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Abstract. We present simple new dynamic calculations of a vertically averaged
deviatoric stress field (over a depth average of 100 km) for Asia from geodetic, geologic,
topographic, and seismic data. A first estimate of the minimum absolute magnitudes and
directions of vertically averaged deviatoric stress is obtained by solving force balance
equations for deviatoric stresses associated with gravitational potential energy differences
within the lithosphere plus a first-order contribution of deviatoric stresses associated with
stress boundary conditions. This initial estimate of the vertically averaged deviatoric stress
field is obtained independent of assumptions about the rheology of the lithosphere. Absolute
magnitudes of vertically averaged deviatoric stresses vary between 5 and 40 MPa. Assuming
bulk viscous behavior for the lithosphere, the magnitudes of deviatoric stresses, together
with the magnitudes of strain rates inferred from Quaternary fault slip rate and GPS
data, yield vertically averaged effective viscosities for Tibet of 0.5-5x1022 Pa s, compared
with 1-2.5x10%% Pa s in more rigid areas elsewhere in the region. A forward modeling
method that solves force balance equations using velocity boundary conditions allows us to
refine our estimates of the vertically averaged effective viscosity distribution and deviatoric
stress field. The total vertically averaged deviatoric stress and effective viscosity field
are consistent with a weak lower crust in Tibet; they are consistent with some eastward
motion of Tibet and south China lithosphere relative to Eurasia; and they confirm that
gravitational potential energy differences have a profound effect on the spatially varying
style and magnitude of strain rate around the Tibetan Plateau. Our results for the vertically
averaged deviatoric stress argue for a large portion of the strength of the lithosphere to
reside within the seismogenic upper crust to get deviatoric stress magnitudes there to be
as high as 100-300 MPa (in accord with laboratory and theoretical friction experiments
indicating that stress drops in earthquakes are small fractions of the total deviatoric stress).

1. Introduction

Soon after the discovery of plate tectonics it became
obvious that deformation within continental regions oc-
curs differently from that along oceanic plate boundary
zones. Whereas most oceanic plate boundary zones are
narrow, continental zones are several hundred to thou-
sands of kilometers wide [McKenzie, 1972; Molnar and
Tapponnier, 1975; Molnar, 1988] (Figure 1a). Despite
universal agreement that continental regions behave as
wide zones of deformation, considerable controversy re-
mains on the behavior of continental lithosphere and
the nature, magnitude, and source of the forces that
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affect continental deformation. With regard to the be-
havior of continental lithosphere, there are two primary
schools of thinking. The first school regards continental
lithosphere as generally plate-like in behavior, consist-
ing of numerous relatively coherent continental blocks,
separated by narrow zones of shear or deformation that
penetrate through the entire lithosphere [ Tapponnier et
al., 1982; Peltzer and Tapponnier, 1988; Avouac and
Tapponnier, 1993]. Tractions applied to the bound-
aries, and the frictional properties of the shear zones,
affect block movement and terrane displacement. The
second school considers the bulk behavior of deforming
continental lithosphere as continuous. Many of those
who treat deformation on a lithospheric scale as con-
tinuous have performed numerical solutions [Tappon-
nier and Molnar, 1976; Bird and Piper, 1980; England
and McKenzie, 1982; Vilotte et al., 1982; England and
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Figure la. Horizontal contraction (solid) and extension (open) strain axes directions associated
with earthquakes larger than ~M,, > 5.5 between 1963 and 1998, showing the distributed nature
of the deformation around the India-Eurasia collision zone as well as the spatial variation in the
"strain field [Holt et al., 1995]. Focal mechanisms are for large events with M,, > 7.0; a few large
historic events (pre-1963) are also shown [Molnar and Deng, 1984].

Houseman, 1986; Houseman and England, 1993] or me-
chanical analog models [Cobbold and Davy, 1988] of a
thin viscous sheet under the influence of gravity perpen-
dicular to it. Thin viscous sheet models often involve
a vertical average of rheology of the lithosphere [Son-
der and England, 1986]. The great advantage of this
model is that it includes the effects of body forces asso-
ciated with crustal thickness contrasts or gravitational
potential energy (GPE) differences that have an impor-
tant influence on continental deformation [e.g., Frank,
1972; Artyushkov, 1973; Dalmayrac and Molnar, 1981;
Fleitout and Froidevauz, 1982; Molnar and Lyon-Caen,
1988; Jones et al., 1996].

Deformation within the India-Eurasia collision zone
has received considerable attention because it consti-
tutes the largest area of continental deformation zone in
the world. Block tectonic experiments applied to Asia
suggest a considerable amount of eastward displacement
or extrusion of continental crustal lithosphere relative
to both Eurasia and India, accommodated along narrow
strike-slip shear zones [ Tapponnier et al., 1982; Peltzer
and Tapponnier, 1988]. On the other hand, the thin vis-
cous sheet calculations produce limited strike-slip defor-
mation and eastward displacement rates of Asia crust

no greater than ~1 cm/yr [England and Houseman,
1986; Houseman and England, 1993; Molnar and Gip-
son, 1996]. Elsewhere, we have determined [Haines,
1982; Haines and Holt, 1993; Haines et al., 1998] a
strain rate and velocity field, [Holt et al., 2000a, 2000Db],
constrained using both Quaternary fault slip rates [Eng-
land and Molnar, 1997a] and recent GPS measurements
[Abdrakhmatov et al., 1996; Yu et al., 1999; Calais et
al., 1998; Larson et al., 1999; Heki et al., 1999; Si-
mons et al., 1999; Bendick et al., 2000; Chen et al.,
2000; Shen et al., 2000; Zhu et al, 2000], and the
International GPS Service (IGS) global velocity solu-
tion of GPS vectors, which are available on the Web
(http://sideshow.jpl.nasa.gov/mbh/series.html). The
IGS velocities referenced in this paper were obtained
from this Web site for solution 1999.5 and are here-
after referred to as IGS. The kinematic model (Figures
1b and 1c) shows ESE displacement of crustal mate-
rial relative to Eurasia of ~8-10 mm/yr at Shanghai,
China, and 9-13 mm/yr ESE in southernmost China
and Indo-China (Figure 1c).

The kinematics of crustal deformation within Asia
are defined well enough that it is possible to refine in-
ferences on the dynamic processes influencing the de-



FLESCH ET AL.: DYNAMICS OF INDIA-EURASIA

16,437

B SISO R NN o S N S S

Quaternary Strain Rates and Model Strain R 'E L

80" 5

50° 4

il

60° 70°

100 130°

Figure 1b. Observed horizontal strain rates (open principal strain axes), inferred within areas
in irregular grid using Quaternary fault slip rates [England and Molnar, 1997a], and model strain
rates (plotted as averages within areas using solid principal strain axes) from a joint fitting of
GPS velocities (IGS available at http://sideshow.jpl.nasa.gov/mbh/series.html) [Abdrakhmatov
et al., 1996; Calais et al., 1998; Simons et al., 1999; Larson et al., 1999; Heki et al., 1999; Yu
et al., 1999; Bendick et al., 2000; Chen et al., 2000; Shen et al., 2000; Zhu et al., 2000] and
Quaternary fault slip rates using bicubic Bessel interpolation [deBoor, 1978] of velocities on a
curvilinear grid [Haines et al., 1998; Holt et al., 2000b).

formation field. England and Molnar [1997b] solved for
a dimensionless GPE field by integrating their strain
rate data and matched it to the observed GPE to show
that the dynamics of Asia can be explained in terms
of a kinematic solution. This is an important result,
but their method [England and Molnar, 1997a, 1997b]
does not constrain the magnitudes of deviatoric stress
or viscosity in regions other than Tibet.

In this paper we use a thin viscous sheet approach
to seek a simple dynamic parameterization that can de-
scribe the present-day deformation field in Asia. The
first stage of the modeling involves a new approach that
enables us to directly estimate deviatoric stresses asso-
ciated with GPE differences within the lithosphere (sec-
tion 2). This approach enables us to separate out and
solve for the intrinsic contributions of the absolute mag-
nitudes and styles of the deviatoric stress that results
from density variations within the lithosphere and then
use these estimates to solve for the extrinsic stresses
related to the accommodation of plate motion (section
3). This determination of absolute values of the devi-
atoric stress field (the sum of the two deviatoric stress

field solutions from buoyancy and boundary forces) is
the first step in finding a final dynamic solution (the
stress field boundary conditions (section 3) are only an
approximation, as is the minimum stress approach in
section 2). The second step involves using kinematic
strain rate data to infer estimates of the vertically av-
eraged effective viscosity distribution of the lithosphere
in Asia (section 4). The third and final step involves
the solutions to the force balance equations (section 5),
in which we use velocity boundary conditions from the
kinematic solution, GPE variations determined in sec-
tion 2, and the viscosity distribution determined in sec-
tion 4 to further refine our dynamic solution.

