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Abstract Recent high-resolution deep seismic reflection

profile across the Kunlun fault in northeastern Tibet

shows clearly that the Moho is cut off by a complex

thrust fault system. Moho offset is a general phenomenon,

but little is known about the dynamic mechanism. In this

study, contact models with Maxwell materials are used to

simulate the mechanical process of Moho offset induced

by the aseismic slip of deeply buried faults. Based on the

seismic reflection data, we project a single fault model

and a complex fault system model with two faults inter-

secting. The deformations of the Moho, the aseismic slips,

and contact stresses on faults in different models are

discussed in detail. Results show that the Moho offset

might be produced by aseismic slip of deeply buried

faults, and the magnitude is influenced by the friction

coefficient of faults and the viscosity of the lower crust.

The maximum slip occurs near the Moho on the single

fault or at the crossing point of two intersecting faults

system. Stress concentrates mainly on the Moho, the deep

end of faults, or the crossing point. This study will throw

light on understanding the mechanism of Moho offset and

aseismic slip of deeply buried faults. The results of

complex fault system with two faults intersecting are also

useful to understand the shallow intersecting faults that

may cause earthquakes.

Keywords Moho offset � Aseismic slip � Deeply buried

faults � Numerical simulation � Viscoelastic contact model

1 Introduction

Since the Moho discontinuity is a global, prominent seis-

mic velocity boundary, Moho geometries reveal the inter-

action of the crust and the upper mantle and are a key

factor to understand the tectonic evolution of the litho-

sphere. Actually, the Moho is discontinuous in the lateral

direction. A variety of data reveals that Moho offset is a

very common phenomenon in the world (Zhu and Helm-

berger 1998; Zhang et al. 2009; ten Brink et al. 1990). In

some regions such as terrane boundary, the Moho is

detected to be cut off by deeply buried faults and over-

lapping in the vertical section (Hirn et al. 1984; Wittlinger

et al. 2004; Vergne et al. 2002; Shi et al. 2009).

For example, deep seismic reflection transect across the

foreland of the Dabie mountain shows that the north-dip-

ping Moho is cut off by three large thrust faults. It suggests

a northward Mesozoic subduction of the Yangtze plate

(Gao et al. 2004). Deep seismic reflection data from the

transect of the Southern Urals also document a *5 km

vertical offset in the Moho beneath the Uralian foreland in

the Makarovo fault zone, which is interpreted to be an

Archean or Early Proterozoic fault zone (Diaconescu et al.

1998). Receiver functions derived from teleseismic data

show a sharp Moho offset by thrust faults beneath the

northeast Tibetan plateau (Shi et al. 2009; Vergne et al.

2002). Moho offset can also be inferred by density anomaly

(ten Brink et al. 1990; Hurukawa 1983).

Recently, Moho offset has been further confirmed by

more and more high-resolution deep seismic reflection data

based on the funding of SinoProbe (Wang et al. 2011;
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Dong et al. 2013; Gao et al. 2013; Wang et al. 2012; Hou

et al. 2012). Specially, the deep reflection profile across the

left-slip Kunlun fault in northeastern Tibet provides an

unprecedented detailed lithosphere structure, which is

shown in Fig. 1 (Wang et al. 2011). Beneath the Kunlun

fault, the Moho is cut off at several places multiple times

by a complex thrust fault system and overlapped strongly.

Although the phenomenon of Moho offset is broadly

observed by seismic waves, research on the dynamic

mechanism is still rare. The deeply buried faults cutting off

the Moho contain two types. One is the faults extending to

the ground surface from the depth. They have been widely

concerned by researchers because of the close relations to

earthquakes (McGeary 1989; Huang et al. 2011). A typical

example among them is the San Andreas Fault (Henstock

and Levander 2000). The other is the deep ductile shear

zones, which are located mainly in the lower crust and the

upper mantle and completely buried by the overlying

stratum. With tectonic compression, they produce aseismic

slip along the fault plane instead of earthquakes, which

(a)

(b) (c)

Fig. 1 Seismic reflection profile and interpreted structural section across the Kunlun fault (modified from Wang et al. 2011). a Location of the

seismic reflection profile in dashed lines in the pane. The profile is consisted of two lines, AB and BC. Profile AB is parallel to the Kunlun range

(marked in dark gray) and is not considered in this study. Profile BC, which is across the Kunlun fault, is perpendicular to profile AB. b Un-

interpreted seismic reflection profile BC (refer to Wang et al. (2011) for details). c Interpreted structural section of profile BC. At both sides of the

Kunlun fault is a thrust fault system called ‘‘flower structure’’. The Kunlun fault terminates at a sub-horizontal decollement. Note that the Moho

beneath the Kunlun fault is cut off by a complicated thrust fault system with the faults intersecting
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usually occur on the brittle fracture in the upper crust. The

deeply buried ductile faults, which are independent of

earthquakes, are rarely studied by researchers. Thus, the

nature of aseismic slip caused by deeply buried faults is not

clear, though it is very important in understanding the

dynamic process of Moho offset.

