plastic strain concentration bands’ distribution
in Model 1 (reference model), with a top dip angle of 1.5 and a bottom
inclination angle of 3°. Model 2 has the same settings except for its
bottom surface inclination angle being 2° (more horizontal). As a
consequence, the resulting plastic-strain concentration bands are
different than those of Model 1 (Figure 8B). Model 3 has the same
settings as Model 1 except for its top inclination angle being 2° (steeper,
Figure 8C). No obvious plastic-strain concentration band can be
observed in the middle part of Model 3.

Therefore, small changes in the model’s top and bottom angles
can have significant impacts on the distribution of calculated
plastic-strain concentration zones and thus on the evolution
pattern of fold-and-thrust belts.

The inclination angles of the top and bottom of Models 1-3 are
small, <3°, but geologically common. Due to the nonlinearity of
material and contact friction, the plastic strain (EPS) patterns by
Models 1-3 are different. Davis et al. (1983) and Dahlen and
Suppe (1984) gave the formula of inclination angles of top and
bottom wedge tapper under a critical Coulomb failure state.
Several examples of actual profiles in Taiwan (Suppe, 1980),
Himalaya (Ohta and Akiba, 1973), Oregon (Snavely et al,
1980), Makran (White and Ross, 1979), etc., are gathered by
Davis et al. (1983), which indicate that the inclination angles of
top and bottom wedge tapper are usually less than 8. Zhou et al.
(2019) studied the cases of 4 and 8" of bottom wedge tapper,
which led to difficulties and non-convergence of their numerical
simulations.

4.1.2 Influence of Uniaxial Compressive Strength of
the Wedge
Uniaxial compressive strengths (UCSs), related to cohesion, as
threshold deviatoric stress with close-to-zero normal stress in at
least one direction, have a definite effect on wedge plasticity.
Figure 9 shows the equivalent plastic strains of Models 4, 5,
and 6. The wedge’s uniaxial compressive strengths are 80, 100,
and 120 MPa, respectively. All the other parameters are as in
Model 1. The differences in the wedge’s uniaxial compressive
strength lead to different spatiotemporal patterns of equivalent
plastic strain. When the wedge’s UCS is low, equivalent plastic
strain develops from thick end to thin end (Model 4, Figure 9A).
When the uniaxial compressive strength is high (Model 6,
Figure 9C), more significant plasticity occurs in the thin region.
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deformation starts in wedge’s thin region. When frictional coefficient is high, an extra zone of plasticity manifests in wedge’s thick region.

4.1.3 Influence of Internal Friction Angle of the Wedge
The internal friction angle, related to the frictional shear strength
of granular or rock mass materials in geotechnics, determines the
actual failure angle in relation to the stress tensor.

Figure 10 shows the effect of the internal friction angles of 20,
25, and 35° by Models 7, 8, and 9, respectively, on the distribution
of equivalent plastic strain. Fold and fault organizes plasticity in
the different wedge regions. From Figure 10, we see that higher
friction angles tend to decrease the extent and intensity of
plasticity in the wedge’s thick region and strongly favor it in
its thin region. When the internal friction angle is high (35,
Model 9), plastic strain is important only in the distal (thin)
region of the wedge (Figure 10C). Due to other plasticity
parameters being different, these plastic-strain patterns are
different from those by Zhou (2020).

4.1.4 Influence of Friction Coefficient of Shallow
Inner-Crust Decollement Layer

The friction coefficient of the sliding layer (underlying the wedge)
is hard to be determined from observations. We try friction
coefficients in 0.1-0.175 while keeping all other parameters as
in Model 1 (FC = 0.175).