2. Deviatoric Stresses Associated With
Gravitational Potential Energy
Variations

Many studies of the dynamics of continental litho-
sphere have shown that variations of GPE within the
lithosphere have an important influence on the style
and magnitude of the stresses driving deformation [e.g.,
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Figure 1c. Model velocity field relative to Eurasia (solid vectors) obtained from joint fitting of

GPS velocities (open vectors) (IGS available at http:/ /sideshow.jpl.nasa.gov/mbh/series.html)
[Abdrakhmatov et al., 1996; Calais et al., 1998; Simons et al., 1999; Larson et al., 1999; Heki et
al., 1999; Yu et al., 1999; Bendick et al., 2000; Chen et al., 2000; Shen et al., 2000; Zhu et al.,
2000] and Quaternary strain rates [England and Molnar, 1997a] with continuous, self-consistent
functions (same as in solution in Figure 1b) [Holt et al., 2000b]. Error ellipses for both GPS
vectors and model vectors are for 95% confidence. The solutions shown in Figure 1b and 1c are
slightly updated from the solution presented by Holt et al. [2000b]. In this solution an additional
126 GPS vectors (total of 364 vectors) were added to the data set from recent studies of Bendick
et al. [2000], Shen et al. [2000], and Chen et al. [2000]. The addition of these vectors to the
set of GPS observations that are fitted in the inversion changed the model velocity values along
the boundaries of the grid by >5% everywhere. The GPS vectors (open vectors) are in a model

Eurasian frame of reference, which is solved for in the inversion [Holt et al., 2000b].

England and McKenzie, 1982; England and Houseman,
1986; Molnar and Lyon-Caen, 1988; Coblentz et al.,
1994; Jones et al., 1996; England and Molnar, 1997b].
Flesch et al. [2000] have shown that it is possible to di-
rectly solve the force balance equations for an estimate
of the vertically averaged deviatoric stress tensor field
associated with GPE variations in the lithosphere. In
this method, outlined below, no assumptions are made
about the values of vertically averaged rheology. We
start with the Stokes equation of steady motion, ne-
glecting rate of change of momentum

00 ~
617] + pgzl - 0,

ey

where o;; is the total stress, p is the density, g is the
gravitational acceleration, and Z; is the unit vector in
the vertical direction. Equation (1) uses summation no-
tation, where ¢ is given values of z, y, and z and the re-
peated index j is used to represent the summation over

z, y, and 2. In accord with other studies that have ad-
dressed the behavior of a thin viscous sheet [e.g., Bird
and Piper, 1980; England and McKenzie, 1982; Eng-
land and Houseman, 1986] we integrate stresses verti-
cally and then make a simplifying assumption: That is,
first, we integrate (1) over the thickness of the sheet
(such that we form vertical averages of stress), and sec-
ond, we assume no tractions at the base of the sheet.
Because the aspect ratio of length of thin sheet (thou-
sands of kilometers) versus its thickness (about 100 km)
is large, the first step is, to the first order, reasonable.
The vertically integrated horizontal equations of mo-
tion for an isotropic, incompressible medium can thus
be written

OT sz 0T, 8?1:;4; 07, _
Ox Ox + Oy Ox =0 (22)
OTey OTyy OT.y  0G., _
Fral 3y oy + By =0, (2b)
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where

T, = --17; Oﬁ [/Oz p(z')gdz'] dz (3)

is the vertically averaged vertical stress of a column of
lithosphere, which has units of potential energy per unit
volume. The vertically averaged vertical stress, 7., is
equivalent, though opposite in sign, to what others have
referred to as gravitational potential energy (GPE), di-
vided by an assumed average thickness of the thin sheet,
h [England and McKenzie, 1982; England and House-
man, 1986; Jones et al., 1996; England and Molnar,
1997b]. Here we refer to ., as GPE. In (3), p(z’) is the
density, which varies with depth, and g is gravitational
acceleration. The average thickness of the sheet (litho-
sphere), h, is here taken to be 100 km and is used every-
where to convert depth integrals of stresses into depth
“averages.” (These expressions and those below are for
the flat Earth approximation. We actually use instead
the corresponding expressions for the spherical Earth,
which have the same structure but less simple forms.)
Equations (2a) and (2b) state that horizontal gradients
of deviatoric stress within the lithosphere are balanced
by horizontal gradients of GPE. Gravity anomalies indi-
cate that over length scales of a few hundred kilometers,
higher elevations are supported by roots of low density
crust relative to the surrounding mantle [England and
Molnar, 1997b; McKenzie and Fairhead, 1997]. Fur-
thermore, the gravity field in Tibet indicates that the
topography there is for the most part in local Airy iso-
static compensation [Jin et al., 1994]. Assuming local
Airy isostatic compensation of topography relative to
a standard mid-ocean ridge column, we infer values for
7.. and seek solutions to (2a) and (2b).

Applying the thin sheet approximation to the force
balance equation (1) leaves us with two equations (equa-
tions (2a) and (2b)) and three unknowns (742, Tyy, Tey)-
We eliminate one degree of freedom by seeking the min-
imum root mean square deviatoric stress field, subject
to the constraint that (2a) and (2b) are satisfied. To do
this, we optimize the functional

I= /S [Fag?ag + (?77)2] ds

07 ,,

+/ 2Aa [88 (Tap + 0a8Tvy) + 52 ] ds, (4)
s

where S is the area of the Earth’s surface being con-
sidered, Top is the vertically integrated horizontal de-
viatoric stress tensor (i.e. zz, zy, yz, and yy compo-
nents), and Ty = Tgz + Tyy = —Tz,. Optimization
of (4) involves the minimization of the second invariant
of the stress field (first integral), subject to the con-
straint that this stress field satisfies the force balance
equations (equations (2a) and (2b)) (second integral),
where A = (A;,Ay) are Lagrange multipliers for the

force balance constraint. Equations (2a) and (2b) are .
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now written in (4) using summation notation, where o
represents either # or y and the repeated index f is
used to represent the summation over z and y. Using
the variational principle [Morse and Feshbach, 1953] to
optimize (4) with respect to Tos (see Appendix A for

details) yields
1[0\, 0
2\ 0zg Oz,

at all points inside S and A = (A;, \,) = 0 at all points
on the boundary dS (except anywhere on the boundary
where tractions are constrained to be zero). That is,
Top 1s related to the vector of Lagrangian multipliers
A = (A;,Ay) in the same way that strain rate £,4 is
related to the velocity vector v =(uz, uy). Substituting
(5) into (2a) and (2b) gives the force balance equations
that the Lagrange multipliers, A = (A, \,), have to
satisfy (written in summation notation):
90 ;.

0 [1[/0Ay  OAg oAy
B2 [2 (azﬁ + 3xa) tas5 | = " m,
where O\, /0z, = OA;/0x + OAy/0y. Then, again us-
ing the variational principle, it can be shown that mini-

mization of a functional J with respect to A = (Az, Ay),
where

2
1
J = /[ (Tza"" Uzz) +2(?zm+§azz>
_ 1 o1\
Tyy+§0'zz + 2 Tyy+§0'22 + 27

iy] s (7)

Tag =

(5)

(6)

provides a solution to (2a) and (2b) that corresponds
to the minimum possible vertically averaged deviatoric
stress associated with GPE differences in the litho-
sphere (see Appendix B for details).

