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Abstract

Horizontal extension of a previously thickened crust could be the principal mechanism that caused the development of

widespread extensional basins throughout the North China block (Hua-Bei region) during the Mesozoic. We develop here a

regional tectonic model for the evolution of the lithosphere in the North China block, based on thin sheet models of lithospheric

deformation, with numerical solutions obtained using the finite element method. The tectonic evolution of this region is defined

conceptually by two stages in our simplified tectonic model: the first stage is dominated by N–S shortening, and the second by

E–W extension. We associate the N–S shortening with the Triassic continental collision between the North and South China

blocks, assuming that the Tan-Lu Fault system defines the eastern boundary of the North China block. The late Mesozoic E–W

extension that created the Mesozoic basin systems requires a change in the regional stress state that could have been triggered

by either or both of the following factors: First, gravitational instability of the lithosphere triggered by crustal convergence

might have removed the lower layers of the thickened mantle lithosphere and thus caused a rapid increase in the local

gravitational potential energy of the lithosphere. Secondly, a change to the constraining stress on the eastern boundary of the

North China block, that might have been caused by roll-back of the subducting Pacific slab, could have reduced the E–W

horizontal stress enough to activate extension. Our simulations show that widespread thickening of the North China block by as

much as 50% can be explained by the collision with South China in the Triassic and Jurassic. If convergence then ceases, E–W

extension can occur in the model if the eastern boundary of the region can move outwards. We find that such extension may

occur, restoring crustal thickness of order 30 km within a period of 50 Myr or less, if the depth-averaged constitutive relation of

the lithosphere is Newtonian, and if the Argand number (the ratio of buoyancy-derived stress to viscous stress) is greater than
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about 4. Widespread convective thinning of the lithosphere is not required in order to drive the extension with these parameters.

If, however, the lithospheric viscosity is non-Newtonian (with strain-rate proportional to the third power of stress) the

extensional phase would not occur in a geologically plausible time unless the Argand number were significantly increased

by a lithospheric thinning event that was triggered by crustal thickening ratios as low as 1.5.

D 2005 Elsevier B.V. All rights reserved.
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Lithospheric thinning
1. Introduction

The North China block, the western portion of the

Sino-Korean Craton, is bounded to the north by the

Yanshanian orogenic belt and to the south by the

Qinling-Dabie orogenic belt (Fig. 1). Şengör and

Natal’in (1996) describe the northern boundary of

the North China block as comprised of displaced

fragments of the active margin of the North China

craton, including medial to late Paleozoic subduction-

accretion complexes and related magmatic arcs. The

collision between the North China/Tarim block and

the Altaid system of Mongolia began in the late

Carboniferous (Yin and Nie, 1996). On its southern

boundary the North China block is separated from

South China by the Qinling-Dabie-Sulu suture zone,
Fig. 1. Tectonic sketch map of China, showing the location of No
which extends westward to the Kunlun Shan. During

the late Permian, South China began colliding with

North China, initially in the East, but the collision

progressively migrated westward along this suture

zone (Yin and Nie, 1996).

The North China basement includes Archean age

rocks and widespread Proterozoic sedimentary cover.

During the Paleozoic, the North China block was a

stable craton with shallow marine carbonate sedimen-

tation, giving way in the Carboniferous to terrestrial

deposition (Yin and Nie, 1996). Intracontinental de-

formation was widespread in both South and North

China in the Mesozoic. The structures relating to the

Yanshanian orogeny (late Jurassic to early Creta-

ceous) are characterized by E–W trending folds and

thrusts in the northern part of North China. Evidence
rth China block (Hua-Bei region) and of major suture zones.
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of ductile shear zones formed at 211 Ma and subse-

quently cut by brittle thrust systems is preserved

(Hacker et al., 2000; Ratschbacher et al., 2000). The

late Jurassic E–W trending fold and thrust belt can be

traced from the Liaoning region to the eastern Tien

Shan and indicates clearly that N–S shortening oc-

curred in the North China block. In the Dabie oro-

genic belt, ductile shear zones were formed during the

Triassic with north-verging thrusts of the mid-late

Jurassic switching to south-verging in the late Juras-

sic–early Cretaceous (Wang et al., 1996; Hacker et al.,

2000; Liu et al., 2003). The Triassic continental col-

lision between the North and South China blocks may

be considered as a driving force for north–south

shortening in the Yanshanian, although subduction

zones to the east and north may also have played a

role.

The Tan-Lu Fault is a major structure forming the

present-day eastern boundary of the North China

block (Fig. 2), though Korean basement to the east

is clearly correlated with that of the North China

block, with the whole often referred to as the Sino-
Junggar
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Fig. 2. The Triassic continental collision between the North an
Korean platform. Diabases erupted at 103 Ma post-

date initial movement on the fault. Sinistral slip is

documented in the mid Cretaceous at ~100–97.5 Ma

whereas dextral movement is indicated in the Tertiary

(at ~63.5–45 Ma) (Xu et al., 1987; Zhu et al., 2001).

The apparently large lateral offset of the ultra-high

pressure rocks of Sulu and Dabie Shan regions was

produced by that earlier phase of sinistral movement.

North–South contractional deformation of the

North China block during the Triassic and early Ju-

rassic evolved in the mid-late Jurassic to NE directed

contraction (Davis et al., 2001), indicating perhaps

that horizontal compressive stress on the southern

boundary of the North China block was balanced

against compressive stress on both northern and east-

ern boundaries. The NE directed contraction was both

spatially and temporally associated with the emplace-

ment of plutons and was followed in many places by

E–Wextension that continued through the Cretaceous.

