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Abstract

The Tibetan plateau and Himalayans have resulted from the continuous Indian and Eurasian plate convergence following their
initial collision about 55 million years ago. Earthquakes in the region occur mainly in response to the crustal motion and stress
localization associated with this convergence. To understand the basic features of the crustal motion and seismicity in the Tibet-
Himalayan region, we develop a numerical model of block-and-fault dynamics. The model structure is composed of six major
upper crustal blocks separated by fault planes. These blocks are assumed to be perfectly rigid and move as a consequence of the
Indian plate push and of a flow of the lower crust. Deformations take place along the fault planes separating the blocks. The
interaction of the blocks along the fault planes is visco-elastic as long as the ratio of the shear stress to the difference between the
pore pressure and normal stress remains below a critical strength level. When the critical level is exceeded in some part of a fault
plane, an earthquake (stress-drop) occurs causing also failures in adjacent parts of the fault plane. The stress-drop-affected parts of
the fault plane enter in a state of creep immediately after the earthquake, and the creep lasts until the stress falls below a certain
level. We develop several sets of numerical experiments to analyze the earthquake clustering, frequency-to-magnitude
relationships, earthquake focal mechanisms, and fault slip rates in the model. Large events in the numerical experiments cluster on
the fault segments associated with the Himalayan Frontal Thrust as well as at some internal faults of the Tibetan plateau. The
clustering of earthquakes on a given fault is a consequence of the dynamics of the regional fault system rather than that of the fault
only. We show that variations in the relationship of magnitude to frequency of the events are associated with changes in the motion
of the upper crustal blocks and depend on the rheological properties of fault plane zones. The focal mechanisms of model events
are found to be consistent with that of earthquakes in the region. The synthetic moment rate captures the observed rate of seismic
moment release. We demonstrate in the model that the present crustal motion in the region is indeed governed by the north—
northeastern movement of India toward Eurasia and the movement of the lower crust. Variations in the rheological properties of
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fault plane zones and/or in the motion of the lower crust influence rates of the crustal block displacements and slips at the faults
separating the blocks. This can explain the discrepancies in estimates of slip rates over short and long time scales at major faults in

the region.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Following the closure of the Mesozoic Tethys ocean,
the India—Asia collision initiated the development of the
Himalayan range and the Tibetan plateau and induced
widespread strain in southeastern Asia and China. The
Tibetan plateau is underlain by a thick crust (up to 70 to
80 km) as inferred from gravity anomalies and seismic
profiles [1-4]. The Himalayan front and the Longmen
Shan represent abrupt and steep topographic fronts at the
southern and eastern edges of the plateau (Fig. 1).
Remarkable features of the Tibetan plateau are its flat
topography and predominantly strike-slip faulting [5—13].

There are three distinct views of the active regional
deformation which dominate the debate on the mechan-
ics of continental deformation. One view is that the

deformation is distributed throughout the continental
lithosphere [e.g., 12—14]. Another view is associated
with the crustal thinning and the deformation due to a
channel flow within the mid-to-lower crust [15—-18].
Meanwhile there is growing evidence supporting the
alternative view that a substantial part of the deforma-
tion of the continents is localized on long and relatively
narrow faults and shear zones separating rigid crustal
blocks [e.g., 19—22]. Many of these zones cut the base
of the crust [23,24], and some extend to the base of the
lithosphere [e.g., 25]. Therefore such deformations can
be described by motions of crustal blocks separated by
faults.

Studies of major Cenozoic fault systems in the Tibet-
Himalayan region using various techniques show that a
single fault can have various slip rates at different time

90° 100° 110°

70° 80°

35° ;

Indo-Pakista

30° g8

20°

40°

35°

30°

20°

70° 80°

90° 100° 110°

Fig. 1. Topography and observed movements [20] of Tibet and adjacent regions. White bold lines are model faults, and the white arrow indicates the
motion of India relative to Eurasia. Earthquake epicenters are marked by circles.
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scales when measured by different techniques: satellite
radar interferometry (InSAR) [26] and geodetic (GPS)
[27-31] for a time scale of a few years; cosmogenic
dating for thousands of years [32,33], and geologic
measurements for millions of years [9,34-37]. The
difference in the slip rate estimates varies up to one
order of magnitude, much larger than the uncertainties
of each technique.

In this paper we study a block-and-fault dynamics
model (BAFD model) for the Tibet-Himalayan region in
order to answer the following questions: (i) how upper
crustal blocks of the Tibetan plateau react to the Indian
plate motion and to a flow of the lower crust; (ii) how
earthquakes cluster in the system of major regional
faults; (iii) how the focal mechanisms of model events
are related to the mechanisms of observed earthquakes;
and (iv) how rheological properties of the fault zones
influence the earthquake clustering and fault slip rates.
First we present the basic principles and mathematical
statement of the BAFD model (Section 2). The model
geometry of the crustal blocks in the Tibetan plateau and
model parameters are discussed in Section 3. We present
the results of our numerical experiments in Section 4,
discuss them in Section 5, and derive then conclusions.

2. Block-and-fault dynamics model
2.1. Basic principles

A model of block-and-fault dynamics is used to
analyze how the basic features of seismicity and fault
slip rates depend on the crust (lithosphere) structure and
dynamics. The basic principles of the model have been
developed by Gabrielov et al. [38]. The BAFD model
considers a seismic region as a structure of perfectly
rigid (upper crustal or lithospheric) blocks divided by
infinitely thin fault planes. The blocks interact between
themselves and with the underlying medium (lower
crust or asthenosphere). The structure of blocks moves
in response to prescribed motion of the boundary blocks
and of the underlying medium. Because the blocks are
perfectly rigid, deformation is localized in the fault
zones, and relative block displacements take place along
the fault planes. The block motion is defined so that the
structure is in a quasistatic equilibrium state.

The interaction of the blocks along the fault planes is
visco-elastic (we refer to it as a normal state) as long as
the ratio of the shear stress to the difference between the
pore pressure and normal stress remains below a certain
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Fig. 2. A sketch of the block-and-fault dynamics model: Model geometry (a) and a vertical section of a block-and-fault structure orthogonal to a fault
presenting the relative displacements of blocks (b) and the forces per unit area (c).
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strength level. When the critical level is exceeded in
some part of a fault plane, a stress-drop (failure) occurs
resulting in failures in adjacent parts of the fault planes.
The failure produces an earthquake. Immediately after
the earthquake the stress-drop-affected parts of the fault
planes are in a state of creep. This state differs from the
normal state because of a faster growth of inelastic
displacements, lasting until the stress falls below a
certain level. Thus, the BAFD model generates a catalog
of synthetic earthquakes. Using the synthetic catalogs, it
is possible to analyze spatial-temporal correlation
between earthquakes, their clustering, long-range inter-
action between the events, and fault slip rates [39]. The
model was applied to analyze the lithospheric motion
and seismicity in the Vrancea earthquake-prone region
of the southeastern Carpathians [40—42], in the Western
Alps, and in Sunda Arc [39]. One can determine model
parameters for a particular region which fit closely the
spatial distribution of seismicity, frequency—magnitude
relationship in this region, displacement rates of crustal
structures, and fault slip rates.