In this study, we try to investigate the mechanism of

Moho offset by numerical simulation using two con-

ceptional models, which are designed according to the

high-resolution deep seismic reflection data across the

Kunlun fault. We mainly attempt to discuss the effect of

different fault geometry and material parameters on

Moho offset and the characteristics of aseismic slip

theoretically. The modeling results can also help us to

understand the deformation of similar earthquake faults

since they are rarely discussed due to the complexity and

difficulty.

2 Model setting

Considering the long-time deformation of the Moho and

aseismic slip of deeply buried faults, we use contact models

with Maxwell viscoelastic material in simulation. Contact

problem is highly nonlinear and difficult to convergence,

but it is very suitable for describing the discontinuity of

displacement on both sides of faults especially for Moho

offset (Fu 2008; Fu et al. 2013). Due to relative displace-

ments of faults depending on the total stresses in this non-

linear problem, gravity is considered in all simulations. The

commercial finite element code ANSYS is employed for

this study because it is well suited to analyzing geome-

chanical problems over a wide range of scales.

The two-dimensional models are set up along the

reflection seismic profile BC across the Kunlun fault

(Fig. 1a). The geometries of the models are shown in

Fig. 2. Because the main purpose of modeling is focused

on Moho offset, the other aspects of the reflection profile

are ignored and will not be discussed. Two models are

presented with a single fault and a fault system with two

crossing faults, respectively, both cutting off the Moho.

The faults in the models are simulated with frictional

sliding interfaces that employ a simplified Coulomb fric-

tion law:

sc ¼ lrn ð1Þ

which implies that slip occurs, if the shear stress exceeds a

critical value (sc) defined by the product of the normal

stress (rn) and the friction coefficient (l).

The two models in Fig. 2 employ vertical section and

plane strain conditions with 200 km long and 100 km deep.

They are consisted of a viscoelastic three layer lithosphere:

the upper crust, the lower crust, and the upper mantle with

the thicknesses of 30, 20, and 50 km, respectively. The right

sides (north of the Kunlun fault) of the models are fixed in

horizontal direction. The bottoms of the models are fixed in

vertical direction. The left sides (south of the Kunlun fault)

are imposed with horizontal displacement to simulate the

tectonic compression. The imposed displacement increases

with the maximum value of 20 km.

The material parameter can be obtained from seismic

velocity structure (Wang et al. 2013; Karplus et al. 2011;
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Fig. 2 Sketch map for finite element model, initial geometry, and boundary conditions. a Model 1. A single fault cutting the Moho in depth is

included. b Model 2. Two intersecting faults, both cutting the Moho in depth, are included. Thick black lines indicate faults. For the sake of

clarity, finite element mesh is not shown. In Model 1, intersection point of the fault and the Moho (interface between the lower crust and the

upper mantle) is marked as M. While in Model 2, intersection points of the two faults (Fault 1 and Fault 2) with the Moho are marked as M1 and

M2, respectively. The two faults intersect at point C. Both models are composed of the upper crust, the lower crust, and the upper mantle.

Geometry sizes are marked. Right side and bottom side are fixed in the horizontal and vertical directions, respectively. Displacement ū is

imposed at the left side

Table 1 Material parameters used in finite element models

Medium Young’s

modulus (MPa)

Poisson’s

ratio

Density

(kg/m3)

Viscosity

(Pa s)

Upper crust 8.9 9 104 0.25 2,700 1023

Lower crust 1.1 9 105 0.28 2,900 1020

Upper mantle 1.45 9 105 0.34 3,400 1021
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Mechie et al. 2012). According to the empirical relation-

ship between wavespeeds and density as equation (2)

(Brocher 2005), we can calculate the density of the model

region.

q ¼ 1:6612Vp � 0:4721V2
p þ 0:0671V3

p � 0:0043V4
p

þ 0:000106V5
p ð2Þ

in which q is the density with the unit of g/cm3, and Vp is

the velocity of P waves. The Young’s modulus E and the

Poisson ratio m can be obtained by equations (3) and (4) as

follows:

Vp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Eð1 � mÞ
qð1 þ mÞð1 � 2mÞ

s

ð3Þ

Vs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E

2qð1 þ mÞ

s

ð4Þ

in which Vs is the velocity of S wave. The model param-

eters are listed in Table 1.