The widespread development of extensional basins in

the Mesozoic of North China suggests extensional

thinning of a previously thickened, unstable crust.
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The implied lithospheric thinning is consistent with

widely distributed basaltic magmatism (Menzies et al.,

1993; Menzies and Xu, 1998; Fan et al., 2000) in the

North China block during the late Mesozoic. During

this period ductile shearing played an important role

in the exhumation of high-grade metamorphics from

the mid-lower crust. Basic and ultrabasic magmatism

at this time is clearly related to the extensional struc-

tures. The cause of E–W directed lithospheric exten-

sion in the Cretaceous North China block is not clear,

though the extensional collapse of crust thickened in

the previous phase of N–S shortening may have pro-

vided the driving force. Slab roll-back of the west-

ward subducting Pacific plate may also have provided

an important boundary condition, necessary for exten-

sion to be triggered.

In this paper we develop a conceptual model of the

two-stage history of the North China block as sum-

marized above. We use the thin sheet model (Bird and

Piper, 1980; England and McKenzie, 1982; England

et al., 1985) to describe the horizontal distribution of

lithospheric deformation in a numerical simulation of

the Mesozoic development of the North China block.

We use the finite element method (Houseman and

England, 1986b, 1996) to solve the thin sheet stress-

balance equations in order to obtain the distribution of

strain-rate at a given time within the deforming block.

The deformation geometry of this system is then

computed by integrating the displacement-rate fields

forward in time. In the first stage of this calculation

we represent the effect of NS shortening during the

Triassic and Jurassic. In this model we focus on the

internal deformation of the North China block and do

not explicitly represent the Qinling-Dabie suture zone

and its associated deformation. By changing the

boundary conditions on the thin viscous sheet for

the second stage of the calculation, we then represent

the EW extension of the Cretaceous.

We explore the hypothesis that the late Mesozoic

extension episode is triggered by two factors: firstly a

lithospheric thinning event consequent on crustal con-

vergence which produced a sudden large increase in

the local gravitational potential energy of the litho-

sphere (Houseman and England, 1986a; England and

Houseman, 1989; Houseman, 1996), and secondly a

change to the confining stress on the eastern boundary

of the North China block, as might be caused by roll-

back of the subducting Pacific slab. We treat the Tan-
Lu Fault here as an eastern boundary for the Hua-Bei

region in this tectonic model, though extension was

presumably occurring also to the east of the Tan-Lu

Fault, later developing the Bo-Hai Bay (Davis et al.,

1996). The stress-state in this region is ultimately

controlled by subduction occurring further to the

East. We assume that, in the first stage of N–S con-

vergence, this region to the east of the Tan-Lu Fault

(Fig. 2) acted as a rigid constraint to eastward move-

ment of the North China block. We relax this con-

straint in the second stage of the model deformation in

order to simulate the effect of an extensional regime

on this boundary induced by rollback of the subduct-

ing Pacific slab further to the east.
2. Numerical simulation

2.1. Governing equations

The general constitutive equation representing the

ductile deformation of a thin non-Newtonian viscous

sheet is given as

s̄sij ¼ BĖE 1=nð Þ�1ėeij; ð1Þ

where s̄ij are the elements of the depth-averaged

deviatoric stress tensor, ėij are elements of the strain-

rate tensor (assumed independent of depth), Ė is the

second invariant of the strain-rate tensor, n is the

rheological exponent and B is a material constant

which represents the strength of the lithosphfsere

(England and McKenzie, 1982). If the material has a

Newtonian viscosity (n =1), the strength parameter

B(x,y) is simply related to the depth-averaged viscos-

ity g(x,y) by B =2g.
The strain-rate components ėij are defined in terms

of a continuum velocity distribution as

ėeij ¼
1

2

Bui

Bxj
þ Buj

Bxi

� �
; ð2Þ

where ui are horizontal velocity components, assumed

invariant with depth in the thin viscous sheet.

The depth-averaged deviatoric stress components

s̄ji in the horizontal plane satisfy the following dimen-

sionless equation

Bs̄sji
Bxj

� Bs̄szz
Bxi

¼ 1

2

B

Bxi
ArS2
� �

; ð3Þ
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where Ar is the Argand number, and S is the crustal to

lithospheric thickness ratio. For a uniform crust of

density qc, overlaying a uniform mantle of density

qm, the Argand number is (England and McKenzie,

1982):

Ar ¼ gqc 1� qc=qmð ÞL
B uo=Lð Þ1=n

; ð4Þ

where g is the gravitational acceleration, uo is a

displacement rate representative of the convergence

velocity, and L is the thickness of a reference litho-

spheric column. The physical interpretation of the

Argand number (England and McKenzie, 1982) is

the ratio of the vertically averaged deviatoric stress

associated with a crustal thickness contrast of order L

to the stress required to deform the lithosphere at a

characteristic strain rate ėo=uo /L. The Argand num-

ber defined in (4) assumes isostatic balance with a

compensation depth of L.

The evolution of crustal thickness can be obtained

from the continuity equation (England and McKenzie,

1982):

1

S

BS

Bt
¼ ėezz ¼ � Bux

Bx
þ Buy

By

� �
: ð5Þ

An implicit finite-difference representation (second

order accurate) of the time derivative is used to ad-

vance the crustal thickness S(x,y) from one time level

to the next, and to simultaneously displace material

points in the sheet to new locations. In the absence of

information to the contrary, we assume an initial

constant crustal thickness and an external geometry

for the solution region as specified below.