2.2. Model statement

The block-and-fault structure considered in the
model is a bounded and simply connected part of a
layer of thickness A limited by two horizontal planes
(Fig. 2a). The lateral boundaries of the structure and its
subdivision into blocks are formed by the portions of
planes intersecting the layer; we refer to these planes as
fault planes. The intersection lines of the fault planes
with the upper plane are referred to as faults. The fault
planes may have arbitrary dip angles, which are
specified in the model based on the knowledge of the
deep structure of the region under study. A common
point of two faults is referred to as a vertex. The vertices
in the upper and the lower planes are connected by a rib
of the intersection line of the relevant fault planes (see
Fig. 2a). The part of a fault plane between two ribs
corresponding to successive vertices on the fault is
referred to as a fault segment. The upper and the lower
surfaces of the blocks are polygons. The common part of
a block with the lower plane is referred to as a block
bottom. The block-and-fault structure is bordered by the
infinite confining medium. The motion of the confining
medium is defined in the area bounded by two ribs of the
boundary of the structure (refer to the area as a bound-
ary block).

Boundary blocks and the underlying medium are
assumed to move due to applied forces. The movements
are assumed to be horizontal, their rates are given, and
the rate of movement of the underlying medium can

vary with the blocks. Dimensionless time is used in the
model. All variables depending on time are referred to
the unit of the dimensionless time, and the real time
corresponding to this unit is estimated when the
numerical results are interpreted.

The state of the block-and-fault structure is consid-
ered at the discrete time t,=t,+iAt (i=1, 2, ...), where ¢,
is the initial time. At each time step the translation
vectors and the angles of rotation of the blocks are
determined in such a way that the structure is in a
quasistatic equilibrium. Relative block displacements
take place, as assumed, only along fault planes. All
displacements are supposed to be infinitely small
compared to the block size. Therefore the geometry of
the block structure does not change during the
simulation and the structure does not move as a whole.

2.3. Interaction of blocks along fault planes and with
the underlying medium

Consider a point (X, Y) at the fault plane separating
two blocks i and j (for the sake of definiteness, we
assume that blocks i and j are on the left and right of the
fault, respectively). The components Ax and Ay of the
relative displacement of the blocks are defined as
follows:

Ax=x;—x;— (Y = Y))o; + (Y — Yc{)(/’ﬁ

Ay =yi—y+ X = X))o, — (X — X))o, (1)

where X/, Y/, X/, and Y/ are the coordinates of the
geometric centers of the block bottoms; (x;, y;) and (x;, y;)
are the translational vectors of the blocks; ¢; and ¢; are
the angles of rotation of the blocks about the geometric
centers of their bottoms, all depending on time ¢. A
relationship similar to Eq. (1) is used to define the
relative displacement of the block and the underlying
medium.

We assume that the relative block displacements take
place only along fault planes; therefore, the displace-
ment A=(A,, A)) along the fault plane is given by

A =eAx+eAy, A=A, /cosu
= (e;Ay — e,Ax)/cosu (2)

where Arand A:are the displacement components along
the fault plane, parallel and normal to the fault line in the
upper plane, respectively; (ex, ev) are the direction
cosines; o is the dip angle of the fault plane; and Ax is
the horizontal displacement normal to the fault line in
the upper plane (Fig. 2b).
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Fig. 3. A block-and-fault structure of the Tibet-Himalayan region. Solid and dashed lines delineate blocks 1 to 6 (structural geological elements) and
blocks 7 to 12 (the model boundary elements), respectively. S1-S63 are the fault segments.

Elastic forces arise in the block bases and fault planes
in response to the displacement of the blocks relative to
the boundary blocks and the underlying medium. At a
point (X, Y) the shear stress vector o=(o,, g;) (elastic
force per unit area acting along the fault plane or the
block base) is related to the strain ¢ at this point by a
visco-elastic (Maxwell) rheological law:

d . 1
d =t
where 7 is the relaxation time (t=#%/u), u is the shear
modulus, and 7 is the viscosity. For the convenience of

subsequent discussions, we present the relationship (3)
in the following equivalent form:

de
O':,I,L&

3)

s

g =¢(A—9), dthG

4)

where 6=(d;, §,) is the inelastic displacement at a point
of the fault planes; E=u/a, {=a/n, a is the character-
istic length (¢=3 km is assumed in the model); and
7=1/(£0).

In addition to the elastic force, there is a reaction
force normal to the fault plane; the work of this force is
zero, because all relative movements are tangent to the
fault plane. The normal stress (the reaction force per unit
area) o, is then defined (Fig. 2¢)

(5)

g, = 07 tano.

The value of o, is positive for a tensional stress.
Because of the reaction force introduced in the model,
there are no vertical forces acting on the blocks and hence
no vertical displacement of the blocks. The horizontal
movement of the model boundary blocks is prescribed by
their translation and rotation about the origin (see Eq. (1)).

The components of the translational vectors of the
blocks and the angles of their rotation about the geometric
centers of the block bottoms are found from the condition
that the total force and the total moment of forces acting
on each block must vanish. This is the condition of quasi-
static equilibrium of the system and at the same time the
condition of minimum energy. The equilibrium equations
include only forces caused by specified movements of the
underlying medium and of the boundaries of the block-
and-fault structure. In fact, it is assumed that the action of
all other forces (e.g. gravity) on the structure is ruled out
and does not cause displacements of blocks.

The space discretization required to carry out numer-
ical simulations of the BAFD model is made by splitting
the surfaces, on which the forces act, into small cells of
trapezoidal shape, whose linear size does not exceed a
specified parameter y. The coordinates (X, Y), displace-
ment A, inelastic displacement ¢, and elastic stress o are
supposed to be the same for all the points of a cell.

2.4. Earthquake and creep

Earthquakes are simulated according to the criterion
of the Coulomb failure stress [43] and the dry friction.
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Namely, for each cell of the fault plane, we introduce the
dimensionless number (proportional to the friction
coefficient)

|o]
"= P—o, ©)
where |o| is the magnitude of the shear stress along the
fault plane, and P is the difference between the
lithostatic and pore (hydrostatic) pressure in the fault
zone, which is assumed to be equal to 2x 10® Pa (the
typical value at 15 km depth) for all the faults.

Three critical values of x, B>H>H,, are specified
for each fault. The initial conditions for the BAFD
model — the translation vectors and angles of rotation of
the blocks and the inelastic displacements of the cells —
are assumed to satisfy the inequality x <B for all cells of
the fault planes. If at any time the value of k exceeds the
level B at one or more cells, a failure (earthquake)
occurs. An earthquake in the model is defined as an
abrupt decrease of the inelastic displacement J in the
cell. The inelastic displacement is updated after the
failure:

5=0+n0 (7)

where the coefficient 7y is determined from the condition
that after the failure x is reduced to the level Hy

”‘%“WM)’ ®)

Once the new values of the inelastic displacements
for all the failed cells are computed, the translation
vectors and the angles of rotation of the blocks are
determined to satisfy the condition of the quasi-static
equilibrium. If after these computations k> B for some
cell(s) of the fault planes, the procedure is repeated for
this (these) cell(s); otherwise, the numerical simulation
is continued in the ordinary way.

On the same fault plane, the cells in which failure
occurs at the same time form a single earthquake. The
coordinates of the earthquake hypocenter are defined as
the weighted sum of the coordinates of the cells forming
the earthquake (the weights are proportional to the areas
of the failed cells). The magnitude of the earthquake is
estimated using the formula:

M = 0.98log,,S + 3.93 (9)

where S is the total area of the cells forming the
earthquake, measured in km? [44].

Immediately after the earthquake, the cells in which the
failure occurred are creeping. It means that the parameter
{(C,>0) in Eq. (4) is used instead of ¢ for these cells. The
cells are in the state of creep as long as k>H,. Once
Kk <H,, the cells return to the normal state, and henceforth
the parameter ( is used in Eq. (4) for these cells.