For ultralow decollement friction coefficient (0.1, Model 10,
Figure 11A), the fold-and-thrust belts developed from the thin
end to the thick end. Two complete thrusts formed in the thin
region, and the plastic strain is close to null near the thick end.
With a low friction coefficient (0.125, Model 11, Figure 11B), the
deformation also develops from thin to the thick end. However,
compared with the friction coefficient of 0.1, the shear bands’

positions are different (a shift or phase effect). When the
decollement friction coefficient was slightly low (0.15, Model
12, Figure 11C), additional shear bands developed in the wedge,
but the plastic strain in the thin region is consistent with that of
Model 11 (coefficient of 0.125).

Our models’ patterns of  equivalent-plastic-strain
concentration zones are different from those by Zhou (2020)
for the same friction coefficients. In our models, equivalent-
plastic-strain concentration zones are obvious near the thin end.

4.1.5 Influence of Depth of Shallow Inner-Crust
Decollement Layer

The depth of the shallow inner-crust decollement layer is an
important parameter for the evolution of fold-and-thrust belts in
Jiudong Basin and can be observationally determined within
uncertainties depending on the different methods, such as
geological surveys, seismic receiver functions, deep seismic-
reflection profile data, and seismic tomography (Gao et al,
1999, 2013; Zhang et al., 2015; Hu et al., 2019; Huang et al,
2020). Figure 12 shows the sensitivity of the system evolution to
the depth of decollement. The depths (H) of the left (at thick end)
decollement boundary of Models 13, 1, and 14 in their initial
undeformed states are 10, 12.5, and 14 km, respectively. The
distributions of plastic strain by the three models are obviously
different under the same tectonic shortening of 4.4 km. When the
initial depth H is relatively low (10 km, Model 13), important
plastic-strain bands manifest in the thin wedge region
(Figure 12A). When H is moderate (12.5km, Model 1), the
equivalent plastic strain bands manifest from the thick end to the
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FIGURE 12 | Final state EPS for models with different initial decollement depths (H). After 4.4 km of shortening displacement, panels (A-C) show states of models
13, 1, and 14, which started with initial left-end depths of shallow inner-crust decollement of (10, 12.5, and 14) km, respectively (but these left-end depths have become
larger after 4.4 km shortening deformation). Plasticity concentration patterns are different among them. All of them exhibit plasticity in wedge thicker region, but important
plastic deformation in thinner region manifests only for overall thinner layers (shallow decollement).

thin ends of the model (Figure 12B). When H is relatively large
(14 km, Model 14), plastic strain manifests only in the wedge’s
thick region (Figure 12C). Of course, the surface uplift regions
are also different for Models 13, 1, and 14 (Figure 12).

Partly answering research question 2, we have found the
geometry and plastic parameters of the wedge and the friction
coefficient of the basement decollement; all play important roles
in the fold-and-thrust belts’ spatiotemporal evolution. The
diversity of plastic-strain-field outcomes among the 14 models
is vast, appreciable, and beyond the intuitive.

4.2 On the Reference Simulation Patterns

Versus Observed Patterns

The model producing (with 6.6 km of shortening) four main
inverse (fault) strain zones, at such respective locations and
orientations, in spatial pattern/sequence highly similar to that
of real Earth, is not a trivial result. The computed and the real-
Earth sequences of inverse faults accommodating the tectonic
horizontal shortening can be expressed, in very simple terms, by
the dip-angles orientations [north (N) or south (S)] and the inter-
faults separations [short (s) or long (L) distance]: (S, s, S, N, s, S),
with such “long-distance” spanning the proper Jiudong basin and
the four fault-orientations as observed. The fact that the model
did not show a high (but a low) plastic strain in SYSF (so it is not
considered among the main four faults), that it did not show a
well-developed (but a faint) pair of faults in the middle of the

wedge (which hosts the basin, without faults underneath), that it
produced the main four high-strain zones (including the only
north-dipping fault of the region, SHSF) like in real Earth, and
finally that it did not produce faults in other of the many possible
configurations of conjugated inverse faults across the wedge with
diverse possible locations and orientations, such as (S, s, S, 1, S, s,
N ), (S,s,N,s,S, N, s, S) (see sensitivity analysis), all of them
capable of accommodating the horizontal shortening is a
nontrivial result, and it must stem from the choice of
regionally adequate material model parameters on a good-
enough physico-mathematical description.