Both for solving the equations and for describing

the results in a physically objective way the equations

are non-dimensionalized, following Houseman and

England (1996). A length scale D =400 km based

on the maximum convergent displacement of the

southern boundary during the first stage of deforma-

tion, and a time scale T=100 Myr based on the

duration of the deformation were used to render dis-

tance and time dimensionless, with the velocity scale

defined accordingly:

uo ¼
D

T
¼ 4mm=year: ð6Þ

The Argand number here is treated as an unknown

variable, but its interpretation depends also on the
ratio of horizontal length scale to vertical thickness

of the lithosphere D/L, for which we assumed L=100

km, and on the initial crustal thickness, for which we

assumed So=35 km. In the experiments described

below, we consider values of n =1 and n =3, for the

rheological exponent. England and Houseman (1986)

determined that n =3 is about the minimum value for

which plausible finite deformation models of the Ce-

nozoic Indian-Asian continental collision can be con-

structed, but we also consider n =1 for comparison

purposes. An exponent of n =3 is consistent with

olivine deforming by dislocation creep, whereas

n=1 is consistent with diffusion creep. The latter is

more likely to dominate under high temperature-low

stress conditions (Karato et al., 1986).

We assume here that the geodynamical evolution

of the North China block in the Mesozoic may be

adequately represented by two discrete phases of

deformation, each constrained by a simple set of

boundary conditions. The first stage represents the

dominant N–S shortening during the Triassic and

Jurassic (~250–150 Ma), and the second stage

describes the E–W extension of the Cretaceous

(~150–65 Ma). The time intervals of tectonic activ-

ity are not precisely constrained but are roughly

linked to the Triassic–Jurassic collisional event be-

tween North and South China blocks (with dates for

example of 224 Ma, Li et al., 1993; 244 Ma, Zheng

et al., 2002), and the early Cretaceous age of em-

placement of voluminous mafic magmas dated for

example at 128 Ma (Guo et al., 2003) and mylo-

nites dated at 130–128 Ma using the Ar–Ar tech-

nique (Zhu et al., 2001). We also recognise that

deformation that occurred during these periods

may have occurred at variable rates or even episod-

ically rather than at the continuous strain rates

implied by our simplified parameterisation.

2.2. Tectonic model—stage 1

Our numerical simulations are based on Yin and

Nie’s (1993, 1996) model of the collision and tectonic

evolution of South and North China blocks. This

tectonic model, redrawn in Fig. 2, may be summarized

as follows:

1. The southern margin of the North China block was

a relatively straight, northward dipping subduction
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zone. Prior to the collision, the northern margin of

the South China block was irregular, extending 550

km further to the north in the Hua-dong/Huang-hai

region east of the Tan-Lu Fault. The collision of

South and North China blocks started in late Perm-

ian in that region between the Tan-Lu fault and the

Honam shear zone (Fig. 2) with the indentation of

the northeastern part of the South China block.

Thrusts, folds, and related foreland basins devel-

oped near the collision zone, accompanied by near

continuous volcanism. Sediments eroded from the

collision zone represented by the Qinling-Dabie

orogen were deposited in foreland basins on both

Yangtze craton to the South and Sino-Korean cra-

ton to the North.

2. Due to the irregularity of the northern margin of

the South China block, the ocean in the eastern

part of the future Dabie belt closed first during the

early to middle Triassic. In response to this dia-

chronous closure of the ocean, volcanism related

to subduction had systematically shut down west-

ward from the Tan-Lu Fault along the Dabie

suture zone. During the Triassic, sediments de-

rived from the Dabie Shan and Shandong regions

were deposited in the Songpan-Ganzi Complex to

the south of the Qinling-Dabie belt, an area which

has been interpreted as a Triassic remnant ocean

basin (Zhou and Graham, 1996). A consequence

of the N–S crustal shortening in an extensive

region of North China during the Triassic was

the formation of a topographically elevated region,

the Hua-bei Plateau, which received little Triassic

clastic sedimentation.

3. During the Jurassic, sinistral motion on the Tan-

Lu fault continued, with ongoing convergence

between North and South China blocks. The late

Jurassic E–W trending Qinling-Dabie fold belt

could be traced from Liaoning in the East to the

Tarim Basin in the west. The northern margin of

the North China (Hua-Bei) block is marked by the

fold belts of the Yan Shan in east China and its

lateral equivalent to the west, the Yin Shan. The

environment of N–S convergence associated with

the Yanshanian orogeny has also been attributed

(in part perhaps) to subduction of the Mongol-

Okhotsk plate beneath North China and to the

collision of the Lhasa block with Eurasia in the

South.
For the numerical simulation we define a polyg-

onal solution region representing the North China

block, based on Yin and Nie’s (1993, 1996) summa-

ry of the collision and tectonic evolution of this

region. Our representation of the solution region at

time zero (Fig. 3) shows the North China block at

the beginning of the collision. In this and subsequent

diagrams, the solution is shown in normal map

orientation with x and y directions corresponding

approximately to E and N. Overall rotation of the

model is not constrained however, and the final

model requires a clockwise rotation on the order of

308 for comparison with actual geology. Distances

are labelled in dimensionless length units described

above, relative to an arbitrary stationary origin in the

SW corner of the solution region. With a length unit

of D =400 km, the rigid western boundary is 1000

km long and the northern boundary is initially 2400

km long.

The solution of the thin sheet equations requires

boundary conditions on both components of either

displacement rate (ux, uy) or traction (Tx, Ty). The

boundary conditions used in the first stage of the

numerical simulation are as follows:

The northern ( y =2.5) and western (x =0) bound-

aries are rigid:

ux ¼ 0; uy ¼ 0; ð7Þ

The eastern (x=6) boundary representing the Tan-

Lu Fault is here assumed to act as a sliding bound-

ary, assuming that the west Pacific subduction zone

has not yet begun to affect the development of this

region:

ux ¼ 0; Ty ¼ 0; ð8Þ

and convergence on the southern boundary (initially

y =�x / 12) is driven by a northward displacement

rate that increases from 0 at the SW corner to 1

(dimensionless) at the SE corner:

Tx ¼ 0; uy ¼
x

6
: ð9Þ

The actual history of convergence in this case is

poorly constrained. Although the total duration of

convergence suggests an average convergence rate

of 4 mm/year, convergence rates may have been

intermittently higher. By comparison the modern-

day convergence rate between India and Asia is on
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Fig. 3. (a) Finite element discretization of the solution region, and specification of the boundary conditions used in Stage 1 of the numerical

experiments. For simplicity we refer to the x-direction as East and the y-direction as North. The small light-coloured region represents the Ordos

block; it is surrounded by the relatively weak North China block, with the stronger Altaid-Mongolia region to the northwest. (b) Initially circular

strain markers are distributed across the region for visualization of local strain.
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the order of 50 mm/year. The eastward increasing

convergence rate represents the idea (Yin and Nie,

1993, 1996) that the collision started first in Shan-

dong (east) during the early Permian and propagated

westward to the Dabie region in the middle to the

late Triassic and to the Qinling region in the late

Triassic to early Jurassic.