3. Block-and-fault structure for the
Tibet-Himalayan region

The model structure for the Tibet-Himalayan region
is comprised of several crustal blocks delineated by

Table 1

Dip angles of the fault planes in the BAFD model

# Fault Direction of Dip

segments fault plane slope angle

1 S1, 82, S3 S—-W 85°
2 S4, S5 N 30°
3 S40 E-S 85°
4 S6, S7 N-E 30°
5 S8 N-E 30°
6 S9 N 30°
7 S10, S11 N 30°
8 S41, S42 W-N 85°
9 S43, S44 S-E 40°
10 S45, S46, S47 E-N 85°
11 S48 S 40°
12 S12, S13, S14 S-E 60°
13 S15 S-W 30°
14 S49 N-E 85°
15 S50, S51, S52 S 85°
16 S16 S-W 40°
17 S17, S18 S 40°
18 S53 N-E 85°
19 S19 N-E 85°
20 S20, S21 E-N 85°
21 S54 E 85°
22 S38, S39 S-W 85°
23 S22 S 85°
24 S55 S-W 85°
25 S56 W-N 85°
26 S23 S-W 85°
27 S57 S-W 85°
28 S58 E 85°
29 S59 E-S 85°
30 S60, S61 N-W 30°
31 S62 E-N 85°
32 S24 E-S 85°
33 S25 N 85°
34 S26, S27 W-N 85°
35 S28, S29 w 85°
36 S30 S-W 85°
37 S31, S32 S-E 85°
38 S33, S34 S—-W 85°
39 S35, S36 S-E 85°
40 S37 E-S 85°
41 S63 w 85°
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Table 2
Displacement rates (Vy, ¥}) and angular velocities (w) of blocks 1-6 predicted by set 1 of numerical experiments
Experiment Number of synthetic earthquakes Segments where Block V., mm yr ! V,, mm yr! o, 10 ®rad yr'
and range of their magnitudes earthquakes occurred
1.1 86,002 S4-S10, S61 1 1.0418 3.8556 —0.00256
£=1.0 6.19<M<7.30 2 13.9496 5.4002 —0.00259
£=0.05 3 1.4132 8.1865 —0.00214
4 1.3327 2.2195 —0.00286
5 1.2490 1.7154 —0.00260
6 0.1515 3.8304 —0.00291
1.2 81,775 S4-S10, S61 1 0.5711 2.8969 —0.00176
£=5.0 6.19<M<8.30 2 0.1687 4.0696 —0.00179
£=0.01 3 0.5784 5.8768 —0.00092
4 0.8871 1.6063 —0.00203
5 0.8016 1.3298 —0.00185
6 —0.0272 3.0110 —0.00216
1.3 54,056 S4-S10, S61 1 0.3344 2.2608 —0.00131
£=20.0 6.19<M<8.28 2 0.1608 3.1971 —0.00127
(=0.0025 3 0.2122 4.2374 0.00000
4 0.5730 1.2162 —0.00159
5 0.5452 1.0424 —0.00141
6 —0.0065 2.4148 —0.00170
1.4 79,619 S1, S4-S10, S61 1 0.3581 1.7800 —0.00110
£=100.0 6.18<M<7.65 2 0.4700 2.5639 —0.00095
£=0.0005 3 0.3442 2.9689 0.00066
4 0.4125 0.9752 —0.00130
5 0.4325 0.8254 —0.00116
6 0.2725 1.8943 —0.00144
1.5 91,241 S1, S4-S10, S61 1 0.4155 1.5956 —0.00104
£=500.0 6.18<M<7.48 2 0.6713 2.3225 —0.00083
£=0.0001 3 0.4993 2.4558 0.00092
4 0.3639 0.8988 —0.00120
5 0.4018 0.7492 —0.00108
6 0.4495 1.6765 —0.00134

Replumaz and Tapponnier [45] on the basis of detailed
geomorphic and tectonic field studies and large scale
SPOT or LANDSAT imagery analysis [5,7,8,34,46—52].
For the sake of simplicity, we combine several small-
size blocks of the Replumaz and Tapponnier model [45]
into a single block. The major blocks are separated by
thrust and strike-slip faults hundreds of kilometers long.
The faults in the model structure do not trace exactly the
regional faults, but rather represent the main geometrical
features of the faults. The blocks in the model structure
are considered as perfectly rigid for time intervals of
several thousands years (the model time). Meanwhile,
we recognize that blocks bounded by normal or thrust
faults stretch or shrink during geological times, but their
deformation for the time of several thousand years is
insignificant compared to the block sizes.

The Qiangtang platform is the largest Tibetan block
(block 1, Fig. 1), which is cut by small normal faults
[5,7]. The faults slip at slow rates [53], and hence they
are neglected in the model to a first order. Its southern
limit follows the dextral Karakorum—Jiali fault zone and

is connected eastwards with the Red River fault. The
northeast limit of Qiangtang is the Xianshui He fault,
which bends southwards into the Xiaojiang fault before
abutting the Red River fault. This northern limit follows
the Fenguo Shan thrusts [54], between the Xianshui He
and the Kunlun faults, then the north branch of the
Kunlun fault, to the Altyn Tagh fault. The western limit
of the block follows the Karakax and Karakorum faults.

The present limit between India and Asia is the thrust
along the Main Himalayan Front separating India from
southern Tibet. The central part of South Tibet is rifted
into seven small blocks [7]. We divide South Tibet into
three main blocks (Fig. 1): West Lhasa Himalayas
(block 2), East Lhasa Himalayas (block 6), and Indo-
Pakistan (block 3). The Lhasa-Himalayan blocks are
limited to the west by the Karakorum fault and to the
north by the Karakorum-—lJiali fault zone [8,55]. The
West Lhasa Himalayas and East Lhasa Himalayas
blocks are separated by the Gulu rift zone. The Indo-
Pakistan block is bounded to the west by the Darway—
Karakul fault, to the north by the Main Pamir Thrust and



472 A. Ismail-Zadeh et al. / Earth and Planetary Science Letters 258 (2007) 465—485

to the east by the Karakorum fault. We assume that the
southeastern branches of the Karakorum fault terminate
into the Thakkhola graben. The Qaidam block (block 4,
Fig. 1) is situated between the Kunlun fault to the south,
the Altyn Tagh fault to the west and northwest, the
Qilian Shan thrust to the north and northeast, and the
Qinling fault to the west. And finally, the Songpan block
(block 5, Fig. 1) is the triangular wedge between the
Kunlun, the Longmen Shan, and the Xianshui He faults.

The six major geological structural elements of the
region (blocks 1 to 6) compose the core structure of the
BAFD model (Figs. 1 and 3). To avoid the determina-
tion of conditions at rigid immobile lateral boundaries of
the structure (to the west, north and east of blocks 1 to
6), six additional blocks 7 to 12 are introduced in the
model as boundary blocks (Fig. 3). Segments of the
boundary blocks S11, S24—-S38, S42, S44, S50, S62,
and S63 (dashed solid lines) do not correspond to real
geological structures, and hence £=0 is specified for the
segments. Therefore, according to Eq. (2), all forces and
stress in these fault segments are equal to zero.

Thus, the model structure contains 41 fault planes
and 12 blocks in total. The fault planes consist of 63
segments. Dip angles of the fault planes given in Table 1
are estimated from seismic reflections images [e.g.

Number of events
=] =]
R )

O_l

10°

56,57]; dip angle of 85° is prescribed when either the
fault planes are nearly vertical or there is no information
on the dip angle. The shallow nature of observed
earthquake foci suggests that the upper crust is thin and
underlain by a low-viscosity layer [58]. We consider that
the average thickness of the rigid crustal blocks is
30 km, and assign H=30 km between the upper and
lower planes (boundaries) of the model structure.