Assuming Airy isostasy, we estimate the vertically
averaged vertical stress, 7,,, using an average crustal
density of 2828 kg/m?, which maintains Airy isostasy
for a crustal thickness of 70 km and corresponding eleva-
tion of 5 km in Tibet (with an assumed mantle density
of 3300 kg/m3). We have chosen 100 km as the average
lithospheric thickness h (following Jones et al. [1996])
and assume that below this depth, there are no longer
any significant lateral variations in density caused by
topography. We then minimize (7), with respect to
A = (Mg, Ay), using a finite element approach, to deter-
mine an estimate of the vertically averaged deviatoric
stress field that results from GPE differences within the
lithosphere (Figure 2a). The deviatoric stress magni-
tudes resulting from GPE differences are of the order
of 10-20 MPa, they vary rapidly spatially, and they are
dominated by compressional deviatoric stresses at low
elevations and extensional deviatoric stresses at high
elevation (Figure 2a).

Differences in magnitude of 7,, between Tibet and
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Figure 2a. The minimum root mean square deviatoric stress field that satisfies force balance
equations, where sources of stress are gravitational potential energy differences (GPE) inferred
assuming local Airy isostatic compensation of topography in Asia. Open principal axes represent
tensional deviatoric stress. Solid axes are principal compressional deviatoric stress.

regions near sea level are ~7.5x107 N/m?2 or ~7.5x10!2
N/m (using the defined 100-km lithospheric thickness).
This value of force per unit length is roughly equiv-
alent to the magnitude of force per unit length pro-
posed by Molnar and Lyon-Caen [1988] and Molnar et
al. [1993] that an Airy isostatically balanced Tibetan
Plateau and the surrounding low-elevation regions ex-
ert upon one another [e.g., see Dalmaryac and Molnar,
1981]. However, maximum stress differences between
high-elevation regions and low-elevation regions in our
model (Figure 2a) are only ~3.2x10” N/m? (~3.2x10'2
N/m), which is only half of the difference in force per
unit length between the Tibetan Plateau and regions
near sea level proposed by Molnar et al. [1993]. These
predicted differences in force per unit length can be re-
lated to the force balance equations that we are solving,
which include terms involving 7 + 7y = —7,, in con-
junction with the 07,,/dz and 87,,/dy terms in (2a)
and(2b). However, replacing 7,; — 7,, with 7., and
Tyy —7T 2z With Tyy, in the fashion of Dalmayrac and Mol-
nar [1981] and Molnar and Lyon-Caen [1988], in effect
replaces the constraint 7., +7y, +7,, = 0 with an alter-
native definition of deviatoric stress based on 7,, = 0
(alternatively, one could set either T4, = 0 or 7y, = 0).
A consequence of defining deviatoric stress using the

“three-dimensional” constraint Tz; + Tyy + T2, =0, as
we have done (and is also done by England and Molnar
[1997b]), is that horizontal stress magnitudes should be
about half of those predicted by a “two-dimensional”
treatment based on 7,, = 0 [e.g., Dalmayrac and Mol-
nar, 1981; Molnar and Lyon-Caen, 1988; Molnar et al.,
1993], since in the three-dimensional treatment the re-
mainder of the differences in ,, values are absorbed in
the vertical deviatoric stress 7,,.

We have varied grid geometry and experimented with
different average crustal densities and found that the
pattern of deviatoric stress was relatively insensitive to
both. Extending the grid into India introduced com-
pressional deviatoric stress in the Indian plate but did
not change the current pattern of deviatoric stress dis-
tribution in the interior of the grid (Figure 2a). Ex-
tending the boundaries of the grid into the northern
Eurasian plate also introduced compressional deviatoric
stress into this stable region and decreased compres-
sional deviatoric stresses in south China by ~10%. The
deviatoric stress in Tibet and the Tien Shan did not
change. Grid boundaries only have a significant effect
on the style of deviatoric stress if the boundary crosses
into a region of high GPE from a region of low topogra-
phy. In this case, large compressional deviatoric stresses
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Figure 2c. Same as Figure 2a only GPE estimates were inferred using seismic crustal
thickness estimates determined from surface wave data in Asia (G. Laske and G. Masters,
http://mahi.ucsd.edu/Gabi/sediment.html, 2000).
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formed on and close to the boundary of the grid to
satisfy the requirement that A = (A;,Ay) = 0 at all
points on the boundary 8S. Therefore we were care-
ful to construct a grid such that boundaries followed
regions of low GPE everywhere. The absolute mag-
nitude of the deviatoric stress field is, however, influ-
enced by the magnitude of the average crustal density,
with higher average crustal densities yielding larger de-
viatoric stresses. For example, an increase in average
crustal density for all crust of 100 kg/m? results in a
25% increase in deviatoric stress magnitudes but again
does not affect the pattern of the deviatoric stress field,
only the magnitude.

Upper mantle P, velocities vary across Tibet by ~3%
corresponding to a temperature variation of 240°C to
370°C [McNamara et al., 1997]. Seismic evidence sug-
gests that lithospheric thickness probably varies across
Tibet and other parts of Asia [Brandon and Romanow-
icz, 1986; McNamara et al., 1997; Owens and Zandt,
1997; Rogers and Schwartz, 1998; Kosarev et al., 1999],
indicating that our simplified model of uniform density
mantle and perfect local Airy isostatic compensation
may not apply everywhere. However, recent estimates
of GPE variations in the western United States [Jones
et al., 1996] and Tibet [England and Molnar, 1997b]
indicate that errors introduced by ignoring such vari-
ations in mantle density are relatively small in com-
parison with the total magnitude of the GPE signal
obtained from the crustal contribution.

Since the estimation of GPE variations using the
Airy isostasy assumption involves probable errors, we
also calculate GPE estimates and corresponding devia-
toric stress fields using the EGM96 geoid model (avail-
able from NIMA at http://164.214.2.59/GandG /wgs-
84/egm96.html) (Figure 2b) and seismic crustal thick-
ness estimates from surface wave data ( G. Laske and G.
Masters, http://mahi.ucsd.edu/Gabi/sediment.html,
2000) (Figure 2c). The GPE estimates using the EGM96
geoid model were calculated following the method of
Coblentz et al. [1994] relative to a mid-ocean ridge col-
umn of lithosphere. Because of a signature in the geoid
model from heterogeneities from deep within the man-
tle [Hager et al., 1985], we removed terms below degree
and order 7 with a cosine taper to degree and order 11
from the EGM96 geoid model [Jones et al., 1996; Shee-
han and Soloman, 1991]. GPE estimates from seismic
crustal thickness estimates were calculated by again as-
suming a constant crustal and mantle density of 2828
and 3300 kg/m?, respectively, and integrating density
over each column of lithosphere using (3). These two
methods of calculating GPE resulted in similar styles
and magnitudes of deviatoric stresses (Figures 2b and
2c) to that obtained from the Airy isostatic case (Fig-
ure 2a), (i.e., compressional deviatoric stress normal
to the Himalaya, fanning of compressional deviatoric
stresses around the Tibetan Plateau, and N-S and E-
W tensional deviatoric stresses within Tibet). However,
second-order differences between the three solutions can
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be observed. Differences between the three deviatoric
stress fields associated with the three GPE estimates
(Figures 2a-2c) illustrate the inherent uncertainties in
both magnitude and direction associated with the im-
precise knowledge of the true distribution of GPE.

3. Stress Boundary Conditions and the
Total Deviatoric Stress Field in Asia

We are working from the hypothesis that there are
two major factors influencing the deformation field in
Asia: (1) contributions to deviatoric stress from GPE
differences within the lithosphere, which we have deter- -
mined in section 2 and (2) deviatoric stress resulting
from relative plate motion, which provides a stress field
boundary condition. If this hypothesis is correct, then
the stress field boundary condition, when added to the
deviatoric stress field associated with GPE differences in
the lithosphere, should provide a total deviatoric stress
field that is compatible with the present-day deforma-
tion in Asia. Since the differential equations (2a) and
(2b) are linear in stress, any number of solutions can be
superimposed, regardless of rheology. Stresses resulting
from individual tectonic sources and internal buoyancy
effects (body forces) can be added linearly. What does
not add linearly with nonlinear (a non-Newtonian) rhe-
ology is strain rate. Therefore it is legitimate to seek
a second solution to the force balance equations corre-
sponding to the stress boundary condition, which can
be added to the contribution in stress from GPE vari-
ations. Only after the total deviatoric stress field is
determined is it legitimate to address what the corre-
sponding strain rates would be, given the appropriate
constitutive relationship between stress and strain rate.