2.3. Tectonic model—Stage 2

Early Cretaceous E–W extension occurred in

southern Liaoning and the Hua-Bei region, contem-

poraneous with NE–SW extension in western Inner

Mongolia (Zheng et al., 2001). That extensional event

marked the collapse of the Hua-Bei plateau to become

the Hua-Bei Basin, bounded on the west by the Ordos

and on the east by the Tan-Lu fault. That event also

reactivated and modified the trace of the Triassic

sinistral Tan-Lu fault.
The Hua-Bei basin was formed by extension in a

NNE direction at around ~150–130 Ma. At this time

movement on EW structures ceased and NE trending

structures were re-activated. The Hua-Bei Basin is a

typical example of a basin system formed in a trans-

tensional stress regime. We hypothesize that the

change in the stress regime was caused by slab roll-

back occurring on the Pacific subduction zone to the

East. Retrograde motion of the subduction zone may

have reduced the EW compressional stress sufficiently

to trigger the gravitationally induced spreading of the

thickened, unstable lithosphere of the North China

block.

In our calculations we represent this change in

boundary conditions by halting the northward move-

ment of the southern boundary at t/T=1.0, setting

uy =0, but allowing it to move eastward by setting

the x-component of traction Tx to represent a litho-

static condition on the eastern boundary. Both of these
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changes are effected at a time that corresponds to a

maximum convergent displacement of D at x/D =6

(the eastern side of the model). The lithostatic condi-

tion describes a boundary on which applied shear

stress is zero and applied normal stress is equal to

the lithostatic stress arising from a column of refer-

ence lithosphere that is unable to support significant

deviatoric stress (Houseman and England, 1993). The

lithostatic boundary moves outward only in response

to gradients of stress or gravitational potential energy

within the solution region. Traction components Tx

and Ty on the lithostatic boundary are thus set so that

the traction vector is normal to the boundary, and their

magnitudes are proportional to the contrast in gravi-

tational potential energy across the boundary. By

subtracting out the lithostatic part of the stress field

in the thin viscous sheet, the lithostatic condition

becomes Tx =Ty =0.

In keeping with the idea that the lithosphere may

move eastward in response to gravitationally driven

extensional forces, we also modify the condition on

the northern boundary, so that uy =0 still, but we

permit eastward movement by means of a frictional

condition on the x-component,

Tx ¼ � cux; ð10Þ

in which the friction coefficient c is set to a dimen-

sionless value c =0.25 (linearly tapered to c =0 over

the easternmost 2D length of the boundary). Thus,

the eastward movement of the North China block is

resisted by a frictional traction proportional to the

displacement rate, representing the work that must be

done to deform regions north of the boundary. The

idea of a friction coefficient allows us to explore

boundary conditions that are intermediate between

the limiting cases of zero displacement (cYl) and

zero traction (c =0). We experimented with some

different values of c and chose the value 0.25 as

that which permitted a plausible amount of eastward

extension, while ensuring that a trans-tensional stress

environment is maintained. The value of c is tapered

to zero at the northeastern corner so as to avoid the

stress-singularity that appears there if traction is

discontinuous. The western boundary (x =0) remains

fixed, unchanged from stage 1 of the calculation.

Stage 2 of the calculation is stopped after an

additional dimensionless time of 0.5, corresponding
in dimensional terms to an additional period of 50

Myr.

2.4. Strength variation within the North China block

The North China region includes metamorphic

basement rocks as old as the early Archean (N3800

Ma; Liu et al., 1992). Despite this ancient prove-

nance, however, it has not behaved as a rigid block

during these Mesozoic deformation episodes. As

pointed out by Şengör and Natal’in (1996), it hardly

deserves the title dcratonT if one considers its tectonic

evolution during the late Precambrian, Paleozoic and

Mesozoic. In contrast, the Ordos block embedded

within the North China region (Fig. 1) is topograph-

ically elevated, and does appear to have behaved as a

rigid block in which little deformation is evident.

This relative rigidity may be explained by this

block having a greater resistance to deformation,

whether because this lithosphere is colder, dryer or

has different composition.

We include also in our tectonic model (Fig. 3) a

boundary that trends mainly northeastward, represent-

ing the contrast between the North China block and

the subduction–accretion complexes of the Altaid and

Manchuride belts to the north, described by Şengör

and Natal’in (1996). A part of the Altaid region of

Mongolia is represented in the northwest part of our

tectonic model. The Altaid and North China regions

have distinct tectonic histories, finally coming togeth-

er in the Permian. The extension that affected the

North China block in the Cretaceous did not appar-

ently reach into the Altaid region. A simple hypoth-

esis that might explain this contrast in behaviour is

that the North China Block is weaker and more easily

deformed than both Altaid-Mongolia and Ordos

regions. The weaker region between Altaid-Mongolia

and Ordos blocks will clearly be the locus of max-

iumum deformation under a regional stress field. This

region is identified with the modern day Yin Shan

(Fig. 1).