The following values are prescribed to the parameters
of the BAFD model in our numerical experiments: £=1
(measured in 107 Pa m™ ') and {=0.05 (measured in
1007 m Pa ' yr '), which correspond to the shear
modulus 3x10'" Pa and viscosity 2x10'? Pa s at the
bottom plane of blocks 1-6 (7=20 yr). For fault segments
S1-S10, S12—-S23, S39-S41, S43, S45-S49, S51-S61,
£=1 and (=0.01, the thresholds for k are B=0.1,
H=0.085, H,=0.07, and {,=2 (measured in 10~" m
Pa~ ' yr ). The values of the parameters for the time and
space discretization are Ar=10> yr and =16 km,
respectively. The values of the parameters specified here
are default values in all numerical experiments (if other
values of the parameters are not prescribed).

The numerical simulations were performed for
4000 years starting from zero initial conditions. The
total displacements of the blocks are represented by their

Number of evenis

Magnitude

Magnitude

Fig. 4. Cumulated FM plots for synthetic seismicity (solid lines) predicted by numerical experiments: (a) set 1 to (d) set 4. Index k (k=1,2, 3,4, 5) at
the solid lines presents the number of the experiment in set 7 (i=1, 2, 3, 4). The cumulated FM plot for the observed seismicity from 1967 to 2003 is

shown by a dashed line.
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Fig. 5. Displacement rates for each crustal block in the numerical experiments: (a) set 1 to (d) set 4. Panel (e) presents the displacement rate (BDR) of
block 3 versus the fault zone viscosity (FZV) for set 3 of the numerical experiments.

translations along the X and Y axes of the reference
coordinate system and by the angles of rotation around
their geometrical centers. The point with the geographic
coordinates 30°N and 90°E is chosen as the origin of the
reference coordinate system (Fig. 3). The X axis is the
east-oriented parallel passing through the origin of the
coordinate system; the Y axis is the north-oriented
meridian passing through the origin of the coordinate
system.

4. Numerical results

Four sets of numerical experiments have been
performed to study the dynamics of the block-and-
fault structure in the Tibet-Himalayan region. The
experiments analyze how the following factors influ-
ence the seismic clustering and the rates of block
displacements and fault slips: (1) the resistance of the
model boundary (Section 4.1), (2) variations in the
movement of the Indian plate with respect to Eurasia
(Section 4.2), (3) changes in the elastic and viscous
properties of the fault zones (Section 4.3), and (4)
variations in the motion of the lower crust (Section 4.4).

In sets 1-3 of the numerical experiments the
movement of the boundary formed by segments S4—

S10, and S61 is specified (with the rate of U,=10 mm
yr !, U,=40 mm yr "). The rate is constrained by the
present rate of convergence between India and Asia
[59]. All other parts of the lateral boundary of the
structure as well as the medium underlying all the blocks
are motionless in sets 1-3. In set 4 the movement of the
boundary fault segments as well as the movement of the
medium underlying the blocks (lower crust) are
specified and constrained by regional GPS data (A.
Yin, personal communication).

4.1. Effect of the model boundary resistance

In set 1 of experiments different values of coeffi-
cients £ and { for boundary blocks 7—12 are specified
(see Table 2). The increase in the shear modulus and
viscosity of the lower crust (precisely, at the interface
between the model blocks and the underlying medium)
from experiment 1.1 to 1.5 results in a stronger
resistance of blocks 7—12 with respect to the movements
of blocks 1-6.

Blocks 1, 2, and 4—6 rotate clockwise, and block 3
rotates clockwise in experiments 1.1 and 1.2 and
counterclockwise in experiments 1.4 and 1.5 (Table 2).
When the GPS data are viewed in a fixed Eurasian frame
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Table 3
Displacement rates (V,, ¥,) and angular velocities (w) of blocks 1-6 predicted by set 2 of numerical experiments
Experiment, Number of synthetic earthquakes Segments where Block Ve, mm yr ' V,, mm yr! o, 10 ®rad yr !
U,, U,, mm yrfl and range of their magnitudes earthquakes occurred
2.1 83,018 S4-S10, S61 1 0.1118 2.1802 -0.00117
U,=0 6.19<M<7.75 2 —0.9283 3.2229 —0.00150
U,=40 3 —0.4491 4.8629 —0.00095
4 0.5053 1.1452 —0.00129
5 0.4178 1.0006 —0.00260
6 —0.9748 2.6717 —0.00185
22 59,260 S4-S10, S61 1 0.2730 2.2505 —0.00128
U,=6.946 6.19<M<8.30 2 —0.1488 3.2226 —0.00135
U,=39.392 3 0.0252 4.4397 —0.00027
4 0.5570 1.2028 —0.00156
5 0.5119 1.0363 —0.00138
6 —0.2832 2.5015 —0.00176
2.3 58,978 S4-S10, S61 1 0.4243 2.2632 —0.00135
U,=13.681 6.19<M<8.28 2 0.6248 3.1403 —0.00116
U,=37.588 3 0.4906 3.9102 0.00041
4 0.5936 1.2293 —0.00162
5 0.5917 1.0456 —0.00144
6 0.4093 2.2705 -0.00162
2.4 82,495 S4-S10, S61 1 0.5648 2.2202 —0.00139
U,=20.0 6.19<M<7.68 2 1.3842 2.9806 —0.00094
U,=34.641 3 0.9418 3.2880 0.00107
4 0.6156 1.2255 —0.00164
5 0.6567 1.0293 —0.00146
6 1.0941 1.9829 —0.00144
2.5 79,412 S4-S10, S61 1 0.6929 2.1210 —0.00140
U,=25.712 6.19<M<8.06 2 2.1178 2.7446 —0.00069
U,=30.642 3 1.3724 2.5832 0.00171
4 0.6225 1.1908 —0.00161
5 0.7059 0.9866 —0.00145
6 1.7603 1.6411 -0.00124

of reference [28,29,60—62], the central and eastern parts
of the region (corresponding to blocks 1, 2, 4—6 in the
BAFD model) move east—southeast and the western part
of the region (corresponding to block 3) tends to move
north—northwest relative to Siberia. These observations
are consistent with the model predictions on the
displacement rates of the crustal blocks.

Synthetic earthquakes occur on segments S4-S10, and
S61 in all experiments and also on segment S1 in
experiments 1.4 and 1.5. The plots of the cumulative
number of earthquakes with magnitudes greater that M as a
function of magnitude M (thereinafter we refer to as FM
plots) for synthetic seismicity obtained in set 1 of
experiments are presented in Fig. 4a. The seismicity
generated by the model experiments is associated with the
fault system of the Himalayan Frontal Thrust, where the
highest level of seismic activity is observed. The FM plot
for the observed seismicity is also shown in Fig. 4a
(dashed line). Note that the FM plots for synthetic events
are shifted upwards due to the larger number of the events

compared to the number of seismic events in the region.
Comparing the slopes of the FM plots for the observed and
synthetic seismicity, we see that the results of experiment
1.3 give the closest fit to the observed slope. The values of
the model parameters specified in experiment 1.3 are used
in all other sets of numerical experiments.

The displacement rates of the blocks and slip rates at
the faults, separating the blocks, decrease with the
increase of the shear modulus and viscosity of the lower
crust. In experiment 1.1 the maximum displacement
rates of the Indo-Pakistan and West Lhasa Himalayas
blocks separated by the Karakorum fault are about
15mmyr ' and 8 mmyr ', respectively (Fig. 5a). These
rates drop to about 3 mm yr ' in experiment 1.5 and to
even lesser values (about 1 mm yr~ ') for other blocks.