Similar comments can be applied to the computed
topographic uplift (Figures 4C and 6A), whose spatial pattern
to a good degree correlates (Table 4) with the real present-day
topography (Figure 1C). Reasonable model representation of the
uplift process and/or numerical prediction of enhancing or
reinforcing of present-day topography (in the near future) are
two possible implications. Regarding computation, continuing
the model shortening from 6.6 to 10km would have likely
increased the topographic relief, likely less than proportional
with the shortening displacement (as uplift is usually faster at the
beginning of a contraction process). The computed relief
amplitudes would perhaps have produced overestimates of the
real topography, but erosion, unaccounted for in our
computations (see Discussion Section 4.4), would certainly
lower the topographic peaks. So, we consider that the present
elastic-plastic reference model is not unreasonable for the region.
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The reference model also shows the latest-stage minor uplifting
around x = 70 km, accompanied by faint plastic-strain bands in
its flanks, but nevertheless, these elements are unobserved in
reality. Although it could eventually be considered a “weak”
model prediction for future geologic times, we think that this
feature is most likely a minor model flaw; see Discussion
Section 4.4.

The time dimension of the system is not so precisely
represented and simulated by our models, and the initial-
condition definition is already part of the challenge. The time
sequences (ordering of events, in this case, mountains uplift and
plasticity-zones development) are correct (consistent with those
in reality), but the (scaled) times are only fairly correlated (see
Table 3). Beyond the obvious, highly limited precision of geologic
dating from local field observations (see Tables 1 and 3;
Figure 5), we can note the following: aside from the well-
simulated Qilian Shan range, the observed uplift times of
Yumu Shan and Heli Shan ranges are somewhat later than the
computed-scaled ones. This could be explained as compared with
the homogeneous wedge model; the real wedge is heterogeneous
and specifically weaker in the thick region and/or stronger in the
thin region, or alternatively, an initially strong real wedge has
time-dependent properties with a “late” weakening of the thin
regions; perhaps, in any/both of these ways or scenarios, which
are geologically possible, active strain lasts for longer in the thick
region and awakens later in the thinner regions.

4.3 Three Potential Spatiotemporal
Migration Patterns of Fold-and-Thrust Belts
and Topography

Fourteen numerical models show different and diverse patterns of
the spatiotemporal evolution of fold-and-thrust belts in a
decollement wedge with adequate parameter values for the
region. Model 1 is the reference model, which is relatively
consistent with geological and geophysical observations. The
calculated plastic-strain concentration zones by Model 1
gradually developed from thick to the thin end of the wedge,
nearly resembling the geologic North Qilian Shan Fault, North
Yumu Shan Fault, South Heli Shan Fault, and North Jintanan
Shan Fault. The simulated time sequence and especially the space
intervals between these elements are quite consistent with the
geological ones. The calculated surface displacements can reflect
the spatiotemporal sequence of three mountain ranges in Jiudong
Basin, namely, North Qilian Shan, Yumu Shan, and Heli Shan.
The shallow inner-crust decollement layer may have a small
frictional coefficient (Panian and Wiltschko, 2004, 2007). In
our FEM models, plasticity concentration is considered the
diagnostic for faulting, in general, with elastic plasticity and
contact laws as key factors in wedge mechanics (Chapple,
1978; Davis et al., 1983; Dahlen and Suppe, 1984; Panian and
Wiltschko, 2004, 2007).