We assume that this contrast in properties between

the Ordos block, the North China region and the

Altaid-Mongolia region can be interpreted in terms

of a difference in the effective strength parameter of

the regions defined in our simplified tectonic model

(Fig. 3). Relative to the strength coefficient B that is

used in the definition of the Argand number, we
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arbitrarily specify the dimensionless strength coeffi-

cient of the Altaid-Mongolia region in the northwest

to be 1, that of the stronger Ordos block to be (2.0)1/n

(c1.26 if n =3), and that of the weaker North China

block to be (0.2)1/n (c0.5848 if n =3). These

strength contrasts are scaled relative to the value of

n in order that the contrast in effective viscosity

between the different regions is comparable for

both values of n =1 and 3 that we use (England

and Houseman, 1985; Neil and Houseman, 1997).

We assume in these calculations that relative litho-

spheric strength variations are preserved during de-

formation. Although it is likely that lithospheric

strength may decrease as it thickens, due to the

greater thickness of crust, the deformation history is

not sufficiently well constrained to justify a more

complex model.

To facilitate the interpretation of our results,

Lagrangean strain markers are displayed on the

plots, to indicate relative displacement and internal

deformation. The initial distribution of the circular

strain makers is displayed in Fig. 3.

2.5. Gravitational potential energy and the Argand

number

Deformation of the thin viscous sheet is driven

partly by boundary stresses and partly by internal

gradients of the gravitational potential energy. In

the simplified formulation of England and McKen-

zie (1982), the gradients in potential energy are

given by the term on the right hand side of Eq.

(3). The Argand number, depending on the depth-

integrated strength of the layer is difficult to constrain,

but England and Houseman (1986) estimated that

Ar =1 is appropriate for n =3. We therefore use

Ar =1, and for comparison Ar =4, in the first stage

of these numerical simulations (both for n =1 and

for n =3).

With Ar =1, the first stage of deformation may

result in relatively high degrees of lithospheric thick-

ening, particularly when n =3. We therefore follow

Houseman et al. (1981), England and Houseman

(1989), Molnar et al. (1993), Houseman and Molnar

(1997), and Molnar et al. (1998) in suggesting that

convergent thickening on this scale is likely to be

followed by lithospheric convective thinning, in

which the lowermost part of the cold thickened lith-
osphere drips down into the mantle to be replaced by

hot asthenosphere from below, producing rapid eleva-

tion and heat input into the overlying crust. When we

invoke this mechanism we use the approximate for-

mulation of England and Houseman (1989) to simu-

late the effect of this process on the thin sheet

calculations. When lithospheric thickness caused by

horizontal shortening has exceeded a threshold level,

the Argand number is assumed to locally undergo a

step-like increase, which represents the sudden large

increase in lithospheric gravitational potential energy

that would accompany the convective thinning event.

We therefore specify for the Ar =1 experiments that,

when the crust attains a thickness of 60 km (relative to

the assumed initial thickness of 35 km), Ar is locally

increased to 4. For comparison we also computed

solutions for the cases when Ar is uniformly high

(Ar =4) throughout the calculation.

If convective thinning does not occur, the Argand

number may remain small or even become negative,

as suggested by Fleitout and Froidevaux (1982). Neg-

ative Argand number is generally not possible how-

ever if the dense lithospheric root is removed

(England and Houseman, 1989) as seems necessary

to explain the subsequent stage of extension.
3. Results

We first describe the results from different numer-

ical experiments with either n =1 or n =3, corres-

ponding to Newtonian or non-Newtonian viscous

constitutive relation, and either Ar =1 or Ar =4, cor-

responding to the two assumptions about gravitational

potential energy discussed above. The solutions for

these experiments (with initial geometry shown in

Fig. 3) are shown as maps of crustal thickness (Figs.

4 and 5) and maps of vertical strain-rate (Figs. 6 and

7) for both n =1 (Figs. 4 and 6) and for n =3 (Figs. 5

and 7).

The left columns of Figs. 4–7 depict the solu-

tions after the initial stage of N–S shortening. The

right columns show the solutions after the second

stage of E–W extension. In Figs. 4 and 5, the non-

dimensional crustal thickness is shown. After the

first stage of deformation, the whole North China

block (the weakest region) has been thickened, yet

the thickness of the stronger Ordos and Altaid-



Fig. 4. Non-dimensional crustal thickness maps for two experiments with stress vs. strain-rate exponent n =1. Left column: After the period of

N–S shortening (the first stage of deformation) when t /T=1.0; Right column: After the period of E–W extension (the second stage of

deformation) and a further elapsed dimensionless time of 0.5. These experiments assume respectively: Ar =1 (top row) and Ar =4 (second row).

Lithospheric thinning occurs here only for Ar =1 in a very localised region just north of the Ordos block. The solid lines above the maps on the

right show the original length of the solution domain prior to extension.
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Mongolia regions has changed little. The eastern

part of the Hua-Bei plateau has been thickened by

about 30% because convergence increases eastward

due to the southern boundary condition. Crustal

thickness in the Hua-Bei plateau has increased

from the original 35 km to ~45 km, during the

nominal 100 Myr convergence period.

The strain markers indicate the large degree of N–

S shortening and E–W extension that occurs within

the narrow relatively weak region immediately north

of the Ordos block. When n =1 (Fig. 4), the crustal

thickness builds up in the Yin Shan, between the

Ordos block and the Altaid-Mongolia region. If

Ar =1, crustal thickness reaches 60 km, limited by

the onset of convective thinning and the local in-

crease of Argand number, but if Ar =4 the thickness

there reaches only about 46 km. When n =3 and

Ar =1 (Fig. 5), the crustal thickening in the Yin

Shan region reaches 60 km over a somewhat greater

area. When Ar =4, however, for the non-Newtonian

experiments, crustal thickening in this region still

reaches about 56 km. Also evident in some of the
experiments is a small region of intense crustal

thickening in the SE corner of the model. This

thickening is an artifact caused by the acute angle

between eastern and southern boundaries, and has no

tectonic relevance to our discussion of the North

China block.