4.2. Effect of the Indian plate movement

In set 2 of experiments we analyze how the direction of
the Indian plate motion with respect to Eurasia influences
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Table 4
Displacement rates (Vy, ¥}) and angular velocities (w) of blocks 1-6 predicted by set 3 of numerical experiments
Experiment Number of synthetic earthquakes Segments where Block Ve, mmyr ' ¥}, mm yr ! o, 10 ®rad yr'
and range of their magnitudes earthquakes occurred
3.1 30,815 S4-S10, S61 1 0.8293 2.2719 —0.00110
£=0.01 6.19<M<8.26 2 2.3584 8.5152 —0.00078
(=1.0 3 2.1784 13.7672 0.00720
(,=200.0 4 0.1035 0.3071 —0.00081
5 0.3752 0.5364 —0.00099
6 3.2372 16.1060 —0.00068
3.2 64,098 S4-S10, S61 1 1.1591 3.6741 —0.00248
£=0.1 6.19<M<8.09 2 1.6342 6.3730 —0.00219
(=0.1 3 1.1149 8.8900 0.00212
(s=20.0 4 0.6082 1.6282 —0.00262
5 0.9460 1.5158 —0.00253
6 1.4411 6.0640 —0.00446
33 61,907 S4-S10, S61 1 0.2168 1.7204 —0.00098
£=2.0 6.19<M<8.30 2 —0.0252 2.3880 —0.00099
£=0.005 3 0.1492 3.2753 —0.00033
(=10 4 0.4972 0.9493 —0.00116
5 0.3966 0.8089 —0.00105
6 —0.1422 1.7843 —0.00121
34 94,701 S1, S4-S10, S61 1 0.1499 1.1937 —0.00069
£=5.0 6.18<M<7.95 2 —0.0726 1.6318 —0.00072
£=0.002 3 0.1561 2.3282 —0.00047
(=04 4 0.4108 0.6887 —0.00077
5 0.2610 0.5772 —0.00072
6 —0.1521 1.1974 —0.00080
3.5 105,478 S1, S4-S10, S46, S61 1 0.1137 0.7844 —0.00047
£=20.0 6.18<M<7.67 2 —0.0281 1.0517 —0.00048
£=0.0005 3 0.1808 1.5307 —0.00043
£s=0.1 4 0.3122 0.4844 —0.00049
5 0.1628 0.3940 —0.00048
6 —0.0866 0.7479 —0.00050
3.6 110,120 S1, S4-S10, S56, S61 1 0.1018 0.6754 —0.00040
£=50.0 6.10=M<7.52 2 —0.0101 0.8966 —0.00041
(=0.0002 3 0.1821 1.3034 —0.00039
(s=0.04 4 0.2788 0.4292 —0.00041
5 0.1361 0.3455 —0.00041
6 —0.0635 0.6301 —0.00042
3.7 109,808 S1, S4-S10, S56, S61 1 0.0963 0.6359 —0.00038
£=100.0 6.10=M<733 2 —0.0039 0.8399 —0.00038
£=0.0001 3 0.1807 1.2184 —0.00038
(s=0.02 4 0.2666 0.4090 —0.00038
5 0.1258 0.3282 —0.00038
6 —0.0554 0.5876 —0.00039

the seismicity and displacement rates of blocks 1 to 6. The
direction of the motion is varied from north to northeast;
the angle of the velocity with the meridian increases from
0° to 40° (every 10°) from experiment 2.1 to 2.5. The
velocity (Uy, U,) of the motion (in mm yr 1) are
prescribed at segments S4—S10, and S61 (Table 3). In
all experiments of set 2, blocks 1, 2, 4, 5, and 6 rotate
clockwise, block 3 rotates clockwise in experiments 2.1
and 2.2 and counterclockwise in other experiments;
synthetic earthquakes occur on segments S4—-S10, and

S61. Cumulated FM plots for the synthetic seismicity
obtained in this set of experiments as well as that for the
observed seismicity are presented in Fig. 4b. The slope of
the FM plot for synthetic seismicity generated in
experiment 2.3 is the closest to the slope of the FM plot
for the observed earthquakes. The numerical experiments
show that the change in the direction of the Indian plate
motion affects mainly the displacement rates of the Indo-
Pakistan block (Fig. 5b). The rates of the displacement of
other blocks vary slightly.
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Table 5
Translational velocity (wy, wy), in mm yr !, and angular (w) velocity, in rad yr !, prescribed to the bottoms of blocks 16 in set 4 of numerical
experiments
Block Experiment 4.1 Experiment 4.2
no.

Wy Wy @ Wy Wy, 4]
1 20.0 20.0 0.0 20.0 20.0 0.0
2 10.0 30.0 0.0 10.0 30.0 0.0
3 -10.0 30.0 0.0 -10.0 30.0 0.0
4 20.0 10.0 0.0 20.0 10.0 0.0
5 10.0 0.5 0.0 30.0 00.0 0.0
6 20.0 30.0 0.0 20.0 30.0 0.0
Block Experiment 4.3 Experiment 4.4 Experiment 4.5
no. Wy Wy, [0} W, W, [0} Wy W, [}
1 12.4 -29.3 0.002 12.4 -29.3 0.0 40.0 -10.0 0.0
2 29.4 198.1 —0.148 29.4 198.1 0.0 0.0 0.0 0.0
3 —66.0 11.9 —0.156 —66.0 11.9 0.0 0.0 0.0 0.0
4 7.7 -32 0.120 7.7 -32 0.0 40.0 5.0 0.0
5 47.8 -17.8 0.181 47.8 -17.8 0.0 50.0 0.0 0.0
6 185.2 73.9 1.229 185.2 73.9 0.0 0.0 0.0 0.0

4.3. Influence of the elastic properties and viscosity of
fault zones

In set 3 of experiments, the values of the coefficients &,
{, and {, atinternal fault segments S1-S3, S12—-S23, S39—
S41, S43, S45-S49, and S51-S60 are varied (Table 4),
i.e., the shear modulus and viscosity of the relevant fault
zones increase from experiment 3.1 to 3.7. In all
experiments of this set, blocks 1,2,4—6 rotate clockwise,
block 3 rotates counterclockwise in experiments 3.1 and
3.2 and clockwise in other experiments (Table 4).
Synthetic earthquakes occur on segments S4-S10, S61,
S46, and S56. Cumulated FM plots for synthetic seismicity
obtained in set 3 of the experiments are presented in Fig.
4c. The slopes of the FM plots for these experiments
(except experiments 3.2 and 3.3) differ essentially from the
slope of the FM plot for the observed seismicity. From
experiments 3.3 to 3.7 the number of large events
decreases as the resistance to slip of fault planes increases
(with the shear modulus and viscosity). In experiment 3.1
the maximum displacement rates of the Indo-Pakistan and
Lhasa Himalayas (blocks 3, 2, and 6) are about 14, 9, and
16 mm yr ', respectively (Fig. 5¢). The rates decrease to
about | mm yr ' at these blocks in experiment 3.7 and to
even lesser values (ca. 0.3 mm yr ') for the other model
blocks. Fig. Se presents the displacement rate of the Indo-
Pakistan block versus the fault zone viscosity.