We estimate 7, the total deviatoric stress field [Flesch
et al., 2000], by adding a stress field boundary condi-
tion to the deviatoric stress field associated with GPE
variations:

3
T="To+ Zain, (8)
=1
where 7, is the deviatoric stress field related to GPE dif-
ferences, 7; are three stress field basis functions, and a;
are the three scaling factors of 7;. The deviatoric stress
field associated with GPE variations (section 2) is used
to calibrate the stress field boundary conditions, which
are a linear combination of the three stress field basis
functions determined by the scaling factors a;. There-
fore we are initially not concerned with the magnitudes
of the stress field basis functions, only style. The three
stress field basis functions that we have chosen to in-
clude are defined by assigning the values of the Lagrange
multipliers, A = (Az,\,), which have units of stress
times length, along the boundaries of the Indian plate
to be like velocity values in kinematic boundary con-
ditions of rigid motion relative to Eurasia. The three
sets of Lagrange multipliers defined along the Indian
plate boundary, used to generate the three stress fieid
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basis functions, are obtained using A; = 2; xr, where r
marks the radial position along the Indian plate bound-
ary and ); are three orthogonal unit radial vectors, hav-
ing units of stress, oriented at (0°N, 0°E), (0°N, 90°E),
and (90°N, 0°E). We then minimize stress in (7) inside
the region of interest with 7, set to zero. In determin-
ing the stress field basis functions we are only solving
for a deviatoric stress field within the interior of our
grid.

The three scaling factors a; that define the linear
combination of the three basis functions are determined
in an iterative inversion such that the total deviatoric
stress field 7 matches as close as possible in style with
the true stress tensor field. Since the true stress ten-
sor field is not known, we infer an isotropic relationship
between stress and strain rate in which case the stress
tensor style is the same as the strain rate tensor style.
We therefore use the style of the strain rate tensor ob-
tained from Quaternary strain rates [England and Mol-
nar, 1997a; Holt et al., 2000a, 2000b] (open principal
strain rate axes in Figure 1b) as our expected stress
tensor style. The objective function that is minimized
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in our inversion for a stress field boundary condition is

> {ET —er}AS, 9)

areas

where

E=,/é2, +€é2 +é2, +é2 +é2,

= /2%, + 2uabyy + 263, + 262,

— 2 2 2 2 2
T =,/72, + Ty + T Toy T

= \/ 272, + 2TpTyy + 272, + 272,

eT = Tezfaz + Tyyéyy + Tp2€z2 + széa:y + Tyn:éym

where all stress tensor terms, 7, used above are from

90"

130°

Figure 3a. The best fit far-field deviatoric stress contribution from a stress boundary condition
defined by )\, values, with units of stress times length, along the India boundary (shown as open
vectors), with 3 degrees of freedom. The linear sum of this far-field deviatoric stress field and the
one associated with gravitational potential energy differences (Figure 2a) provides the best fit to
the style of present-day stress indicators (strain rate tensor field inferred from Quaternary fault
slip rates, shown as open principal strain axes in Figure 1b) and is shown in Figure 3b. Tensional
and compressional principal axes of deviatoric stress are represented by open and solid arrows,

respectively.
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Figure 3b. Total deviatoric stress field that is a linear sum of the deviatoric stress field contri-
bution from gravitational potential energy differences within the lithosphere, assuming an Airy
isostatic compensation model (Figure 2a), and far-field deviatoric stresses associated with the
best fit stress boundary conditions (Figure 3a). Tensional deviatoric stress are open principal
axes and compressional deviatoric stresses are solid principal axes.

the total deviatoric stress from (8). The objective func-
tion (equation (9)) is minimized when the style of the
stress tensor is a best fit to the style of the strain rate
tensor. The linear combination of the three stress field
basis functions in (8), with imposed Lagrange multiplier
values defined by A; = ; X r, results in a single stress
field boundary condition and one vector Q. The vector
that gives the A = (A;, Ay) values along the boundaries
for this deviatoric stress field solution yields relatively
uniform A = (A, \y) directions (Figure 3a) of 20°-25°.
The linear sum of the two deviatoric stress field con-
tributions (Figures 2a and 3a) is consistent with most
of the major features of the deformation field in Asia,
including compression everywhere normal to the Hi-
malaya mountain front, and deviatoric stresses compat-
ible with strike-slip deformation in northern Tibet (Fig-
ure 3b). The stress field also shows NW-SE deviatoric
tension in east Tibet, approximately E-W deviatoric
tension and N-S compression in southwestern China,
and compression everywhere normal to the topographic
front around the plateau of Tibet (Figure 3b).. Verti-
cally averaged values of absolute deviatoric stress mag-
nitudes in the total solution are 5-40 MPa, with maxi-
mum deviatoric stress magnitudes in the Tarim Basin,
southern Kazakh platform, and parts of Pakistan.

Using the above method, we also solve for stress field
boundary conditions that are added separately to the
deviatoric stress fields associated with GPE estimates
inferred from the EGM96 geoid model (Figure 2b) and
seismic crustal thickness estimates (G. Laske and G.
Masters, http://mahi.ucsd.edu/Gabi/sediment.html,
2000) (Figure 2c). The total deviatoric stress field

~solution obtained from the geoid observations (Figure
3c) displays little, ~1 MPa, of E-W deviatoric tension
throughout most of Tibet, whereas the total deviatoric
stress field solution obtained from seismically defined
crustal thickness estimates (Figure 3d) displays a signif-
icant amount (~10-20 MPa) of deviatoric tension within

Tibet. The sum of squares misfit (equation (9)) for the
Airy isostatic, geoid, and crustal thickness models (Fig-
ures 3b-3d) are 4.0700356x 1072 Pa/s, 3.1109144x102
Pa/s, and 5.3131020x 102 Pa/s, respectively.
Although the three total deviatoric stress fields (Fig-
ures 3b-3d) show comparable deviatoric stress magni-
tudes, local differences in style and magnitude of devi-
atoric stress between the three solutions illustrate the
level of uncertainty in our initial estimate of the total
deviatoric stress field. The two primary sources of un-
certainty are embedded in the inexact knowledge of the
GPE distribution and the simple stress boundary treat-
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Figure 3c. The total deviatoric stress field as described in Figure 3b, only deviatoric stresses
associated from GPE variations were determined using the EGM96 geoid model (Figure 2b) to
solve for the deviatoric stress field boundary conditions.
ment we use (with only 3 degrees of freedom, a;). Our We estimate 7 by dividing the magnitude
stress boundary treatment accounts on a broad scale 7 — /- 8Tag + 72, (in equation (9)) of the devia-

for deviatoric stresses associated with the relative con-
vergence of India and Eurasia but, for instance, makes
no explicit allowance for interaction of eastern Asia with
the Pacific and Phillipine Sea plates. An area where the
relative magnitudes and directions of deviatoric stresses
do not fit the observables well is in Baikal and neighbor-
ing parts of Mongolia. Figure 3b shows very little if any
deviatoric tension in Baikal, while it is clear from Fig-
ure la that extension is occurring there, though at slow
rates (Figure 1b) [England and Molnar, 1997a; Calais
et al., 1998].

4. Vertically Averaged Effective
Viscosity in Asia

Since we have been able to determine vertically av-
eraged deviatoric stresses of a minimum absolute mag-
nitude that solve equations (2a) and (2b), it is now
possible to obtain a corresponding minimum vertically
averaged effective viscosity 7 of the lithosphere in Asia
for the case of a simple isotropic relationship between
stress and strain rate:

TaB = NEag. (10)

toric stress field in Figure 3b by the equivalent invariant
E = \/éapéap + €%, of the strain rate. For generally
nonlinear viscous behavior,

7= BEY"!, (11)
where n is the power law exponent and B is a constant
sensitive to temperature [England and McKenzie, 1982;
Sonder and England, 1986]. Regional strain rates ob-
tained from the joint fitting of Quaternary fault slip
rates and GPS data (solid vectors in Figure 1b) [Eng-
land and Molnar, 1997a; Holt et al., 2000a, 2000b] are
used to determine the values of effective viscosity 7 for
the Newtonian case (n=1, 7 = B) (Plate 1a), and the B
values for the power law rheology n=3 and n=>5 cases
(Plates 1b and 1c). The vertically averaged effective
viscosity for Tibet is relatively uniform at 0.5-5 x10%2
Pa s (Plate 1a). Values of vertically averaged effective
viscosity are larger within block-like regions outside of
Tibet, such as southern China and Tarim Basin with
values about 1-2x102® Pa s. North of the deformation
in Tien Shan, in the Kazakh platform, and within the
Amurian block, vertical averages of effective viscosity
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Figure 3d. The total deviatoric stress field as described in Figure 3b, only deviatoric stresses
associated from GPE variations were determined using the seismic crustal thickness data (G.
Laske and G. Masters, http://mahi.ucsd.edu/Gabi/sediment.html, 2000) (Figure 2c¢) to solve for

the stress field boundary conditions.