Beyond this, the 14 models here explored reveal that due to the
nonlinearities of materials and contact friction, the wedge above a
decollement may behave following three different main
spatiotemporal  evolution patterns: Plastic ~deformation
manifesting 1) from the thick end to thin end (a well-known

Fold-and-thrust Belts in Jiudong Basin

pattern, shown in Models 2, 4, and 8) but also perhaps 2) from the
thin end to thick end (e.g., Models 10 and 11) and 3) from the two
ends to the middle (e.g., Model 9 and 12).

A cartoon of the three development patterns of fold-and-
thrust belts and surface elevations found after our simulations is
shown in Figure 13. Figure 13A shows that deformation in the
wedge develops from thick end to thin end (Pattern 1, and this is
the expected, well-understood pattern always found in studies).
Figure 13B shows an opposite evolution pattern, from thin end to
thick end (Pattern 2). We find that such a development pattern
(from thin to thick) occurs when the decollement is weak, and the
uniaxial compressive strength of the tectonic wedge is high
(Figure 13B). Figure 13C shows the combination pattern
from both sides to the middle (Pattern 3). Fold-and-thrust
patterns 2 and 3 are not well-understood and may be rare
according to geological observations. The development pattern
style of fold-and-thrust belts and mountains in the reference
model (likely approximating the real Jiudong Basin, Figures 4
and 5) is most likely similar to Pattern 1, with deformation
activating from thick end to thin end (Figure 13A), but
combining with some features of Pattern 3 (Figure 13C).

4.4 On the Effects of Erosion and Surface

Mass Transport

Tectonic motions, climate character, and variability influence the
solid-surface erosion and, in general, the physical evolution of
fold-and-thrust belts as in a thin wedge above a decollement layer
(e.g., Molnar and England, 1990; Zhang et al., 2001). As an
example, glaciers and snow currently exist in Qilian Shan
mountainous regions above ~4,000m.a.sl, indicating that
glacial/fluvial erosion has been influencing the development of
the regional topography (Pang et al., 2019).

Erosion and surface mass transport have been neglected in our
models, and this is a simplification of physical reality. Now, we
will try to briefly assess these effects on our simulations.

During the wedge horizontal contraction, erosion
(chemical-mechanical weathering) would remove mass from
the growing concave highlands and, by transport (glacio-
fluvio-eolic), would deposit it in the deforming convex
lowlands. This mass redistribution implies alterations in the
inner-wedge lithostatic pressure field.

The present-day Jiudong Basin (Figure 1) is flanked by the
high relief of NQS (1300), YS (800), and HS (300) (in meters with
respect to the basin); its sedimentary lowlands lie mostly in
between the YS and HS, in the model coordinate range 30 km
< x < 80 km. Observations of sedimentary thickness are very poor
for the area. Seismic observations mostly constrain the depth of
the decollement, which increases from approximately 5 km under
HS to approximately 13 km under QS. In almost all geological
scenarios, mountain ranges and basements are composed of
denser, stronger materials (higher mass densities and elastic-
plastic moduli) than those of the basins’ sediments. Here, we
consider mostly a sedimentary lenticular-shaped body confined
between YS and HS, with a thickness of likely <3 km. In model
calculations, there is a trade-off between the thickness of the layer
and its mechanical properties because, in reality, the deeper, the
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FIGURE 13 | Three potential spatiotemporal migration patterns of fold-and-thrust belts and topography, manifesting in a decollement wedge 2D setting based on

our numerical models. (A) Pattern 1: deformation migrating from thick end to thin end; (B) Pattern 2: deformation migrating from thin end to thick end; (C) Pattern 3:
deformation migrating from both ends to middle. In some models, only one pattern manifests [especially archetypal pattern (A)], whereas, in others, mixes such as (C)
seem to be manifesting. Clarifications: deformation can mean localized (yet finite-width) internal plastic strain and also topographic surface deformation.