4.4. Effect of a lower crustal flow

In set 4 of experiments we analyze the influence of a
lower crustal flow on seismicity and rates of block

displacements and fault slips. Velocities of the underlying
medium (lower crust) are prescribed to the bottom of
blocks 1 to 6 (see Table 5), and movement of the boundary
fault segments is specified for each numerical experiment
(see Table 6). The velocities of the underlying medium
and of the boundary fault segments are chosen such a way
to keep the block movements close to the regional
observed movements. Values (=200, 0.4, 0.4, 0.1, and
0.5 are assigned to all fault segments of blocks 1 to 6 in
experiment 4.1, 4.2, 4.3, 4.4, and 4.5 respectively.

In experiments 4.1 and 4.2, blocks 4 and 5 rotate
clockwise and blocks 1-3 and 6 counterclockwise. In
experiments 4.3—4.5, blocks 1, 2, 4—6 rotate clockwise,
block 3 rotates clockwise in experiments 4.3 and 4.5,
and counterclockwise in experiment 4.4. Synthetic
seismicity occurs on many segments of the block-and-
fault structure (see Table 7). Cumulated FM plots for

Table 6
Velocities (wy, w,), in mm yrﬁl, prescribed to the boundary faults
segments in set 4 of numerical experiments

Boundary fault segments Experiments Experiments

4.1 and 4.2 43-45

Wy Wy, W, w,
S4-S10 20.0 20.0 14.0 42.0
S41 200 —10.0 10.0 28.6
S43, S45, S48, S12 10.0 0.0 -04 13.8
S13, Sl 0.0 10.0 2.6 3.4
S15 0.0 10.0 3.0 —-0.6
S49, S51, S58, S59, S21, S54 0.0 10.0 49 -33
S1, S39 20.0 60.0 40 -—144
S60, S61 0.0 0.0 4.4 -2.1
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Table 7
Displacement rates (Vy, ¥,) and angular velocities (w) of blocks 1-6 predicted by set 4 of numerical experiments
Experiment Number of synthetic earthquakes Segments where earthquakes occurred Block ¥, mm yr ' V), mm yr ' @, 10 ®rad yr!
and range of their magnitudes
4.1 453,590 S2, S4, S8-S10, S12-S17, S19, S22, 1 1.9398 43.7267 0.00949
6.11<M<7.88 S23, S40, S45, S47, S48, S51, S53, 2 23.8765 25.2575 0.02377
S55, S57, S59-S61 3 16.8656 —1.6185 0.01658
4 -0.6103 31.9298 -0.01236
5 11.3545 40.3355 —0.00747
6 23.4176 34.4941 0.02046
4.2 272,134 S2, S4, S8-S10, S12-S17, S19, S22, 1 1.9966 43.5533 0.00952
6.11<M<8.10 S23, S40, S45, S47, S48, S51, S53, 2 23.8396 25.3284 0.02354
S55, S57, S59-S61 3 16.8578 —1.5547 0.01673
4 —0.4964 31.7046 -0.01226
5 11.4195 40.1542 —0.0074
6 23.4154 34.5107 0.02015
43 146,042 S1, S2, S4-S10, S19-21, S23, S39, 1 10.0807 11.556 —0.01166
6.18<M<8.94 S40, S46-S48, S51, S54, S59-S61 2 7.3091 20.4192 —0.01043
3 0.3019 15.1812 —0.00083
4 8.1416 5.9532 —0.01048
5 9.726 3.2768 —0.00882
6 54.5164 -7.3917 —0.00275
44 706,344 S1, S2, S4, S5, S7-S10, S12, S13, 1 11.7401 16.3832 —0.01635
6.03<M<8.33 S21, S23, S39-S41, S45-S49, S52, 2 10.6794 27.1760 -0.01272
S54, S59-S61 3 1.5833 19.4127 0.01430
4 9.6440 8.6736 —0.01637
5 10.4403 4.8456 —0.01552
6 61.6614 -3.7210 —0.02689
4.5 317,835 S1, S3-S10, S12-14, S19, S21, S23, 1 12.0332 —0.9252 —0.00911
6.10<M<8.30 S39, S41, S46-S48, S54-S57, S59 2 4.4600 4.9507 —0.01058
3 1.4647 10.9194 —0.00038
4 8.3325 0.1872 —0.00504
5 7.4692 —0.2398 —0.00633
6 4.0598 -0.2314 —0.01009

seismic events (predicted by these experiments and
observed) are presented in Fig. 4d. The slopes of the
plots for experiments 4.3—4.5 are rather close to the
slope of the plot for the observed seismicity. The
numerical experiments show that displacement rates of
the crustal blocks vary with the velocities of the
underlying medium and boundary segments (Fig. 5d).

5. Discussion

Numerical models of crustal dynamics provide a
quantitative insight into earthquake preparation process
and movements in the crust. A sequence of earthquakes
is generated by a fault network rather than each earth-
quake by a segment of a single fault. Moreover, statistical
and phenomenological studies of seismicity based on
observed earthquake catalogs have the disadvantage that
the reliable data cover a time interval of less than
100 years, rather short compared to the duration of
tectonic processes responsible for seismic activity. A
reasonable approach is to study the crustal motion and

associated seismicity by numerical modeling and to
analyze the synthetic earthquakes and slip rates so
obtained [e.g., 39,63].

5.1. Earthquakes

When only the movement of the Indian plate is
specified as a driving force in the BAFD model (sets 1 to
3 of numerical experiments), large (M>6.5) synthetic
events are clustered mainly on the fault segments
associated with the Himalayan Frontal Thrust (Fig. 6b).
This movement alone fails to transmit enough stress to
the northern and north-eastern parts of the Tibetan
plateau to produce in the model the earthquakes
observed in the region. An introduction of the
movement of the lower crust along with the Indian
plate movement, results in earthquakes on the internal
fault segments, e.g., on segments of Altyn Tagh,
Karakorum, and Kunlun faults, and the Gulu rift zone
(Fig. 6¢c—f). Hypocenters of the modeled events are
located mainly at depths ranging from 10 to 20 km.
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Fig. 6. Spatial distribution of large (M>6.5) earthquakes in the Tibet-Himalayan region. (a) Observed seismicity since 1900. (b—f) Synthetic

seismicity in experiments 3.7 (b), 4.2 (c), 4.3 (d), 4.4 (e), and 4.5 (f).

Table 8 presents maximum magnitudes of synthetic
events on fault segments for three numerical experi-
ments. The largest events (M=8.9) in the model were
obtained in experiment 4.3. They occurred on segment
40, which is associated with the Gulu rift zone. It is
remarkable to mention that the frequency of occurrence
of these largest events varies considerably: the second of
the five events occurred 1204 model years after the first
event, the new event in 252 years after the second one,
and the last two events with the time interval of 48 and
144 years, respectively, after the third event. The
maximum magnitude (M=8.3) of the modeled events

in Himalayas (segments 4—10, 60, 61) is lower than that
of observed events in the region. In fact, the maximum
magnitude (as well as clustering) of synthetic events
depends on the block structure geometry, the prescribed
motion and the other parameters of the model. It
depends also on the choice of Eq. (9) used to define the
magnitude of the synthetic events. Wells and Copper-
smith [64] updated the relationship between magnitude
and rupture area and estimated the absolute term in
Eq. (9) to be 4.07. Hence, if the updated relationship is
employed in the model, earthquake magnitudes could be
slightly higher. The slope of the FM plots provides more
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Table 8
Maximum magnitude (M.,) and slip angle (B) of modeled
earthquakes at fault segments