are around 1-2.5x102% Pa s. Our values of vertically
averaged effective viscosity for Tibet are consistent with
the single average of 1-2x 10?2 Pa s obtained by England
and Molnar [1997b]. As the value of n increases, the
variation in the B value throughout the region decreases
(Plates 1b and 1c). Low strain rates in south China and
eastern Indo-China, even though B values are relatively
low there, are explained by the small deviatoric stress
magnitude there. For both cases of n=3 and n=5, Ti-
bet and South China, as well as the region around Lake
Baikal, are relatively uniform with low B values. As
in the Newtonian case, B values increase moving away
from Tibet with the highest B values found in the Tarim
Basin and the shield region farther north (Plates 1b and
1c).

Using a Monte Carlo type approach, we estimated the
uncertainties in the wvertically averaged viscosity. We
first assumed a lo value of 7,, for any given area to
be equal to £10% of the GPE differences between Ti-
bet and south China (£7.3 x 10 N/m? or £7.3 x 10*!
N/m). We then performed a realization of new GPE es-
timates for the 250 areas followed by a calculation of a
new deviatoric stress field estimate. A total of 300 such
deviatoric stress fields were determined (associated with
the 300 different realizations of GPE distributions), and

the standard deviation in deviatoric stress for each area
was calculated. The average standard deviation in the
total deviatoric stress field was ~+20%. Using these
values for standard error in total deviatoric stress and
using the formal variances in strain rates obtained in
the kinematic solution [Holt et al., 2000b], the average
standard error in viscosity is ~+40%.

We can investigate the implications that our vertical
averages of viscosity have for the strength of the litho-
sphere at various depths. This is a nonunique problem,
and therefore we consider three possible cases from pub-
lished strength profiles [e.g., Molnar, 1992; Kohlstedt et
al., 1995]. From a strength profile we construct a di-
mensionless viscosity:

n(2)
L Jy n(2)dz

where 7(z) is the relative viscosity distribution with
depth, inferred from the strength profile, h=100 km,
and foh 7(z)dz = h. Because 7j(z) is a normalized vis-
cosity, the absolute magnitudes of the strength profile
do not matter; what is important is the shape of the
proflie (i.e., the integral of the area under the strength
curve). Using the dimensionless viscosity 77(z), it is pos-

n(z) = (12)
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Plate 1. (a) Vertically averaged effective viscosity for Asia obtained by taking the magnitude
of vertically averaged deviatoric stresses in areas in Figure 3b and dividing by the magnitude of
average strain rates in same areas. The magnitude of strain rates were those inferred from the
matching of Quaternary fault slip rates and GPS velocities (solid arrows, Figure 1b). Numbered
areas refer to Table 1. (b) Vertically averaged B values for Asia obtained by taking the vertically
averaged viscosities in areas in Plate la, the magnitude of the model average strain rates E in
same areas in Figure 1b (solid arrows), and using equation (11), assuming n=3. (c) Vertically
averaged B values for Asia, as described in Plate 1b, except for the case where n=5.
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Plate 1. (continued)
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Table 1. Average for Effective Viscosity (n=1) and B values for the Different Regions Shown in

Plate 1a®
n=1; it=1, n=3; it=1, n=>5; it=1, n=3; it=2, n=>5; it=2,
Area 10 Pas 10" Pas®  10° Past 10" Pas}  10° Pas®

Kazakh Platform 1 242 78 63 66 54
Tien Shan 2 50 42 42 34 35
Tarim Basin 3 124 59 51 58 50
Tibet 4 23 20 20 20 20
SW China 5 23 17 16 17 16
West Mongolia 6 120 45 38 44 37
Lake Baikal 7 51 30 27 24 24
Amurian Block 8 150 32 23 37 25
NE China 9 75 23 18 29 21
South China 10 110 26 20 31 20
South China Sea 11 75 22 17 21 17

#Here n is the assumed power law exponent, it=1 represents the initial minimum estimate of B value
from Plates 1b and 1c, and it=2 represents the updated B value after the first iteration of forward

modeling from Plates 2a and 2b.

sible to infer the magnitude of the deviatoric stress value
at a given depth, 7(2) = 7(2)7, where T is the ver-
tically averaged deviatoric stress magnitude from our
solution. The first profile, of the three strength pro-
files we have considered, ignores any contribution from
the mantle, and the distribution of deviatoric stress in
the crust is given by the strength profile constructed by
Kobhlstedt et al. [1995] using the activation energy re-
ported by Kronenberg and Tullis [1984] and Luan and
Paterson [1992]. The second profile (wet rheology) has
roughly equal contributions in integrated strength from
both crust and mantle and is obtained from the above
crustal strength profile plus the mantle profile reported
by Kohlstedt et al. [1995]. Finally, the third profile (dry
rheology taken from Molnar [1992]) has the dominant
contribution to the integral of strength from the mantle.
At depths of 5-10 km in Tibet, profiles 1 and 2 predict
deviatoric stress magnitudes T of 100-160 MPa and 70-
120 MPa, respectively. Profile 3, where the majority
of integrated strength comes from the mantle, predicts
deviatoric stresses at depths of 5-10 km of 12-26 MPa
within Tibet. Within the Tien Shan, profiles 1 and
2 predict deviatoric stress magnitudes of 200-370 MPa
at depths of 5-10 km, whereas profile 3 predicts 34-73
MPa, of total deviatoric stress magnitude at these same
depths. The higher deviatoric stress values obtained
from profiles 1 and 2 for the seismogenic portion of the
crust are in agreement with stress magnitudes predicted
by laboratory and theoretical friction experiments [e.g.,
Sibson, 1982; Kohlstedt et al., 1995]. On the other hand,
if most of the strength lies within the mantle portion
of the lithosphere [Molnar, 1992], then our vertical av-
erages imply that deviatoric stress values within the
seismogenic portion of the crust are expected to be of
the same order of magnitude as the stress drops of in-
traplate earthquakes [Kanamori and Anderson, 1975].
In order for our vertical averages of deviatoric stress
to be consistent with observed data and experimental

results [Sibson, 1982; Kohlstedt et al., 1995; Brudy et
al., 1997], a significant portion of the strength of the
lithosphere is implied to reside within the seismogenic
portion of the crust [e.g., see Maggi et al., 2000], with
peak values of deviatoric stress of 100-300 MPa within
this zone.

5. Forward Modeling

We perform standard forward modeling to refine the
dynamic calculations, using velocity boundary condi-
tions as opposed to the approximation of the stress
boundary conditions, with a specified distribution of
body forces (GPE variations), and a defined distribu-
tion of vertically averaged effective viscosities. Forward
modeling requires one to assume or “guess” the viscos-
ity or B value distribution, which is a function of strain
rate. However, our initial estimates of deviatoric stress
in Figure 3b, and the associated vertically averaged ef-
fective viscosity estimates in Plate 1, now provide im-
portant initial constraints for forward modeling.