The distribution of crustal thickening after the

first stage of deformation is generally similar for

n =1 (Fig. 4) and for n =3 (Fig. 5) for either of the

Argand number models, although crustal thickness is

locally greater for n =3 than for n =1. In both cases

the thickness of the Ordos and Altaid-Mongolia

regions increases by only a few km, and thickness

east of the Ordos block generally increases eastward

to approximately 50 km during this period of pre-

scribed convergence. The apparent near-equivalence

between solutions for Newtonian and non-Newtonian

viscosity arises presumably because the external

boundary conditions during this first stage of the

calculation require the same total strain, and the

internal variation of effective lithospheric viscosities

are similar. We will see, however, that significant



Fig. 5. Non-dimensional crustal thickness maps for two experiments with stress vs. strain-rate exponent n =3. These experiments assume

respectively: Ar =1 (top row) and Ar =4 (second row), except that where crustal thickness exceeded 60 km in the former, lithospheric thinning

was simulated by locally increasing Ar from 1 to 4. Left column: After the period of N–S shortening at t /T =1.0; Right column: After the period

of E–W extension that constitutes the second stage of deformation. Solid lines above the maps on the right again show the original length of the

solution domain.
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differences develop between n =1 and n =3 in the

second phase of deformation, as the E–W extension

develops.

The vertical strain-rate, which is related to the rate of

crustal thickening by Eq. (5), is generally positive

everywhere during the first stage of deformation

(left columns of Figs. 6 and 7) and shows a grada-

tional increase eastward across each of the regions,

with peak values of strain rate developing on the

corners of the strong regions. Because crustal thick-

ness (Figs. 4 and 5) effectively represents the time

integral of the vertical strain-rate (Figs. 6 and 7)

small contrasts in thickening rate develop with time

into large contrasts in crustal thickness. For example,

comparing two regions where the vertical strain rate

differs by a factor of two, the crustal thickening

factor of the more active region will be the square

of that for the less active region after the same

elapsed time.

For each of the second stage (extension) experi-

ments, the initial state is taken from the crustal
thickness distribution at the end of the first stage

(convergence) experiments, as described earlier. The

boundary conditions for the second stage calculations

were also described earlier, and include the frictional

northern boundary and the lithostatic eastern bound-

ary. The Argand number assumption remains con-

stant from first to second phase of deformation. The

state of the lithosphere at the end of the second stage

of deformation is shown in the right columns of

Figs. 4–7.

For n =1 the extension of the thickened crust in

the Hua-Bei region is indicated in the right column of

Fig. 4, by the decreased crustal thickness and the

strain markers that are stretched in the E–W direction.

The relatively rigid Ordos block and Altaid-Mongolia

region remain almost unchanged in crustal thickness.

The orogenic Yin Shan region between Ordos and

Altaid-Mongolia thins most as extension occurs dur-

ing the second stage. Crustal thicknesses of about 46

km are still found in the Yin Shan region for Ar =1,

but when Ar =4 the crustal thickness there almost



Fig. 6. Map of vertical strain rate (ėzz) for the n =1 experiments shown in Fig. 4. Strain-rates greater than zero imply thickening. For a

dimensional time unit of 100 Myr, a dimensionless strain-rate of 1 represents a dimensional rate of 1% Myr�1. Left column: strain-rates at end

of the first stage of deformation (t /T=1); Right column: strain-rates at end of the second stage of deformation. Physical and computational

parameters are as for Fig. 4.
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returns to its original 35 km. The negative vertical

strain rates for n=1 (Fig. 6, right column) indicate

that crustal thinning continues to be active at the end

of the experiment when Ar =1, whereas for Ar =4

extension occurred more rapidly and is essentially

complete at the end of the time interval allowed for

the second stage of deformation. For the n=1 experi-

ments, the threshold for convective thinning is not

reached at all (with Ar =4), or barely reached in a

small region (with Ar =1), so convective thinning has

little impact on these calculations.

For n =3 (Fig. 7, right column), we see that the

vertical strain-rates at the end of the second stage of

deformation are negative, but their amplitudes are

small almost everywhere, and consequently the crust-

al thickness distribution (Fig. 5, right column) does

not change much during the second stage of defor-

mation, and the Hua-Bei region remains relatively

thick, with crustal thicknesses on the order of 42–44

km to the west of the Ordos block, and 48–50 km to

the east. Only in the Yin Shan orogenic zone does

significant extension occur, because the threshold for

convective thinning has been exceeded, and this only
in the case where we initially assumed Ar =1. If

Ar =4 crustal thickening is not sufficiently localised

to trigger convective thinning, even for the n =3

experiments. Therefore, lithospheric convective thin-

ning is most likely to be of significance in regard to

the evolution of the Yin Shan orogenic belt, but is

not necessarily implicated in the widespread exten-

sion that occurred in the eastern part of the Hua-Bei

Basin.

Crustal thinning rates in the eastern Hua-Bei re-

gion during the second stage of the experiments are

much less for n =3 than for n =1 because the com-

bination of fixed traction boundary condition and

non-Newtonian viscosity, with Ar =4 or less, does

not drive gravitational collapse at a significant rate.

In choosing parameter values for the above experi-

ments we have been guided by previous lithospheric-

scale tectonic models of the deformation in active

regions (e.g., England and McKenzie, 1982; House-

man and England, 1996; Roberts and Houseman,

2001). We caution, however, that the relative stabi-

lisation of these n =3 experiments might not be

robust under other assumptions. The gravitational



Fig. 7. Map of vertical strain rate (ėzz) for the n =3 experiments shown in Fig. 5, using the same physical and computational parameters.