denser and stronger the materials are. Real sediments (up to (and under) the basin is located (Figure 4). Thus, moving
consolidated yet not lithified, in the depth range 0-3 km) may be ~ sediments into that area would even further limit the extent
heterogeneous and span the rough density range 1.6-2.2 g/cm’.  and intensity of local plasticity at depth. Thus, correcting for this
On the other hand, our wedge model considers compressible rock ~ would prove to be only a tiny effect, perhaps at most a second-
density values in 2.5-2.53 g/cm’. For mechanical moduli, the  order correction in that simulation. Surely, this could hamper the
contrast basement vs. sediments is larger; for example, Young’s  development of the faint conjugated-plastic zones in that
modulus and UCS can be several orders of magnitude smaller on  particular area, which we already commented as a model flaw,

sediments; in particular, UCS can be ~0 in sediments and finite-  inasmuch as they have not been observationally confirmed.
valued in rocks. So, mechanical properties’ contrasts between Reasonable maximum lithostatic-pressure changes that could
sediments and country rocks are huge. As a consequence, basin ~ be conceived for the system due to erosion are given considering
sediments (light and weak) can barely transmit the inner-wedge- the maximum sediment thickness in the basin, to be a relocation
rock shear stresses. from the NQS-YS and HS highlands (a process that may have
During tectonic horizontal shortening and erosion, the stress-  taken roughly ~10 Ma). The maximum sediments overpressure

tensor field evolves inside the wedge. We can estimate changesin =~ may be of approximately AP ~ pgeghy ~ 1,900 x 9.8 x
lithostatic ~pressure stemming from the surface mass  3,000-56 MPa, although local sediments’ mass density and
redistribution. Changes in lithostatic pressure signify changes  thickness are poorly known.

in the threshold for plasticity: plastic strain occurs when/where In the Drucker—Prager plasticity criterion (see Appendix SB)
shear stresses surpass a threshold value, and this value increases
with pressure. With eroding mass relocating from one original Vi=k-a-I

(high) region to a new (low) region of the surface, the lithostatic
pressure decreases under the original region and increases under
the new region. Therefore, in a horizontal contraction scenario,
the expected effects of erosion are to increase plasticity intensity
and extent in the decompressing highlands and to decrease it in
the compressing lowlands, although these effects are
superimposed to tectonic deformation. Although plasticity is
nonlinear, these erosion effects on inner-wedge plasticity

where P = -I,/3, altering P to P + AP (here simply assuming a
lithostatic approximation) implies altering the limiting stress-
deviator invariant +/J,. From our reference model, UCS =
110 MPa and friction angle ¢ = 30°, and referring to
Sivakugan et al. (2014), Alejano and Bobet (2012), and
Drucker and Prager (1952), we can estimate the material
constants k, a; leading to the approximation

should not be very important in the Jiudong Basin system, at ]2 ~ 28.6 MPa + 0.726 - P.
least in principle due to the huge contrast in mechanical
properties of sediments versus the inner wedge and highlands. Therefore, the sediment overpressure contribution of AP =

Secondarily and in particular, our reference simulation shows 56 MPaimplies a differential of threshold deviatoric stress A+/J, ~
little plasticity in the coordinate range 50-80 km, roughly where ~ 41 MPa, which could increase (in the receiving lowlands) or
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decrease (in the eroding highlands) the threshold for plasticity.
This maximum differential of plasticity threshold (41 MPa) can
be compared with the system extreme values of plasticity
threshold itself: Min: 28.6 MPa (the uncompressed threshold,
present roughly at the surface), Max: 267 MPa (at the wedge’s
left-bottom corner in the contracted state), although the effective
maximum is higher, easily above 300 MPa, due to the pressure
increase from horizontal contraction/compression. These are the
characteristic values that ought to be considered in this problem.
The variation in plasticity threshold due to surface mass transport
can be non-negligible at shallow depths but only marginal
approaching the decollement.