In Appendix C we demonstrate the standard result
that with a defined distribution of viscosity, body forces,
and velocity boundary conditions the minimization of

®=//8[D;Vafa]dxdy

with respect to the velocity fields and associated strain
rates provides associated deviatoric stresses that solve
the force balance equations [Hildebrand, 1952; Bird,
1960], where f, is the body force term associated with
the gradients of gravitational potential, v, is the veloc-
ity, and D is the dissipation potential. The dissipation
potential is a function of the B value, the strain rates,
and the power law exponent 7,

(13)

n .. . ntl
mB (Eapéap + 577577)% ) (14)
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Figure 4a. Forward modeled total deviatoric stress field assuming a power law rheology where
n=3 determined by minimizing equation (13) subject to the velocity boundary condition [Holt
et al., 2000b]. The distribution of 7,, values is the same as that used to infer deviatoric stresses
in Figure 2a, and the distribution of viscosity values is the same as that in Plate 2a. Format for
compressional and tensional deviatoric stresses is the same as that used in Figures 2a-2c.
where &,y = (€z¢ + yy) = —€,,. Using f, = 85, /0z., Using the distribution of B, and 7,,, we expand

making use of the product rule, and then applying the
divergence theorem, (13) becomes

9=//[D+éw?zz]dzdy—/ Vo0 5N dl. (15)
S as

The second term in (15) involves a velocity boundary
condition v, around the boundary of S (drdy) and the
GPE, 7,,. In the minimization of © the velocity bound-
ary conditions are held fixed along d¢, and the GPE and
the B value distribution also remain fixed within the in-
terior of the grid to obtain the velocity, strain rate, and
deviatoric stress fields inside of S. We initially use the B
value distribution that we obtained in section 4 (values
plotted in Plates 1b and 1c), in the forward modeling
in (15), as well as the assumed distribution of GPE,
Tz, used in section 2 to infer the deviatoric stress field
solution in Figure 2a. We apply the velocity boundary
conditions, v,, relative to Siberia (which are shown in
Figure 1c), obtained from the inversion of Quaternary
strain rates and GPS velocities [Holt et al., 2000b], to
the Indian plate and the western and eastern bound-
aries in our forward modeled grid. Along the northern
boundary of the grid in Siberia points are stationary.

(15) about €,p using a Taylor series polynomial (see
Appendix D for details), and iteratively minimize é,s
in the expanded function under the imposed velocity
boundary conditions holding the B values, 7,,, and
Vo constant until €, converged. This was done for
n values of 3 and 5, using a finite element approach
to solve for a forward modeled deviatoric stress, strain
rate, and velocity field. To refine our estimates of devi-
atoric stress and effective viscosity, we divide the mag-
nitude of our new forward modeled deviatoric stress
field by the magnitude of the strain rates obtained from
the joint fitting of Quaternary fault slip rates and GPS
data (solid vectors in Figure *b) [England and Molnar,
1997a; Holt et al., 2000a, 2000b] to obtain a revised es-
timate of the B value distribution for a given value of
n (see equations (10) and (11)). Using the updated B
value distribution, &,, values from section 2, and veloc-
ity boundary conditions from the kinematic study, we
again minimize €, in (15) to obtain a revised estimate
of the deviatoric stress field. In both cases convergence
occurred after the B values were updated for the first
time. Regional averages of the B value distribution be-
fore and after the B values were updated are shown in
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Figure 4b. Forward modeled total deviatoric stress field as described in Figure 4a except for
a power law rheology where n=>5, and B values from Plate 2b. Format for compressional and
tensional deviatoric stresses is the same as that used in Figures 2a-2c. The similarity in deviatoric
stress directions and deviatoric stress magnitudes in Figures 4a and 4b with those in Figure 3b
indicate that our estimates of minimum absolute magnitudes of deviatoric stress in Figure 3b
are not sensitive to the actual variations in effective viscosity in Asia, which are a few orders
of magnitude. Furthermore, the forward modeled deviatoric stress is not sensitive to power law

exponent (n=3 versus n=>5).

Table 1, and the final B values for n=3 and n=5 are
shown in Plates 2a and 2b.

Any differences between the deviatoric stress field so-
lutions in Figures 4a and 4b are a result of errors in
the assumed lateral viscosity distribution. If the exact
distribution of apparent viscosity were known, then the
deviatoric stress solutions would be independent of n.
However, the fact that the forward modeled deviatoric
stress fields yield similar patterns forn =3 and n =5
indicates that the initial assumed viscosity distribution
(Plate 1 and Table 1) is a valid approximation, and the
refined B values (Plate 2 and Table 1) are a reason-
able representation of the actual viscosity distribution.
Furthermore, for most regions the magnitudes of the
forward modeled deviatoric stresses are within about a
factor of 2 of the minimum deviatoric stress field mag-
nitudes in Figure 3b. The similarity of deviatoric stress
magnitudes for the case in which the minimum devia-
toric stress is solved for directly versus the case in which
the deviatoric stress field is solved for using the viscos-
ity distribution in Plate 1 illustrates the insensitivity of

deviatoric stress magnitudes to lateral variations in ap-
parent viscosity or B value. Most of the differences in
the total minimum deviatoric stress field estimate (Fig-
ure 3b) and the two forward modeled deviatoric stress
fields (Figures 4a and 4b) arise from the inadequacy
of the estimate of the stress field boundary condition
(Figure 3a).

Note that the forward modeled deviatoric stress fields
(Figures 4a and 4b) in Lake Baikal and neighboring re-
gions now produce ~5-20 MPa of NW-SE deviatoric
tension, a feature missing from the minimum deviatoric
stress field calculation in Figure 3b. Recall that in solv-
ing for the stress boundary conditions we use only a
first approximation involving specified values of the La-
grange multipliers applied only along the boundaries
with the Indian and Eurasian plates. However, the ve-
locity boundary conditions from the kinematic solution
used in the forward modeling are a complete boundary
condition in that they describe the accommodation of
India-Eurasia relative plate motion, as well as motions
along the eastern boundary that give rise to a more
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Figure 5a. Forward modeled strain rates associated with deviatoric stress field in Figure 4a (n= 3).

substantial component of NW-SE deviatoric tension in
Mongolia, Baikal, and Amurian Block regions.

Strain rates determined in the forward modeling (Fig-
ure 5a) are similar to the strain rates inferred from the
kinematic solution (Figure 1b), obtained from GPS and
Quaternary fault slip rate data (see Table 2). Since
strain rates are strongly dependent on the distribution
of B value (whereas we have shown that deviatoric
stress is not), the similarity of Figure 5a with Figure
1b (see Table 2) again indicates (assuming n=3) that
our B value estimates (Plate 2a) are a reasonable rep-
resentation of the actual distribution. In addition, this
similarity indicates that the assumption of an isotropic
relationship between stress and strain rate for the litho-
sphere is a reasonable approximation for most areas
within Asia. Likewise, the velocity field from the dy-
namic model (Figure 5b) is similar (see Table 3) inside
the region of interest to the kinematic velocity field and
GPS measurements (Figure 1c). However, the dynamic
velocity field does not produce the NN'W motion of the
Tarim Basin with respect to Eurasia that has been in-
ferred from GPS data (Figure 1c). This NE motion
of the Tarim Basin relative to Eurasia in Figure 5b is
related to the minimal strike-slip motion produced by
the dynamic deviatoric stress field along the Altyn Tagh
fault. If the relationship between stress and strain rate
along the Altyn Tagh fault zone were anisotropic, as

opposed to isotropic, such a deviatoric stress field could
produce left-lateral strike-slip motion, consistant with
~10 mm/yr of left-lateral slip on the Altyn Tagh fault
le.g., Bendick et al., 2000]. A pure left-lateral strike-slip
motion of ~10 mm/yr along the Altyn Tagh fault zone
in the dynamic velocity field solution in Figure 5b would
allow the Tarim Basin to move N-NW with respect to
Eurasia.

We have also performed the forward modeling using
the 7., values calculated using the EGM96 geoid model
and seismic crustal thickness estimates (G. Laske and
G. Masters, http://mahi.ucsd.edu/Gabi/sediment.html,
2000). Again both dynamic calculations (n=3 and n=5)
produced similar fits to the strain rate tensor field (Ta-
ble 2) and GPS data in a Eurasian framework (Table
3).