Interpretation of strain-rate units and colour scales is as shown in Fig. 6. Note that the strain-rate maps for n =3 and n =1 (Fig. 6) are similar

during stage one of deformation, but differ qualitatively during stage two, in that extensional rates are less in the North China region for n =3,

except where lithospheric thinning has caused a local increase in Argand number in the Yin Shan region between Ordos and Altaid-Mongolia

Blocks.
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collapse that occurs in the n =1 experiments only

occurs because the assumed viscosity is relatively

low. It might also be induced to occur in the n =3

experiments if: Ar were significantly greater than 4,

or convective thinning were induced to occur at the

relatively low thickening factors obtained after the

first stage of the experiment, or extension were

induced by boundary conditions, such as back-arc

extension on a subduction zone to the East.

There is a trade-off between the effect of reducing

the horizontal confining stress on the eastern bound-

ary and increasing the vertical stress by a convective

thinning event. For the above experiments we set the

eastern boundary lithostatic stress to be in equilibri-

um with a continental column with crust of thickness

35 km. The extension depicted in the right columns

of Figs. 4 and 6 is effectively limited by this as-

sumption. Thinning of the crust in the Hua-Bei

region to 30 km or less could result from further

reducing the magnitude of the confining stress on

that boundary, for either value of n.
4. Discussion

The relatively low amplitudes of free-air gravity

anomalies in East China have been used to infer the

approximately isostatic state of the lithosphere in this

region. It is generally assumed that topography is

compensated by variations in crustal thickness. The

crustal thickness of the Ordos Plateau is inferred to be

between 40 and 44 km. In the Hua-Bei basin to the

east, the greatest depths to the Moho, approximately

36 km, occur on the edges of the basin, adjacent to the

Taihang Shan (east of the Ordos block), the Yan Shan

(on the north side of the Hua-Bei basin), the Tai Shan

adjacent to the Tan-Lu fault in the east, and beneath

the Da-Bie Shan in the south; In the centre of the Hua-

Bei basin crustal thickness is variable, but typically

around 32 km. The shallowest Moho, around 28 km,

is in the north–east corner of the Hua-Bei basin on

Bo-Hai Bay. Although there are small positive free-air

anomalies (20–30 mgal) over the Bo-Hai Bay, the

entire region in general is nearly in isostatic equilib-
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rium (Ma et al., 1982). The gravity data therefore

indicate that the depth to the Mohorovicic discontinu-

ity is roughly 10–12 km shallower in the center of the

Hua-Bei Basin than the neighbouring Ordos block.

Moho depths inferred from seismic studies are

used to constrain and are generally consistent with

those inferred from gravity. Crustal thickness is 40–

45 km, under the Ordos block and Inner Mongolia to

the north and west of the Hua-Bei Basin (Feng and

Teng, 1983). The seismic evidence also implies that

the crust beneath the central Hua-Bei Basin is signif-

icantly thinner than that in the surrounding regions.

The P-wave velocities in the upper mantle beneath

the Hua-Bei Basin are variable, but up to 3% higher

than average in the eastern part of the basin, and

beneath the Ordos block. Lower velocities are found

in a north–south trending zone that coincides with a

zone of high gravity gradient that follows the Taihang

Shan across the Hua-Bei basin (Liu et al., 1990).

Heat flow measurements in the North China

basin region are variable. Greater than average heat

flows are found in the Bo-Hai Basin and the ShanXi

Graben to the east of the zone of steep gravity

gradient (Ye et al., 1985). These regions have been

subject, however, to Tertiary tectonic activity, and

these data therefore do not provide specific evidence

about the evolution of the Hua-Bei basin during the

Mesozoic. More relevant constraints are obtained

from fission track analyses from the North China

block. These data document three stages in the geo-

thermal evolution of the lithosphere since the Trias-

sic, with the temperature of the lithosphere gradually

increasing during the early to middle Jurassic, fol-

lowed by a thermotectonic event during the late

Jurassic to early Late Cretaceous (140–130 Ma),

and then cooling from the late Cretaceous (about 85

Ma) to the Quaternary (Sun et al., 1994). This ther-

motectonic event may be interpreted in the light of

McKenzie’s (1978) model of lithospheric extension

and basin formation. Stretching of continental litho-

sphere causes thinning and up-welling of hot astheno-

sphere. The lithosphere then re-equilibrates by

conduction, generally accompanied by slow cooling

and subsidence. The Ordos basin by comparison has

remained a stable platform with low heat flow

throughout the Paleozoic, Mesozoic and Cenozoic.

The North China block has been intruded by

Ordovician diamondiferious kimberlites and Cenozo-
ic alkali basalts both containing mantle xenoliths. The

early Paleozoic diamondiferious character of some of

the kimberlite pipes, and the predominance of peri-

dotitic type inclusions in diamonds, suggest that the

early Paleozoic lithosphere was thick and stable to

depth within the diamond stability field (i.e. ~200

km) with a very low thermal gradient b40 mW m�2

(Menzies et al., 1993). However, Cenozoic litho-

sphere (Neogene-Quaternary), revealed by basalt-

borne mantle xenoliths as well as geophysical obser-

vations (Ma, 1987), was thin (b80 km) and Cenozoic

lithospheric mantle was characterized by chemically

fertile but isotopically depleted compositions in Sr

and Nd (Griffin et al., 1998; Fan et al., 2000; Guo et

al., 2001). These observations have been interpreted

to suggest that the lithospheric mantle has been

thinned beneath the North China block by as much

as 100 km since the early Paleozoic (Menzies et al.,

1993).