In Model 1, we investigate the effect of different

parameters on modeling result. The friction coefficient

denotes the integrated influence of several factors on the

slip of fault, such as temperature, fluid, and confining

pressure. Values of 0.01, 0.05, and 0.1 are assigned (Smart

et al. 2012) to the fault interfaces to estimate the effect of

friction on Moho offset quantitatively. The viscosity of the

lower crust is also debated (Yamasaki and Houseman 2012;

Ryder et al. 2011). We take the viscosity of the lower crust

as 1019, 1020, and 1021 Pa s, respectively, with the vis-

cosities of the upper crust and the upper mantle fixed as

shown in Table 1 (Hilley et al. 2005; England et al. 2013).

The Model 2 has two crossing faults with the deep end of

Fault 1 terminating at Fault 2 plane (Fig. 2b). It is assigned

to find out the effect of fault geometry on the deformation

of the Moho. So, parameters in Model 2 are fixed in

calculating with the viscosity of 1020 Pa s for the lower

crust, and the friction coefficient is set as 0.1.

The modeling is implemented in two analysis steps.

During the first step with duration of 5 9 1011 s (long

enough to relax the stresses in the lower crust and the upper

mantle), the loading is imposed with the gravity and line-

arly increased displacement in the left sides of models.

During the second step with the same duration as the first

one, boundary condition and load at the end of the first step

keep unchanged in order to estimate the behavior on the

viscous relaxation of the lower crust and the upper mantle.

3 Numerical results

3.1 Model 1

The single fault in Model 1 produces a reverse slip in the

compression condition that cuts off the Moho (Fig. 3) with

friction coefficient of 0.1 and material parameters as shown

in Table 1. At the beginning of loading, the Moho is hor-

izontal and consecutive (Fig. 3a). But, at the end of

deformation, the Moho is offset and obvious deformation,

especially on the hanging wall, can be observed (Fig. 3b).

The magnitude of Moho offset can be roughly estimated

from the figure. The accurate value can be obtained easily

from Fig. 4 in different cases. The distance of Moho offset

increases rapidly with time due to the linearly increased

displacement on the boundary (Fig. 4a) at the first analysis

step. When the loading is completed at the end of the first

analysis step (the dashed line in Fig. 4a), the slip of the

fault at point M almost reaches the maximum. During the

second analysis step, the loading does not increase and

remains unchanged. In this case, the slip of the Moho can

be seen from the curve in Fig. 4b, which experiences a very

short increasing stage of about 3 m and then decreases
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Fig. 3 Deformation of the Moho and the fault before and after loading for Model 1. a Deformation of the Moho and the fault before loading.

b Deformation of the Moho and the fault after loading. Black line denotes the fault. Regions in green and red stand for the lower crust and the

upper mantle, respectively
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about 0.5 m, finally keeps unchanged with time. It dem-

onstrates that the viscous relaxation of the lower crust and

the upper mantle would not produce obvious change of

Moho offset when the load is terminated. Influences of

different friction coefficient and viscosity of the lower crust

on Moho offset are shown in Fig. 4c, d. Smaller values of

friction coefficient cause larger slip of the Moho, which

can be easily understood in theoretical analysis. But, sim-

ulation results (Fig. 4c) tell us Moho offset increases with

decrease of the friction coefficient. Effect of different

viscosities of the lower crust on Moho offset is shown in

Fig. 4d. Slips of the Moho for the viscosities of 1020 and

1021 Pa s are very close, while slip for the viscosity of

1019 Pa s is much larger. This result explicitly illustrates

the influence of viscosity of the lower crust on Moho offset.

We can also obtain the evolution of spatial distributions

of slip and stress on the whole fault with friction coefficient

of 0.1 and viscosity of 1020 Pa s for the lower crust

(Fig. 5). Figure 5a shows the spatial distribution of the slip

of the fault at three different moments: 500, 5,000, and

15,000 years. The two ends of the fault are locked and have

no slip. At the early stage of loading, the slip distribution is

almost symmetric at the two sides of point M. However,

with the load imposed continuously, the increasing velocity

of the slip at the deep part of the fault (on the right of the

dashed line in Fig. 5a) is larger than that at the upper part.