6. Discussion and Conclusions

We have inferred an initial estimate of the vertically
averaged deviatoric stress field associated with GPE
variations as well as deviatoric stresses associated with
first-order stress boundary conditions. Constraints on
the rates of strain that come from Quaternary fault
slip rates are then taken together with estimates of the
minimum absolute magnitude of deviatoric stress to in-
fer distributions of vertically averaged effective viscosity
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Plate 2. (opposite) (a) Refined vertically averaged B values for Asia, assuming n=3, obtained
by taking the magnitude of the vertically averaged deviatoric forward modeled stress in areas and
dividing by the magnitude of averaged strain rates in the same areas. The magnitude of strain
rates were those inferred from the matching of Quaternary fault slip rates and GPS velocities
(solid arrows, Figure 1b). (b) Same as Plate 2a, only assuming n=>5.
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Figure 5b. Self-consistent velocity field associated with dynamic solution in Figures 4a and

5a, plotted relative to Eurasia. The velocity field within the interior regions (inside 8S) closely
resembles the kinematic solution inferred from both GPS observations and Quaternary slip rates
(Figure 1c). The style of deformation indicators are not used to define the deviatoric stress
tensor (and hence deviatoric strain rate tensor) in the dynamic solution. This dynamic solution
is only defined by the distribution of 7,,, B values, and velocity boundary conditions. Observed
GPS velocity vectors in a model Eurasian frame of reference are also shown (IGS available
at http://sideshow.jpl.nasa.gov/mbh/series.html) [Abdrakmatov et al., 1996; Calais et al., 1998;
Larson et al., 1999; Heki et al., 1999; Yu et al.,1999; Simons et al., 1999; Zhu et al., 2000; Bendick
et al., 2000; Shen et al., 2000; Chen et al., 2000]. The reference frames (rotation vectors that
rotate observations in each study into a model Eurasian frame of reference) were solved for in

the inversion of GPS and strain rate observations (Figures 1b and 1lc [see Holt et al., 2000b]).

and B values. Dynamic forward modeling, with kine-
matic velocity boundary conditions, yields a refined es-
timate of the vertically averaged deviatoric stress field
and effective viscosity distribution. Our treatment of in-
ternal body forces related to GPE variations along with
the inclusion of velocity boundary conditions, which
contain E-SE motion of south China relative to Eurasia,
yields ~E-W stretching throughout much of central and
southern Tibet as well as NNW-SSE stretching east of
the Eastern Syntaxis of the Himalaya (Figures 4 and 5).
Our dynamic deviatoric stress field solution is consistent
with the inference that the strains around the collision
zone can be understood as the natural response of an
effectively viscous material that is being influenced by
India-Eurasia motion and that contains GPE differences
associated with the compensation of present-day topog-
raphy in Asia [England and Housman, 1986]. However,
boundary conditions in the east, along the Pacific plate

and Philippine Sea plate margins, also play an impor-
tant role, influencing the style of deformation east of the
collision zone and allowing south China and SE Asia to
move eastward relative to Eurasia [Burchfiel and Roy-
den, 1991; Holt et al., 1995].

Our dynamic calculations enable us to quantify, over
length scales that are several times the lithospheric
thickness, the relative influence of deviatoric stresses
needed to balance lateral density variations and devia-
toric stresses imposed on the boundary of the thin sheet
(lithosphere). However, our viscous approach does not
exclude the possibility of block-like behavior for any
portion of the lithosphere. Indeed, the dynamic solu-
tions do identify zones of relatively high viscosity (Plate
1a and Table 1), which would behave like rigid blocks in
regions such as Tarim Basin, Amurian Block, and most
of south China. Our choice of grid size, along with
the limited density of GPS observations, does not en-
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Table 2. Goodness of Fit of Dynamic Strain Rate
Solutions for Different Power Law Rheologies and
Gravitational Potential Energy Estimate Models to
Kinematic Strain Rate Solutions®

n Model Total SSM  DoF  RMS Misfit

3 Airy isostatic 1298.1 750 1.316
-5  Airy isostatic 2922.2 750 1.974

3 geoid 916.0 750 1.105

5 . geoid 1383.2 750 1.358

3 seismic 1427.6 750 1.380

5 seismic 3380.3 750 2.123

2SSM is the sum of squared misfit between the model
and observed strain rate components. Each squared misfit
in the summation is weighted by the variance in observed
strain rate component. DoF is the number of degrees of
freedom, which is equal to 3 times the number of grid areas.
RMS misfit is the square root of the quantity of total SSM
divided by the number of degrees of freedom, and n is the
power law exponent. GPE is estimated assuming topogra-
phy is Airy isostatically compensated in the Airy isostatic
model, from the EGM96 geoid in the geoid model, and us-
ing seismic crustal thickness estimates (G. Laske and G.
Masters, http://mahi.ucsd.edu/Gabi/sediment.html, 2000)
in the seismic model.

able us to delineate the minimum size of crustal blocks
within the collision zone. An important result in our
quantification of the dynamics is the absolute value of
vertically integrated deviatoric stresses over the 100-
km-thick layer. The maximum deviatoric stress dif-
ference between Tibet and lower elevation regions is
~3.2 x10'2 N/m, which is 50% smaller than previously
thought [Molnar et al., 1993]. However, vertical devia-
toric stresses T,, = — (Tzz + Tyy), of similar magnitude
though opposite sign to the largest horizontal deviatoric
stress Tqs O Tyy, are incorporated in our calculations,
whereas deviatoric stresses in previous calculations were
implicitly defined with 7., subtracted from 7.z, Tyy,
and 7., leaving 7,, = 0.

Calculations from the published strength profile from
Kohlstedt et al. [1995] and our vertically averaged de-
viatoric stress and effective viscosity estimates yields
maximum values of 100-300 MPa of deviatoric stress in
the seismogenic zone, consistent with rock mechanics
experiments [Sibson, 1982; Kohlstedt et al., 1995]. This
result suggests that a significant portion of the strength
of the lithosphere resides within the seismogenic portion
of the crust [e.g., Maggi et al., 2000].

Our results for a low effective vertically averaged vis-
cosity for Tibet are in agreement with previous sug-
gestions that the lower crust there might be weak or
might contain partial melt [Bird, 1991; Fielding et al.,
1994; Masek et al., 1994; Nelson et al., 1996; Owens
and Zandt, 1997; Royden et al., 1997]. The correlation
of low values of vertically averaged effective viscosity
(n=1) with regions of thick continental crust (Plate 1a)
also agrees with recent interpretation of gravity anoma-
lies [McKenzie and Fairhead, 1997, indicating that con-
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tinental lithosphere is not capable of supporting elastic
stresses over geologic timescales at temperatures above
~350°C. '

Appendix A

We find the minimization constraints for equations
(2a) and (2b) by first using the product rule to rewrite

equation (4):

I= /S [?aﬂ?aﬁ + (?‘7’7)2] ds

Oe
— [ 25— 1[0a8T ;2 + Tap + 0apT~y]dS
/s Bmg[ B B8 B 'w]
0 _ — _
+/ 2——6 (Aa [0a8T 2z + Tap + 0apT4])dS (A1)
s 0zp

and then applying the divergence theorem to (A1),
which yields

I= [g [?aﬂ?aﬁ + (F‘w)z] ds

-—/ 2% [50435’;2 +Tag + 5QBF—W] ds
s Ozg

+/ 2\a [5,135” + TaB +,5a3?7a,] ngdl, (A2)
R

where 0S is the boundary around S, df is the incre-
ment of the line length around 85, and (n;,n,) is the
outward normal around 8S. The symmetry of 7,5 and

Table 3. Goodness of Fit of Dynamic Velocity Fields
for Different Power Law Rheologies and Methods of

Estimating Gravitational Potential Energy
to GPS Measurements?®

n Model Total SSM  DoF . RMS Misfit

3 Airy isostatic 41104 664 2.488

5 Airy isostatic 5914.2 664 2.984

3 geoid 3684.7 664 2.356

5 geoid 3787.7 664 2.388

3 seismic 3859.7 664 2.411

5 seismic 4879.4 664 2.711

#SSM is the sum of squared misfit between the model and
observed velocity components. Each squared misfit in the
summation is weighted by the variance in observed velocity
component. DoF is the number of degrees of freedom, which
is equal to 2 times the number of velocity observations. RMS
misfit is the square root of the quantity of the total weighted
SSM divided by the number of degrees of freedom, and n is
the assumed power law exponent. Models are the same as
those described in Table 2.