Fault Numerical experiments
segment 3 44 45

Mmax ﬁ Mmax ﬁ Mmax ﬁ
1 7.25 -90 7.65 -90 7.1 —100
2 7.25 =75 6.8 =5 - -
3 - - - - 7.3 110
4 8.2 130 7.35 —105, 140 6.9 80
5 6.9 80 6.5 80 7.05 80
6 6.8 100 - - 6.8 100
7 8.25 90 6.55 —100, 105 8.3 100
8 8.25 120 6.7 120 8.3 120
9 7.5 60 6.8 65 8.25 60
10 7.8 90 6.9 100 7.85 100
12 - - 6.7 30 6.8 =70
13 - - 6.6 70 6.6 -60
14 - - 6.6 70 6.6 -60
19 7.0 =90 - - 8.0 -90
20 6.5 -90 - - - -
21 7.0 -100 - - 7.0 =70
23 8.0 —-100  7.05 =90 6.9 -120
39 7.35 -85 6.55 —100, 105  7.25 -90
40 8.9 -90 8.3 -90 - -
41 - - 6.9 —135 7.7 -175
45 - - 7.0 —100 - -
46 7.85 =90 7.7 -90 7.85 —100
47 7.85 =90 7.6 =90 7.4 —100
48 6.8 60 6.9 70 7.25 -90
49 - - 6.7 =90 - -
51 6.9 -100 - - - -
52 - - 6.8 -60 - -
54 7.3 —-100  7.05 -90 6.7 -60
55 - - - - 7.05 —135
56 - - - - 7.05 —100
57 - - - - 7.05 =60
59 6.85 —-110  7.05 —100 6.9 —100
60 8.2 140 7.2 —105, 135 - -
61 8.2 140 7.2 —105, 135 - -

essential information on earthquake magnitudes. In
some experiments the slope of the FM plots for the
synthetic events is rather close to that for observed
seismicity in the magnitude range from 6.8 to 8.2. The
shift in the frequency of occurrence of small synthetic
events (M<6.8) depends on the discretization of fault
segments in the model. The present linear size of the
cells composing fault segments is 16 km, and the
minimum magnitude of synthetic events (M ~6) is
constrained by this size. If smaller cell size (e.g., 3 km)
is introduced in the model, the number of events with
M ~ 6 reduces, because a part of stress drops on smaller
cells, resulting in earthquakes of smaller magnitudes

(Fig. 7).

The numerical results demonstrate that the slope of
the FM plots and clustering of large earthquakes are
sensitive to the changes in the movements of the lower
crust and in the rheological properties of fault plane
zones in the Tibetan plateau. Large events localize only
on some of the faults, but not on all of the individual
faults where the elastic and viscous coefficients were
equally changed. This illustrates the fact that the BAFD
model does describe the dynamics of a network of
crustal blocks and faults rather than the dynamics of
individual fault planes.

We have also analyzed the focal mechanisms of the
synthetic earthquakes and computed the angle f
between the slip direction (in the fault plane) and the
fault line. Left- and right-lateral strike-slip (SS) takes
place for =0 and +180°, respectively; normal (NF) and
thrust (TF) faulting occur for f=90° and B=-90°,
respectively. Table 8 shows slip angles at fault segments
for three experiments. The value of a slip angle on a fault
segment is determined as the value of the angle
corresponding to the maximum in the distribution of
all slip angles at the fault segment. In a few cases the
distribution shows two distinct maximums (see Table 8),
which can be associated with a relatively large block
rotation resulting in tension at one end of the fault
segment and in compression at its other end. Fig. 8
illustrates the stress regimes for the Tibet-Himalayan
region defined mainly from the determination of fault
plane solutions for the regional earthquakes. A compar-
ison of the modeled and observed data shows a
reasonably good agreement between the focal mechan-
isms of the synthetic and observed earthquakes. Namely,
in both cases (in the model and reality) most thrust

1E+007
1E+006
1E+005
1E+004

1E+003

Number of events

1E+002

1E+001

N D S T ——
Magnitude

Fig. 7. Cumulated FM plots for synthetic seismicity predicted by
numerical experiments with two different cell sizes: 16 km (experi-
ment 4.5, dot-dashed line) and 3 km (solid line). The dashed line
presents the cumulated FM plot for the observed regional seismicity.
The dotted rectangular illustrates the domain of Fig. 4d.
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Fig. 8. Regional stress regimes derived mainly from focal mechanisms of earthquakes (compiled from on-line data of World Stress Map, release 2004,
http://www.world-stress-map.org). Yellow lines present the model block structure and fault segments.

faulting events occur on the Himalayan seismic belt and
normal faulting events on the Gulu rift.

We analyze the rate of seismic moment release for the
observed and synthetic events. The observed seismic
moment rate for shallow events in the Tibet-Himalayan
region (in the depth range from 0 to 30 km corresponding
to the model depth range and covering the area of 20 to
42°N and 68 to 110°E) has been estimated by using a
catalogue of earthquakes recorded from 1902 to 2000 and
the following relation between the seismic moment M,
and the magnitude M: log My=16.1+1.5M. The observed
moment rate is found to be about 0.50x 10*' Nmyr~ ' for
the region. Moment rates are also calculated for synthetic
events (e.g., My=0.12x10*' N m yr ' for experiment
33; 0.97x10*° N m yr ' for experiment 3.7; 0.56 %
10> Nmyr ' for experiment 4.3; 0.81 x 10> Nm yr '
for experiment 4.4; and 0.94x10*" N m yr ' for
experiment 4.5). The higher seismic moment rates in
experiments 4.3 and 4.4 (as compared to the observed
rates) are associated with the large magnitude of
synthetic events and with the large number of the events
obtained in the respective experiments. On the other
hand, 100 years is likely to be insufficient time to record
a complete cycle of seismic energy release in the Tibet-
Himalayan region.

5.2. Block and fault slip rates

The results of the numerical experiments based on the
BAFD model allow us to interpret the contemporary
movements in the Tibet-Himalayan region as motions of
rigid upper crustal blocks driven by the north—northeast-
ward indentation of India into Eurasia and a lower crustal
flow. The experiments of sets 1 and 3 show that the
weaker 1s the resistance of the lower crust and fault zones,
the larger are the displacement rates of the upper crustal
blocks and the relative slip rates at the faults separating the
blocks. Moreover if the motion of the lower crust is
introduced in the model as prescribed movements of the
block bottoms (set 4 of numerical experiments), fault slip
rates increase significantly. The average displacement
rates of the crustal blocks and fault slips vary from 0.01 to
60 mmyr ! in different experiments (Fig. 5 and Table 9).
Note that the numerical simulations are made for
4000 years in all experiments, and hence our results
should explain fault slip and block displacements rates
derived from GPS measurements, rather than from
geological observations. Measurements of slip rates on
some faults of the Tibet-Himalayan region using different
techniques show that the faults may slip at different rates
for different time scales. Estimates of the Holocene slip
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Table 9
Slip rates (in mm yr ') at fault segments predicted by numerical experiments
Segment’s Numerical experiment
number 1.1 3.1 3.6 3.7 4.1 42 43 4.4 45
2 0.724000 0.020475 0.245406 1.410206 23.383301 23.254008 48.31069 54.57422 7.96045
3 1.342881 0.030456 0.275675 0.645170 28.681746 28.454760 9.304289 10.845051 9.529707
12 1.335271 0.031420 0.363151 0.235935 43.775439 43.604750 15.335541 19.969854 12.020324
13 1.960653 0.033695 0.150877 0.028792 31.958756 31.730860 10.086208 12.791950 8.388929
14 0.839146 0.020712 0.172250 0.031696 31.958751 31.730855 10.086207 12.791947 8.388930
16 0.413789 0.017477 0.035915 0.034995 14.635503 14.619764 3.114263 3.889988 1.069105
17 0.413789 0.017477 0.035915 0.034995 14.635499 14.619760 3.114263 3.889988 1.069104
18 1.347416 0.036132 0.212326 0.207373 12.087301 12.124754 5.934514 7.968589 3.770021
19 1.743156 0.039516 0.216813 0.177734 10.009308 10.019832 8.290595 11.525789 4.598512
20 1.743156 0.039516 0.216813 0.177734 10.009306 10.019830 8.290594 11.525789 4.598512
22 1.342881 0.030456 0.275675 0.645170 28.681748 28.454762 9.304288 10.84505 9.529707
23 2.394112 0.052429 0.258989 0.524441 27.776368 27.776084 8.772487 11.757885 6.742939
40 1.294653 0.031035 0.072278 0.769060 9.2498850 9.1936510 54.803872 60.375929 5.116731
45 3.343356 0.077355 0.880538 1.389527 16.957517 16.943789 15.190825 19.469721 11.02105
46 3.526740 0.075238 0.524650 1.158338 47.738687 47.493252 10.554401 10.582473 15.844668
47 2.394112 0.052429 0.258989 0.524441 27.776366 27.776082 8.77249 11.757894 6.742938
48 1.335271 0.031420 0.363151 0.235935 43.775435 43.604746 15.335545 19.969860 12.020323
52 0.413789 0.017477 0.035915 0.034995 14.635503 14.619764 3.114262 3.889988 1.069105
53 1.743156 0.039516 0.216813 0.177734 10.009310 10.019834 8.290596 11.52579 4.598513
55 1.342881 0.030456 0.275675 0.645170 28.681752 28.454766 9.304288 10.845048 9.529708
56 2.394112 0.052429 0.258989 0.524441 27.776369 27.776085 8.772485 11.757881 6.742939
57 1.347416 0.036132 0.212326 0.207373 12.087296 12.124749 5.934514 7.968589 3.770021