The late Mesozoic lithosphere of the Hua-Bei

basin thus appears to be in a transitional state from

thick cold lithosphere typical of the early Paleozoic

to hot thin lithosphere that may be found in many

tectonically active regions in the Cenozoic. The

implied Archaean lithospheric keel was apparently

preserved until the late Mesozoic, even through the

Triassic continental collision between the North and

South China blocks. The late Mesozoic mafic intru-

sives and coeval basaltic rocks thus are interpreted to

have recorded the beginning of lithospheric thinning.

The thinning mechanism is likely to have been

complex, and the simple numerical experiments in

the previous section represent only one plausible

mechanism.

Our experiments with n =3 were unable to predict

the present-day distribution of crustal thickness for

the range of Argand numbers that we examined.

With the non-Newtonian viscous constitutive law,

the large stresses required to activate deformation

at significant strain-rates are not available from

buoyancy forces alone when ArV4. When the con-

vergent driving force is removed, and the constrain-

ing boundary conditions relaxed, minor thinning

occurred in the Hua-Bei basin, in these experiments,

but the rates were too slow to result in significant

crustal extension over the nominal 50 Myr period of

the extension stage of the calculation (Fig. 7). The

inability of the n =3 experiments to explain the
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extensional stage of deformation may lie in our

assumptions. In particular, we assumed that convec-

tive thinning would require a threshold crustal thick-

ness of about 60 km. Where gravitational instability

has been invoked in other settings, such as Tibet

(England and Houseman, 1989), it has been inferred

that a threshold crustal thickness of around 60 km

must be reached before convective thinning occurs,

in order to match present day observations (Molnar

et al., 1993; Neil and Houseman, 1997). In the North

China block, however, the geometrical constraints

seem to require that if convective thinning has

been widespread in the eastern part of the basin,

then it was triggered at lower crustal thickening

ratios, when crustal thickness had attained only 50

km perhaps, relative to the original 35 km thickness.

We found, however, for n=1, and Ar between 1

and 4, that our numerical simulations predict ap-

proximately the distribution of crustal thickness that

is observed across the Hua-Bei basin and the Ordos

block. While the n =1 simulations do not require

the degree of lithospheric thinning that is inferred

from geochemical studies of lithospheric xenoliths,

neither do they necessarily exclude it. The difficulty

of requiring convective thinning to be initiated over

a broad area by relatively modest thickening factors

remains, however. The inferred reduction of litho-

spheric thickness from the original 200 km to Qua-

ternary thickness of around 80 km implied by the

xenolith data (Menzies et al., 1993) might therefore

be attributable to other effects, such as more recent

hot asthenospheric up-welling, or mantle plume

activity.

Although previous studies of the Tertiary India-

Asia collision have suggested that a non-Newtonian

viscosity is a better representation of the constitu-

tive relation that describes the large-scale long-term

deformation of the lithosphere in that region, it may

well be that the tectonic evolution of the North

China Block has occurred over greater time inter-

vals and generally lower stress-levels. Lower stress

levels could explain why the linear lithospheric

constitutive relation used in Figs. 4 and 6 is more

appropriate here.

This model does not explain the development of

the Yan Shan fold and thrust belt which extends at

least 1100 km eastward of the Yin Shan. These two

fold belts are generally assumed to have a common
tectonic history because of their current spatial

aligment but an alternative explanation (Davis et

al., 2001) has the Yan Shan develop as a continen-

tal margin orogen related to Pacific plate-North

China plate interaction.
5. Conclusions

We have used the thin viscous sheet model to

represent the tectonic processes occurring in the

North China block during the Mesozoic. The history

of convergent deformation of this region during the

Triassic to late Jurassic, followed by extension in

the late Jurassic to Cretaceous, places some con-

straints on the evolution and rheological properties

of the lithosphere. The crust in the North China

block was thickened in the Triassic and Jurassic

by N–S shortening. A change in the regional stress

field triggered wide-spread E–W extension in the

Cretaceous. Simulations of the tectonic history

using a two-stage model with a Newtonian depth-

averaged constitutive relation, and Argand number

N4 can explain much of the observed distribution of

crustal thicknesses. Widespread thickening of the

lithosphere in the North China Block by as much

as 50% was followed by extension, which restored

crustal thickness to around 35 km, or less, depend-

ing on the confining stress provided by the eastern

boundary. This model does not require that the

lithosphere was thinned much relative to its original

pre-Mesozoic thickness. Gravitational instability of

the thickened lithosphere is most likely to have

occurred in the Yin Shan region. We also cannot

rule out the possibility that some kind of convective

thinning event caused a greater degree of lithospher-

ic thinning prior to crustal extension, as is suggested

by thermobarometric studies of xenoliths from Pa-

leozoic and Cenozoic volcanic fields, but geometri-

cal constraints would suggest that if such a

convective thinning event did occur, then it occurred

when crustal thickness of the region was perhaps

only 50 km or less.

Extension occurred in the Hua-Bei region be-

cause the vertical stress field (directly proportional

to the Argand number) was sufficiently greater than

the E–W stress, which is determined by the static

stress on the Eastern boundary. In our simulations,
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we found that crustal extension in the eastern region

causes the crust there to thin until its thickness

approaches that of the reference column that defines

the stress on the eastern boundary, provided that the

lithosphere responds with a Newtonian viscosity

(n=1) and an effective depth-averaged viscosity

that yields Ar greater than about 4. It is clear,

however that the same degree of extension might

have resulted if a convective thinning event had first

occurred beneath the North China lithosphere, and

thus changed the relative balance between vertical

and horizontal stress. The latter explanation is per-

haps more consistent with the degree of lithospheric

thinning implied by the xenolith studies. The tests

of this model examined here cover only a small

subset of possible parameter ranges, and therefore

constitute only a preliminary exploration of this

problem, and may serve as a guide for further

investigation of the regional tectonics of the North

China block.
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