16,456 FLESCH ET AL.: DYNAMICS OF INDIA-EURASIA

dap allows (A2) to be written as ' Appendix B
Y 2 We construct a second functional that when mini-
I= / TabTas + (Txr) ] S mized will ensure that equations (6) are satisfied:
2 1

1. _ o1\,

Using the variational principle [Morse and Feshbach, where o and § have now been summed over x and ¥
1953] to minimize I in (A3) with respect to TaB, W€ Substituting (5) into (B1), we have
evaluate 01 (Tap + dTag) = 0 as dr,g — 0: 2

gazz)

+2(%+13 ) (a’\” + 1z )
/(3)‘ +%) oz 3 %)\ oy 3 *
Oz Oz,
ANy  1_\2 1[0 0N\2
+2 ( By + gazz> + 3 (By +%) ds. (B2)

Using the variational principle [Morse and Feshbach,

+ 2X [G22n0 1953] with respect to changes in A; = (Az, y), it can

85 be shown that minimization of (B2) satisfies the force

balance equations. For example, for changes ¢, in A, to
(Az + €z), 6J can be written as

I= /S [(?aB +d71ag) (Tap + dTag) + (Tyy + d’rw)z] s J= /S [ ( oz

(00T 22 + (Tap + dTap) + bap (Tyy + d7yy)] dS

+ (Tas + drap) npg + (Tyy + dryy) Ng) de. (A4)

For the functional I to be a minimum only terms in- -86d = / [4 (8& + lb—zz) Gea
volving products with d7,p are considered and thus z 3 Oz
M:/ﬂ%w+ﬁw | - 8,  1_ e
V4 _F haiC2
S +2 < ay + 30' zz) oz
o | O)g 2% My AN B¢
(5 522 - 20] a5 “(F+3)Sle=0 o

Then making use of the product rule and applying the

;*_ / (22 + 2241y 80g] drag) dE = 0. (A5) divergence theorem and using €, = 0 on 85, (B3) be-
8s comes

In order for (A5) to hol i
order for (A5) to hold true as dr,3 — 0 requires that __/ [43i <% + %E ) + aa (36)\,, + ;azz)
0 = [2Xang + 22 nydap] ’ v ’

on S from the third line of (A5) and +2 s 4+ 2 Ny €. dS = 0. (B4)
o o Oy \ Oy Oz ’
- - 1))
0=2 9 — (282 L TAB ) _ 90N i i
TaB + 2Ty 003 ( 32 + 6:1:0,) 2 7z, dep.  Equation (B4) requires that
Therefore A; = (A\y, Ag) = 0 at all points on the bound- -3— (26)‘3 + _%) + 1 _‘?_ (a)\z + a_’\!i) = -@
ary S and Oz Oz Oy 20y \ Oy Oz Oz
_ 18\, , O which satisfies the first of the two equations in (6). Min-
Tab = 5 ( 925 6%) imizing (B2) by applying the variational principle of

) _ changes in A, to (A, + €,) gives the second differential
at all points inside S. equation constraint
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9 2% 6)\3)4_12 3_/\(24_%):_%
y\" oy "Bz ) 20z \ By * Bz oy -

The minimization of (7) therefore provides a solution to
(2a), (2b), and (6) for the minimum vertically averaged
deviatoric stress resulting from GPE differences in the
lithosphere.

Appendix C

We will show that with a defined distribution of vis-
cosity, body forces, and velocity boundary conditions
the minimization of

= [ [10 = vatu) daay

provides a solution to the force balance equations, where
fo is the body force term associated with the gravita-
tional potential (f, = 00,,/0z,), v, is the velocity,
and D is the dissipation potential. The dissipation po-
tential depends on the B value, the strain rates, and
the power law exponent n,

(C1)

D=

o lB (Eaplap + ExyEqry) " (C2)

Now consider a small perturbation to © (v) of © (v + eu).

Then for any value of u, a minimum of © (v) will occur
when d/de [© (v + eu)] |c=o= 0. Now write dD/de using
the chain rule and evaluate the derivatives

D _ 4D
de ~ Oéap

d (1 [(0vy Ovg 1 (Ou, Oug
a{i(ézfaza)“a(a—x;*a“@)}- (C3)

Evaluating (C3) we have
Oug
+ 6:L'a) ’

dD  _ Oug
e TP (6_:::;
where T3 is the general stress when € # 0. In order to
simplify, stress 7,3 and those below represent the two-
dimensional case where vertical deviatoric stress 7,, is
defined to be zero, instead of using the constraint 7, +
Tyy +7,, = 0 to define 7., (i.e.,, T,; = 0, and 75 =
j— azzém, rather than 7, + 7Ty, + 7., =0and 7; =
ﬁij 2(Gsa + Oyy + T22)0i;). Using the symmetry of
Taf = TBa, (C4) can be written as

(C4)

dD _1_ Ouy  1_ Ous _ Ouq
de =2 8, T2 By By ()
Finally, recall that
d
% (Vafa + euafa) = Uq fo- (CG)

Now consider a particular value of u at ¢ = 0 where
stress is at a minimum
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%(vafa)] dzdy =0 (C7)

®, - ab _
de |€=0—'//S de

substituting (C5 and C6) into (C7), it becomes

do _ Oug _
de le=0= //S [7'0355; - uafa} dzdy =0. (C8)

Using the product rule, the first term included within
the integrals in (C8) can be written as

6 —_ 6'7—'0,3 _ = aUQ
EB—[; (Taﬁ’ua) - %UQ =TaB 61153 . (Cg)
Substituting (C9) into (C8) yields
do 0 _
__6— |e=0-— //;5’;3‘ (TaB'U'a) dzdy
- / / ("ﬁ“ﬁ e, + Ua fa) dedy =0.  (C10)
s \ Oz

Applying the divergence theorem to the first term on
the right hand side of (C10) yields

doe —
T le=0= /as TasUaNgdl

-f fo (5

where S is the boundary around S, df is the incre-
ment of the line length around 8S. For (C11) to be at
a minimum, d®/de = 0 for any function u. In partic-
ular, for u such that u = 0 on 8S, which requires that
[55 UaTapngdl = 0; therefore (C11) becomes

e

This set of such functions u in (C12) contains functions
that are arbitrarily close to any function in the set of
all possible u (including those with u # 0 on 8S). A
consequence for this is that

a?aﬁ
Ozg

(C11)

) dzdy = 0,

) dzdy =0. (C12)

+ fo=0 (C13)
everywhere inside S, which is the force balance equa-
tions (2a) and (2b) when the two-dimensional devia-
toric stresses (with 7,, = 0) are converted to the three-
dimensional deviatoric stresses (with 7,, = —(Tzz +
Tyy)) used everywhere in the paper, apart from here and
in Appendix D. Therefore the minimization of (C13)
provides a solution to the force balance equations and is
appropriate to use to perform forward modeling, given
that we have properly defined D (equation (14)) and
given that the distribution of f, = 87, /8z, is known.
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Appendix D

The minimization of (13) involves the minimization
of (15):

@ = // [D + é’Y’)‘EZZ] dxdy - / Vaﬁzznade (Dl)
5 8s

The second term in (D1) contains the plate motion
boundary conditions which is not influenced by the min-
imization of (D1); only the first integral is influenced in
the minimization. The depth averaged two-dimensional
deviatoric stresses To3 = (1/h) fo Topdz are given by
Tap =0D[0én3. Now assume some initial estimate of
the strain rate field, ég 8> that has associated deviatoric
stresses 7o, = OD/0éap |s=c0, Where € denotes the
strain rate tensor, and let 105 5 = 82D /860,308 5 |¢=c0
and Dg be the value of D when ¢ = £°. Using the above
expressions and expanding the first integral in (D1) to
second order in & — £° using a Taylor series expansion
of D with respect to £ yields

[ [ 1Do+ 785 (¢es = %)

1 . . . .
+§”gﬁ'y<5 (Eas — 836) (Evs — 535)

(D2)

With some initial strain rate values, égﬁ, (D2) can be
minimized to determine a forward modeled strain rate
field, velocity field, and deviatoric stress ﬁeld for a given
power law rheology. The initial estimate of &% ; is deter-
mined by dividing each element of the dev1ator1c stress
tensor field calculated in section 3 by the magnitude of
viscosity determined in section 4. The B value distribu-
tions used for a given power law are those determined in
section 4, and the body force distribution used is that
calculated in section 2. We then determine £,3 by mini-
mization of (D2) with respect to velocity field and strain
rate using a finite element approach with the kinematic
velocity boundary conditions from Holt et al. [2000a,
2000Db] determined from Quaternary fault slip data and
GPS velocities imposed along the boundary of our grid.
The resulting values of €,3 are then input as the new
initial estimate €35, and we continue to iterate about
égﬁ until the solution converges, which, for the values
of n=3 and n=>5, occurred after three iterations.

+Ey10 7] dzdy.
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