rate of the central Altyn Tagh Fault vary from 2 to 40 mm
yr ' [34,35]. Based on radiocarbon and '’Be—*°Al
cosmic ray exposure dating of geomorphic markers left-
laterally displaced by the Altyn Tagh Fault, Meriaux et al.
[32] estimated an average slip rate along the fault to be
26.9 (£6.9) mm yr '. But the geodetic and satellite radar
interferometry observations give much lower slip rates
than those estimated for the longer time interval. GPS
measurements indeed give a slip rate along the fault at
about 10 mm yr ' [27-29], and surface displacement
measurements using InSAR provide estimates of slip rates
about 5 (+5) mm yr ' [26].

Based on offsets up to a thousand km of geologic
markers along the Karakorum fault and the age of the
motion (about 30 Myr), the slip rate along the fault is
estimated to be about 30 mm yr_ ' [9]. However, based
on other geological observations, lower slip rates of 4 to
8 mm yr ' have been reported [36,37]. '°Be surface
exposure dating of offset moraines yields a long-term
(up to 0.14 Myr) slip rate of 10.7 (£0.7) mm yr ' [33].
On the other hand, geodetic measurements made over
ten years suggest rates of 3 (+5) mm yr_1 [31] and 11
(+4) mm yr ' [30]; the estimates based on InSAR
measurements give only 1(x3) mm yr ' [26].

Such differences in the slip-rate determinations on the
major faults in the Tibetan plateau (apart from possible
systematic errors in the GPS or geological estimates)

could be explained by variations in (i) the rheological
properties of the fault plane zones and/or the lower crust
and (ii) movements of the lower crust. The rheological
properties of the fault plane zones may vary with time. A
change in stress and/or in fluid pressure on a cracked
material of the fault zones will result in a distortion of the
cracks, which will alter the effective elastic parameters of
the faults zone [65,66]. Presence of water can also
greatly reduce the viscosity of the fault zones [67], hence
increasing fault slip rates. Anisotropy models [68,69]
suggest lateral lower crustal flow, which can act as a
driving force for rigid upper crustal blocks. Results of the
numerical modeling show that relatively small changes
in the lower crustal flow can significantly change slip
rates and seismicity patterns [see also 42,70].

Based on the combined analysis of earthquake
clustering, FM plots, mechanisms of earthquakes,
block displacement, and fault slip rates for all sets of
numerical experiments, we can mark experiments 4.3,
4.4, and 4.5 as most consistent with the observations (we
refer to the experiments as ‘preferred’). The patterns of
seismic events in the preferred experiments reveal
features of observed seismicity (compare Fig. 6a and
d—f). Focal mechanisms of observed and preferred
synthetic events are in a good agreement (Table 8). The
average slip rates on segments S23, S45-S47
(corresponding to the Karakorum fault segments) and
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Fig. 9. GPS measurements of the horizontal movements in the region (unpublished compilation of existing data by A. Yin and Z.-K. Shen) and
movements of blocks 1 to 6 predicted by the model at the geometrical centers of the blocks. Upper panel: Arrows show the rates of observed
horizontal movements. Lower panel: Black solid (and dashed) arrows present interpolated rates (and uncertainty) of observed horizontal movement at
the geometrical centers of the blocks. Color solid arrows present modeled rates of horizontal movements in experiment 4.3 (red), experiment 4.4

(blue), and experiment 4.5 (green).

on segments S12—S14 (corresponding to the Altyn Tagh
fault segments) vary from 8 to 20 mm yr ' and are
consistent with the magnitudes of slip rates on the faults
determined by GPS measurements. The discrepancy
between the observed slip rates and that obtained on
segments S2 and S40 in experiments 4.3 and 4.4 can be
associated with the complex movements in the East
Lhasa Himalayas and the surrounding area as com-
pared to the motion of block 6 in the model (Fig. 9).
Nevertheless, the rotation of model blocks (in the
preferred experiments) shows a good agreement with
the directions of the regional movement determined also
by GPS (Fig. 9).

6. Conclusion

The BAFD model provides a tool for studying both
deformations (e.g. stress, strain, slip and slip rates) and
seismicity (e.g., clustering of earthquakes, relationships
between frequency and magnitude of the events,
interaction between earthquakes). Moreover, numerical

modeling of crustal/lithospheric dynamics is useful in
earthquake prediction studies [38,39]. We have devel-
oped the BAFD model of the Tibet plateau and
Himalayans, which incorporates the major regional
geological structural elements, and performed numerical
experiments addressed to a better understanding of the
dynamics of the crustal seismicity and fault slip rates in
the region.

The present BAFD model of the Tibet-Himalayan
region is rather simple, and further development are
needed and foreseen, namely: a modification of the
block structure and an increase of the thickness of the
crustal blocks in South Tibet and Himalayans to obtain
events with a larger magnitude; and an introduction of a
non-linear rheology of the fault zones to see how it
influences seismicity and fault slip rates.

Nevertheless the results of the present numerical
modeling lead us to the following conclusions.

1. The contemporary crustal dynamics and seismicity
pattern in the region are indeed determined by the
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north—northeastern motion of India relative to
Eurasia and the movement of the lower crust overlain
by the upper crustal rigid blocks.

2. Variations in rheological properties of the fault zones
and/or of the lower crust as well as in the motion of
the lower crust influence the displacement rates of
the crustal blocks and hence the slip rates at the
faults separating the blocks. This may explain the
discrepancies in the estimates of slip rates at major
faults in the region based on different techniques.

3. Clustering of earthquakes can be considered as a
consequence of the dynamics of the crustal blocks
and faults in the region. The number and maximum
magnitude of synthetic earthquakes change with the
variations in the movements of the crustal blocks and
in the rheological properties of the lower crust and
the fault zones.
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