The curves become unsymmetric with the maximum slip

near the Moho. All curves in Fig. 5a indicate a rapid

increasing of fault slip near the Moho (dashed line), which

becomes more obvious with the increase of time. It is
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Fig. 4 Slip of the fault on point M in Fig. 2a (i.e., offset of the Moho) with time for Model 1. a Slip curve with time. The displacement load is

imposed in two steps. Friction coefficient is 0.1, and viscosity of the lower crust is 1020 Pa s. Vertical dashed line indicates the instant between

two load steps. b Zoomed slip curve for the second load step in a (i.e., the part right to the vertical dashed line). c Comparisons of slip curves

with time for friction coefficients of 0.01, 0.05, and 0.1. Viscosity of the lower crust is the same as that in a. d Comparisons of slip curves for

different viscosities of the lower crust (glc) with 1019, 1020, and 1021 Pa s, respectively. Friction coefficient is 0.1
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because that the materials of the lower crust and the upper

mantle are quite different. In order to present the change of

the pattern of slip curve more clearly, we normalize the

results shown in Fig. 5b. Besides the distributions of the

slip of the fault, the stress can also be obtained from the

simulation. Figure 5c and d shows the evolution of normal

stress (contact pressure) and shear stress (contact friction

stress) on the fault, respectively. For the dislocated part of

the fault, the shear stress is equal to the product of normal

stress and friction coefficient. So, the curves in Fig. 5d

have the same shape as in Fig. 5c. Both stress curves

indicate that stress concentration occurs on the two ends of

the fault and the Moho (point M) in the early stage of

loading (blue lines in Fig. 5c, d). Then, the stress

concentration at the upper end of the fault vanishes grad-

ually. But, it is still distinct at the other two locations,

especially at the deep end of the fault (black and red lines

in Fig. 5c, d). It may be attributed to that the viscosity of

the lower crust is smaller than the upper mantle. The stress

relaxes at the upper end faster than at the Moho and the

deep end of the fault.

3.2 Model 2

Model 2 has two faults that cross each other. It is projected

in order to estimate the influence of fault geometry on

Moho offset and the characteristics of aseismic slip of

deeply buried fault system, particularly for the intersecting
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Fig. 5 Spatial distribution of slip, normal, and shear stresses on the fault at different time for Model 1. a Spatial distribution of the slip of the

fault at different time. b Same as those in a, except that the slip is normalized. c Spatial distribution of normal stress on the fault at different time.

d Spatial distribution of shear stresses on the fault at different time. Vertical dashed line indicates the location of point M (see Fig. 2a). Distance

is measured from the upper end of the fault
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fault system. In this model, we focus on the resulting dif-

ference from one single fault rather than the effect of dif-

ferent material parameters. So, we conduct with the same

friction coefficient of 0.1 for both faults. The material

parameters in Model 2 are the same as those in Table 1 and

fixed throughout this study. Loading is also imposed in the

first step and keeps unchanged in the second step.

The slip curves of the Moho on point M1 and M2 on the

two faults (Fig. 2b) present a similar behavior as in Model

1 except the different slopes (Fig. 6). The amount of slip of

Fault 1 is much smaller than that of Fault 2, which is

because that Fault 1 terminates on Fault 2, causing the

downward sliding of the material on the footwall of Fault 1

resisted by Fault 2. On the contrary, the motion of the

material on the footwall of Fault 2 is free, subsequently

leading to larger slip on Fault 2 than on Fault 1. The slips

on both faults are also unchanged similarly to model 1 in

the second step of viscous relaxation.

The evolution of spatial distribution of slip on two faults

is shown in Fig. 7. The slip curves of Fault 1 are similar to

that in Model 1. However, the slip of Fault 2 has different

distributions (Fig. 7b, d) since it has two special points,

C and M2. The maximum is at point C. Near point C, the

slip has a sudden drop and reaches a relative high value at

point M2.. Then the slip is diminished to zero from the

middle to the two ends of Fault 2.

The evolution of normal and shear stresses on two faults

is shown in Fig. 8. The stress on Fault 1 has the same

feature as in Model 1 (Fig. 5c, d). The stress concentrates

mainly in the location of the Moho (point M1) and the deep

end of Fault 1 (cross point C) with time increasing (two

dashed lines in Fig. 8a, b). It is not obvious at the upper

end of Fault 1 due to the faster stress relaxation of the

viscous lower crust. Stress concentration at point M1 is

attributed to the change of material property on the Moho.

While stress concentration at point C can be explained by

the fact that the slip of Fault 1 is prohibited by Fault 2 at

point C. Therefore, the stress concentration at point C is

much larger than that at point M1. The curves are different

for Fault 2 (Figures 8c, d). Stress concentration is signifi-

cant at the deep end of Fault 2 and point C. But, it is not

obvious at the upper end of Fault 2 due to the viscous

relaxation of the lower crust. At the right side of point C,

the stress decreases quickly even to zero, which is because

that the two contact interfaces of Fault 2 are separated from

each other in the process of deformation. The separating is

limited in a small area. Results shown in Fig. 8 denote the

characteristics of the stress distribution of complex fault

system with crossing faults.