For the reference simulation, increasing plasticity under the
eroding highlands (NQS-YS, HS) would imply more intense and
extended plasticity in the already plastified four zones of the
simulation exhibits and, simultaneously, a decrease in plasticity
under the sediment-receiving basin itself, where plasticity is
already very limited. As for the other 13 simulations (sensitivity
analysis), we can again say that in the presence of surface mass
transport, plasticity should be higher in the zones that already
exhibit high computed plastic strain (because above these, there
is usually uplift and thus subsequent erosion) and lower under
the lowlands. So the effect of surface mass transport in general
(for short-term processes like ours) would act as a
reinforcement/enhancement of the plasticity patterns we
have. In an extreme case, plasticity inhibition under a
sediment-receiving convex lowland could perhaps hinder the
propagation or migration of plasticity across the region;
however, as shown in the sensitivity analysis, several
simulations display plasticity in both the thick and thin
regions without a connection in/across the middle regions,
which means that sole, elastic stress transfers may suffice in
the pattern definition.

The previous arguments, examples, and theoretical estimates
suggest that erosion and surface mass transport should not
produce major dynamical effects in our system and most
likely would not invalidate the conclusions here drawn.

5 CONCLUSION

Based on observations of geological structures, geochronological
dating, surface deformation, seismic tomography, and seismic-
reflection profile data, we carried out and evaluated 2D FEM
elastic-plastic models of Jiudong Basin on the northern margin of
Qilian Shan, Qinghai-Tibetan Plateau. We studied the temporal
and spatial evolution of the fold-and-thrust belts and surface
deformation in the Jiudong Basin for the recent and present
geologic time. From a series of 14 numerical-simulation
experiments, the following conclusions are drawn:

1) Under the combined action of gravity, tectonic horizontal
shortening, and bottom frictional slippage, the reference-
model simulated equivalent-plastic-strain zones are in good
agreement with the temporal behavior and particularly the
spatial locations orientations of four real thrust faults in
Jiudong Basin, namely, North Qilian-Shan Fault, North

Fold-and-thrust Belts in Jiudong Basin

Yumu-Shan Fault, South Heli-Shan Fault, and North
Jintanan-Shan  Fault. Also, the simulated surface
deformation (time-dependent 2D dynamic topography) can
explain the observed successive uplifts of North Qilian Shan,
Yumu Shan, and Heli Shan and perhaps their short-term
future reinforcement.

2) Our sensitivity analysis reveals that the wedge’s uniaxial
compressive strength, internal friction angle, and top and
bottom surfaces’ angles, as well as the underlying
decollement friction coefficient, all have important
influences on the spatiotemporal evolution of fold-and-
thrust belts, especially in the location, extent, and intensity
of the plastic-deformation regions and surface topography.
Our numerical simulations suggest that a wedge above a
decollement layer may exhibit three main spatiotemporal
evolution patterns of fold-and-thrust belts: Plastic
deformation migrating from 1) thick to thin end, 2)
thin to thick end, and 3) from both ends to middle.
This is so specific regarding the appearance,
manifestation, and migration directions of high-plastic-
strain zones.

3) Thin-skinned horizontal contractional deformation by
Jiudong Basin-decollement further sliding seems likely to
continue with time. Continuing plastic strain and faulting
occurring in new regions or intensifying in active regions
(in the “wedge”) may well signify the further upthrust of
fault-bounded blocks in the Jiudong Basin area and
vicinity. Not having all of this would necessitate an
unlikely 1) halt in tectonic convergence or 2) lateral
extrusion of blocks. Therefore, with time (at least for a
few Ma), it may well be plausible to have further uplift and
horizontal growth of currently small mountain ranges like
Heli Shan, which could signify a continued (perhaps
attenuating) growth of the fringes of the
Qinghai-Tibetan plateau.
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APPENDIX

A. Calculation of Reference Stresses on
Decollement Surface

1) Reference Normal stress: We calculate the final-state lithostatic
column-weight (function of x) and project that onto the
decollement surface (3°).

In the initial undeformed state (density 2.5 g/cc), the vertical
‘pressure’ is

Pinitial(X) = Pinitia(0) + (dPipigiar/dx)-x with x in [0,100] km
Considering P(x) = p-g-h(x), h(0) = 12.5 km, h(100)=4.64 km,
g=9.8 m/s%, Piniial(0)=306.3 MPa, Pi,ia(100)=113.7 MPa,
dPinitial/dX: -1.9257 MPa/km.

For the final state, we assume a homogeneously-deformed
wedge, for which we know its final horizontal length of (100 - 6.6)
km = 93.4 km; with its final density, higher than the initial, being
constant in space.

The vertical thickening of the wedge is a function of the
Poisson’s ratio (compressibility), but given that the final
horizontal length is fixed, the lithostatic-column weight is
independent of how high (by deformation) the column is,
as its total mass is the same. The mass of a unit-basal-area
column has increased here in time only due to horizontal
convergence. Thus, the final lithostatic-column weight is

simply:

Ppinal(x’) = Pinigiar(x) (100 /93.4) (with 100/93.4 = L/L¢=1/ (1+
Straing,)),

where x’ is the homogeneously-deformed horizontal
coordinate.

We refer our plots to the initial coordinates, thus the
transformation can be omitted.

Thus, the final reference will be ,.0,(X) = Pgpa(x)-cos(3°)
(plotted in Figure 7 (upper) ) with extreme values: .0,(0) =
327.4 MPa, ,.0,(100) = 121.5 MPa.

2) Reference Shear stress: For a given normal stress o,, the
Coulomb failure criterion gives the threshold shear-stress
above which sliding occurs:

Tthresh(X) = FC-0,(x)

In our simulations, we assume the displacement at the
boundary, the whole displacement and deformation fields, to
be quasi-static (negligible velocity); and we hypothesize that the
actual dynamic decollement-shear-stress, at any time, can not be
too different from the Coulomb sliding threshold. This latter
threshold stress will be our reference T.r.

Fold-and-thrust Belts in Jiudong Basin

Taking the linear reference normal stress ., from the
previous subsection, then the reference shear stress is simply
according to the Coulomb formula. This is plotted in Figure 7
(lower).

The resultant extreme values are:

Tref(0)= 57.3 MPa , 1,{(100)= 21.3 MPa.

B. Governing Equations
B.1 Fundamental equation
Mechanical equilibrium

V-o+pg=0 (B1)

where o ': stress tensor, p : mass-density, g: gravity; solved with the
specific boundary conditions (particular conditions for each
boundary) detailed in the text.

B.2 Constitutive equations

The strain tensor field ¢, function of the displacement field u, will
be the superposition of elastic and plastic contributions
e = & + €. Then the following relations are assumed:Elastic
Hooke’s law

o = D¢* (B2)

which (as in our study) for isotropic materials and using the
Young’s modulus E, Poisson’s ratio v and elastic matrix D will
take the particular simplified tensor form

vE

E
0ij = ( )Sfl + €103
1+v/ Y (1+v)(1-2v)

Drucker-Prager plasticity criterion al; + \/J; —k = 0 (B3)

where I, =03, ], = %Si ;S is the second invariant of deviatoric
stress tensor S;; = 0;j — %&jakk . The variables a, k are material
parameters that can be obtained from the model parameters UCS
(uniaxial compressive strength) and ¢ (internal friction angle)
(Drucker and Prager, 1952; Sivakugan et al., 2014; Alejano and
Bobet, 2012).

The Equivalent Plastic Strain is computed in general as egps =

oydefdel; -1 .
_[ — with p = S';; the pressure; and where the plastic-
strain increments de? are computed via the Drucker-Prager
associated flow law.

These are the main equations employed by ABAQUS software
in the elastic-plastic calculations. For more details the reader is
suggested to refer to, Drucker and Prager (1952), Rudnicki and
Rice (1975), Hibbitt et al. (1997)
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