The pattern of deformation of the Moho is shown in

Fig. 9. Figure 9a shows the initial state of the Moho, in

which no deformation occurs. And Fig. 9b shows the final

state of the deformation of the Moho with the imposed

displacement, in which obvious offset of the Moho can be

found. The material between the two intersecting faults is

lifted due to the upward motion of the hanging wall of two

faults, especially on Fault 2 (Fig. 9b).

4 Discussion and conclusions

Our two-dimensional finite element models for visco-

elastic contact problems successfully reproduce the

dynamic processes of Moho offset and the aseismic slip of

deeply buried faults. The results show that once a deep

fault or fault system cutting off the Moho, the aseismic

slip of faults can cause to Moho offset in tectonic com-

pression. When the loading stops, Moho offset almost

does not change with the viscous relaxation of material.

The offset of the Moho increases with the decreasing of

the friction coefficient of faults and the viscosity of the

lower crust. For a single fault, the maximum slip occurs

near the Moho, which is located on the middle point of the

fault. The slip in the deep portion of the fault increases

faster than that in the shallow one with loading, inducing

the distribution of the slip on the fault is unsymmetric.

Stress concentration occurs at the Moho and the deep end

of the fault with time because the upper end of the fault

has smaller stress and shorter relaxation time. For the fault

system with two crossing faults, the slip of the fault which

terminates on the other fault is smaller than that of the

latter, because the motion resisted by the other fault. The

maximum slip of Fault 1 is on the Moho, and the
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Fig. 6 Slip of Fault 1 at point M1 (refer to Fig. 2b) and slip of Fault 2

at point M2 (refer to Fig. 2b) with time for Model 2, which are marked

in black and red lines, respectively. Vertical dashed line indicates the

instant between two load steps. In the first step, the load is imposed by

increasing displacement on the boundary. And in the second step, the

imposed displacement is fixed to estimate the effect of viscous

relaxation on the slip of faults
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maximum slip of Fault 2 is at the crossing point of two

intersecting faults. The contact stress also concentrates on

the Moho and the deep end of faults, similar to that of one

single fault. Besides, for Fault 2, stress concentration at

the cross point is much more significant than that on the

Moho.

The modeling shows that the magnitude of Moho offset

is about 1–2 km, which is smaller than that shown in Fig. 1

for about 3–8 km. It may indicate that the profile in Fig. 1

has undergone several tectonic compression since the stop

of loading and viscous relaxation would not lower the

Moho offset (Figs. 4, 6). It is also possible that the friction

coefficient is smaller than the value of 0.1 in this paper.

Whatever, the prominent overlapping of the Moho dem-

onstrates that the region has undergone a strong tectonic

compression by the ambient plates.

Furthermore, due to the technical difficulties, study on

the complicated fault system is rare. Therefore, research on

the dynamics of the two crossing faults in this paper is

valuable to understand the nature of the crossing faults in

the upper crust causing earthquakes. Although the models

proposed in this paper are very simple and preliminary, the

results may throw light on understanding the dynamic

mechanism of Moho offset induced by aseismic slip of

deeply buried faults. Further works of theoretical simulation

combined with observation data are needed in near future.
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Fig. 7 Spatial distribution of slip on Fault 1 and Fault 2 at different time for Model 2. a Spatial distribution of slip on the Fault 1 at different

time. b Spatial distribution of slip on the Fault 2 at different time. c Same as those in a, except that the slip is normalized. d Same as those in b,

except that the slip is normalized. Vertical dashed line indicates the locations of points M1, M2, and C (see Fig. 2a). Distance is measured from

the upper end of Fault 1 and lower end of Fault 2
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Fig. 8 Spatial distribution of normal and shear stresses on Fault 1 and Fault 2 at different time for Model 2. a Spatial distribution of normal

stresses on the Fault 1 at different time. b Spatial distribution of shear stresses on the Fault 1 at different time. c Spatial distribution of normal

stresses on the Fault 2 at different time. d Spatial distribution of shear stresses on the Fault 2 at different time. Vertical dashed line indicates the

locations of points M1, M2 and C (see Fig. 2a). Distance is measured from the upper end of Fault 1 and lower end of Fault 2
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Fig. 9 Deformation of the Moho and the faults system before and after loading for Model 2. a Deformation of the Moho and the faults system

before loading. b Deformation of the Moho and the faults system after loading. Black lines denote the faults. Regions in green and red stand for

the lower crust and the upper mantle, respectively
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